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Abstract: Understanding the antibody response to SARS-CoV-2, the virus responsible for COVID-19,
is crucial to comprehending disease progression and the significance of vaccine and therapeutic
development. The emergence of highly contagious variants poses a significant challenge to humoral
immunity, underscoring the necessity of grasping the intricacies of specific antibodies. This review
emphasizes the pivotal role of antibodies in shaping immune responses and their implications for
diagnosing, preventing, and treating SARS-CoV-2 infection. It delves into the kinetics and charac-
teristics of the antibody response to SARS-CoV-2 and explores current antibody-based diagnostics,
discussing their strengths, clinical utility, and limitations. Furthermore, we underscore the thera-
peutic potential of SARS-CoV-2-specific antibodies, discussing various antibody-based therapies
such as monoclonal antibodies, polyclonal antibodies, anti-cytokines, convalescent plasma, and
hyperimmunoglobulin-based therapies. Moreover, we offer insights into antibody responses to SARS-
CoV-2 vaccines, emphasizing the significance of neutralizing antibodies in order to confer immunity
to SARS-CoV-2, along with emerging variants of concern (VOCs) and circulating Omicron subvariants.
We also highlight challenges in the field, such as the risks of antibody-dependent enhancement (ADE)
for SARS-CoV-2 antibodies, and shed light on the challenges associated with the original antigenic
sin (OAS) effect and long COVID. Overall, this review intends to provide valuable insights, which are
crucial to advancing sensitive diagnostic tools, identifying efficient antibody-based therapeutics, and
developing effective vaccines to combat the evolving threat of SARS-CoV-2 variants on a global scale.

Keywords: COVID-19; SARS-CoV-2; diagnostic; serological assays; SARS-CoV-2-specific antibodies;
immunotherapy; neutralizing monoclonal antibodies; convalescent plasma; vaccine; variants of
concern (VOC); Omicron subvariants; antibody-dependent enhancement; original antigenic sin;
long COVID

1. Introduction

The Severe Acute Respiratory Syndrome Coronavirus 2, commonly known as SARS-
CoV-2, is a novel coronavirus that emerged in late 2019, causing the global COVID-19
pandemic, which had a profound impact on the entire human population worldwide [1].
The International Committee on Taxonomy of Viruses (ICTV) classified the Coronaviridae
family into three subfamilies. One of these subfamilies, Orthocoronavirinae, encompasses
four genera of viruses: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoron-
avirus [2]. Among them, seven species have been identified as causing or being associated
with respiratory infections in human beings, and also possess potential to infect other verte-
brates. These species include Alphacoronavirus HCoV-229E and HCoV-NL63; Betacoronavirus
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HCoV-OC43 and HCoV-HKU1; Middle East Respiratory Syndrome Coronavirus (MERS-
CoV); Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV); and SARS-CoV-2 [3].
Out of these seven pathogenic coronaviruses (CoVs), three have caused outbreaks in human
populations: SARS-CoV, which accounted for 774 deaths worldwide during 2002–2004 [4];
MERS-CoV, emerging in 2012 and leading to 935 deaths to date [5]; and SARS-CoV-2,
which emerged at the end of 2019 and was declared a pandemic by the World Health
Organization (WHO) from its outbreak until May 2023 [1]. While the four human-infecting
CoVs (HCoV-229E, HCoV-HKU1, HCoV-NL63, and HCoV-OC43) typically result in mild
symptoms, SARS-CoV, MERS-CoV, and SARS-CoV-2 exhibit a spectrum of clinical man-
ifestations that range from mild to severe, including fatal outcomes. Disease severity is
influenced by the specific viral variants involved, the extent of viral exposure (multiplicity
of infection), and the efficacy of a host’s innate and adaptive immune responses in terms of
combating an infection. Mortality rates vary significantly among these three coronaviruses,
with SARS-CoV having a mortality rate of 10–15%, MERS-CoV displaying a mortality of
up to 37% or higher, and COVID-19 displaying a mortality rate ranging from 2% to 4%,
although it surpasses 13% in some countries and varies significantly based on the viral
genetic variants involved [6].

The SARS-CoV-2 is an enveloped virus, comprising a single-stranded positive-sense
RNA genome, ranging in size from 29.7 kilobases (kb) to 29.9 kb. This encodes a 9860-amino
acid-long polyprotein from the gene fragments, forming both structural and nonstructural
viral proteins [7] (Figure 1A). In response to the challenges posed by COVID-19, significant
efforts have been devoted to the development of diagnostics, treatments, and vaccines
aimed at effectively managing the spread and impact of the virus. Currently, the most
common diagnostic methods for SARS-CoV-2 infection are based on either the detection
of virus-specific nucleotide sequences or the detection of virus-specific antigens and im-
munoglobulins [8]. In the current scenario, quantitative reverse transcription polymerase
chain reaction (qRT-PCR) represents the gold standard for SARS-CoV-2 testing because
of its high sensitivity and specificity. Despite being the current gold standard method for
SARS-CoV-2 testing, qRT-PCR has several limitations. These include the need for ample
viral RNA and optimal sample types, and the risk of false negatives due to missed replica-
tion time windows, especially during the early stages of recovery. Moreover, the proper
collection, storage, packaging, and transportation of specimens are crucial for accurate
results [9]. Due to all these reasons and the insufficient testing capacity of qRT-PCR, espe-
cially in low-resource countries, the necessity for rapid, accurate, and affordable diagnostic
methods has been emphasized.

In a wide range of infectious diseases, specific antibodies play a pivotal role in viral
infections, serving as both crucial defenders of the immune system and key markers
in diagnosis due to their easy identification. Similar to other enveloped viruses, the
exposed spike proteins of SARS-CoV-2 are the primary targets for recognition by host
antibodies and the induction of adaptive immune response [10]. The retriggering of
antigens by the B cells then stimulates the production of specific antibodies in order to
neutralize the virus. In addition to their primary roles of defense and life-long surveillance,
neutralizing antibodies (nAbs), which act against SARS-CoV-2, are also critical for the
diagnosis, prevention, and treatment of COVID-19 [11]. Based on these crucial features
of antibodies, serological assays that aim to detect antibodies against SARS-CoV-2 are
being explored as potential alternatives or supplements to qRT-PCR, offering improved
diagnosis for COVID-19 [12,13]. These assays and antibody tests capitalize on the detection
of nAbs in the blood produced in response to specific viral antigens. The detection of
antibodies has proven advantageous over qRT-PCR-based diagnosis due to the method’s
reduced reliance on timely sampling and its capacity for detection even after the virus has
cleared [14]. This is particularly useful for identifying individuals who may have had mild
or asymptomatic infections, contributing to a more comprehensive understanding of the
true prevalence of asymptomatic viral infection. Nonetheless, these tests exhibit drawbacks
such as lower sensitivity compared to qRT-PCR and limited specificity due to possible
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cross-reactivity with other pathogens and autoantibodies in autoimmune disorders [15,16].
Furthermore, immunological methods may fail to detect antibodies during the early stages
of infection, persisting up to 7 to 10 days post exposure, owing to their lower limit of
detection. This characteristic renders them more efficient for use in identifying mid-to-late-
stage infections compared to qRT-PCR [17,18]. Studies on the dynamics of the production
of antibodies against SARS-CoV-2 have provided valuable insights into the natural course
of infection, immune response timelines, and the effectiveness of antibodies in clearing the
virus. The ability to assess the prevalence and persistence of antibodies in a population has
also contributed immensely to epidemiological surveillance, the evaluation of vaccination
campaigns, and, most importantly, the development of targeted public health strategies [19].
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Figure 1. The interplay between SARS-CoV-2 infection and the host immune response: (A) structure 
of the SARS-CoV-2 virus; (B) entry of SARS-CoV-2 into the respiratory tract, leading to four different 
conditions: asymptomatic, mild infection, moderate infection, and severe infection; (C) interaction 
between SARS-CoV-2 proteins, such as open-reading frame (ORF), envelope (E) protein, spike (S) 
glycoprotein, and the nucleocapsid (N) protein, with host proteins regulating the immune response. 
The cytokine responses recruit dendritic cells and CD8+ killer T cells, initiating the adaptive immune 
response, which includes using CD8+ T cells, CD4+ T cells, and B cells to produce neutralizing anti-
bodies (created with BioRender.com). 
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Figure 1. The interplay between SARS-CoV-2 infection and the host immune response: (A) structure
of the SARS-CoV-2 virus; (B) entry of SARS-CoV-2 into the respiratory tract, leading to four different
conditions: asymptomatic, mild infection, moderate infection, and severe infection; (C) interaction
between SARS-CoV-2 proteins, such as open-reading frame (ORF), envelope (E) protein, membrane
(M), spike (S) glycoprotein, and the nucleocapsid (N) protein, with host proteins regulating the
immune response. The cytokine responses recruit dendritic cells and CD8+ killer T cells, initiating the
adaptive immune response, which includes using CD8+ T cells, CD4+ T cells, and B cells to produce
neutralizing antibodies (created with BioRender.com, accessed on 12 March 2024).

In addition to their role in diagnosis, antibodies are pivotal for the development of
vaccines against SARS-CoV-2. Most COVID-19 vaccines are based on generating nAbs
against viral antigens, specifically targeting the receptor-binding domain (RBD) of the
spike (S) protein [20]. Multiple COVID-19 vaccines have now been developed, including
mRNA vaccines produced by Moderna and Pfizer-BioNTech, as well as several adenovirus
vector-based vaccines such as Sputnik-V and Oxford–AstraZeneca [21,22]. The mRNA
vaccines developed by Pfizer-BioNTech and Moderna deliver mRNA into cells. This is
translated by the host cells into a modified form of the virus’s spike protein, triggering an
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immune response [23]. However, in a study conducted by Fraiman et al., the association
between the Pfizer-BioNTech COVID-19 vaccine BNT162b2 and the Moderna COVID-
19 vaccine mRNA-1273, which both had serious adverse events in placebo-controlled,
phase III randomized clinical trials (NCT04368728 and NCT04470427), was examined. The
findings indicated that the Pfizer trial showed a 36% higher risk of serious adverse events
among vaccinated individuals, while the Moderna trial showed a 6% higher risk [24]. The
AstraZeneca and Johnson & Johnson vaccines employ replication-deficient adenoviruses
as vectors in order to carry the genetic material for encoding the coronavirus’ distinctive
spike protein. Following entry into the host cell, the recombinant adenovirus undergoes
transcription and translation processes, thereby initiating the synthesis of viral antigenic
proteins. Consequently, the immune system is stimulated to generate antibodies that target
both adenovirus antigens and the SARS-CoV-2 spike protein, thus fortifying defenses
against potential natural infections in the future [25,26]. The recombinant spike protein-
based vaccine, NVX-CoV2373 (Novavax), is more straightforward and directly presents the
S-protein subunit to the host by inducing the humoral immune response, leading to the
induction of antibodies against SARS-CoV-2 [27]. The significance of all these vaccines lies
in their ability to induce the production of nAbs, Th2-mediated humoral immune response,
and memory cells, providing protection against severe illness and reducing transmission.
Nevertheless, various concerns, such as vaccine efficacy, and potential side effects, remain
unresolved due to different variants of the virus and the genetic diversity of the human
population. Therefore, to further improve vaccine efficacy, safety, and immunogenicity,
ongoing efforts are aimed at monitoring the levels and persistence of antibodies produced
post vaccination.

Furthermore, monoclonal antibodies (mAbs), synthesized to mimic naturally occurring
antibodies, have emerged as promising therapeutic tools for treating COVID-19-infected
individuals, especially in cases with mild-to-moderate illness and poor prognosis [28,29].
Most mAbs target overlapping epitopes on the receptor-binding domain and motif (RBM)
of the SARS-CoV-2 spike protein, effectively preventing viral entry by inhibiting S1 engage-
ment with the ACE2 receptor. Additionally, some mAbs can trigger immune responses,
such as antibody-dependent cell-mediated cytotoxicity and cellular phagocytosis, assist-
ing in the removal of infected cells and providing adaptive immunity [30]. Overall, the
significance of antibody-based treatments lies in their potential to reduce the severity of
symptoms, prevent hospitalization, and shorten the duration of illness in certain individ-
uals. However, the emergence of highly contagious variants continues to diminish the
efficacy and utility of the available vaccines and antibody-based treatments against these
new variants. Additionally, the phenomenon of antibody-dependent enhancement (ADE),
defined by the possible post-infection or post-vaccination entry of immune complexes into
cells with Fc receptors, as observed previously during pre-clinical studies of SARS-CoV
and MERS-CoV vaccine development, has been a significant concern for the advancement
of COVID-19 vaccines [31,32]. Since the onset of the pandemic, the approaches to diagnos-
ing, treating, and vaccinating against COVID-19 have continually evolved, driven by the
emergence of novel virus variants worldwide, and antibodies targeting SARS-CoV-2 have
been instrumental in shaping these strategies. In conclusion, antibodies are indispensable
tools for understanding, diagnosing, and combating SARS-CoV-2.

This review offers a comprehensive exploration of SARS-CoV-2-specific antibodies
and their significance in diagnosing, preventing, and treating SARS-CoV-2 infection. Ini-
tially, we delve into the landscape of current antibody-based diagnostics and serological
assays for SARS-CoV-2 detection, discussing their strengths, clinical utility, and limitations.
Additionally, we emphasize the therapeutic potential of SARS-CoV-2-specific antibodies,
highlighting their role as promising vaccine candidates and their protective efficacy. We
evaluate recent advancements and assess the clinical efficacy of various immunothera-
peutic strategies centered on SARS-CoV-2-specific antibodies. Moreover, we address the
limitations and challenges within this domain, providing valuable insights that are crucial
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for developing highly sensitive diagnostic tools and identifying efficient vaccine candidates
in order to effectively combat the emergence of new SARS-CoV-2 variants worldwide.

2. Antibody Response against SARS-CoV-2: Overview and Its Kinetics

Antibodies combat viral infections through several mechanisms, one of which involves
inhibiting the interaction between the viral glycoproteins present in enveloped viruses
and the specific receptors on host cells, thereby impeding viral entry into the target host
cells [33] (Figure 1). Coronaviruses possess four major structural proteins: the spike (S)
glycoprotein, envelope (E), membrane (M), and nucleocapsid (N) protein. Meanwhile, the
other open reading frames (ORFs) of SARS-CoV-2 are found to encode for nonstructural
proteins [34,35]. The infectious entry of SARS-CoV-2 into host cells is facilitated by the
interaction between the viral S protein and the ACE2 receptor on the cell surface. ACE2 is
expressed in endothelial, gastrointestinal, and respiratory cells. Type II transmembrane
serine protease TMPRSS2 serves as the main host protease, facilitating S protein activation
on primary target cells and initial viral entry [36,37]. Coronaviruses utilize a vast array of
RNA-synthesizing and RNA-processing enzymes for genome expression and replication.
The N protein of SARS-CoV-2, which binds to viral RNA, also plays a central role in RNA
transcription and replication, and potentially affects the cell cycle processes of host cells.
Similar to other viral infections, antibodies specific to the surface proteins of virus play
a critical role in identifying, eliminating, and providing immunity against SARS-CoV-2.
While the primary immune response to SARS-CoV-2 targets the N protein, protective
immunity primarily relies on nAbs against the S protein. nAbs typically emerge against
SARS-CoV-2 within 2–3 weeks post infection, with titers gradually decreasing in most
recovered individuals after 5–8 weeks, but remaining detectable for up to eight months,
which is contingent upon the initial virus titers [38].

Multiple studies have investigated antibody response kinetics in COVID-19 patients,
revealing that most patients develop immune responses involving IgA, IgM, and IgG
antibodies, targeting both S and N proteins of SARS-CoV-2 [12]. However, the N pro-
tein is highly conserved across all coronaviruses. Consequently, cross-reactions between
pandemic and seasonal coronaviruses are quite possible [39]. Notably, both severe and non-
severe patients exhibit heightened levels of total antibodies and specific IgA, IgM, and IgG
responses [40–42]. Clinical data regarding COVID-19 antibody responses remain consistent,
regardless of the SARS-CoV-2 antigens used in immunoassays, including those containing
RBD, S1 subunits, full-length S, or N proteins [40,41,43]. However, certain investigations
into the humoral response suggest that specific features may correlate with more severe dis-
ease outcomes or even mortality. Studies on the kinetics of antibody responses commonly
indicate that both IgG and IgM antibodies increase within the initial three weeks post
symptom onset (PSO), with nearly all patients showing seroconversion and peak antibody
levels by the third and fourth weeks [44]. Following this peak, IgM antibody levels begin
to decline after the third week, while IgG levels remain stable for an extended duration of
up to six or seven months [45]. Several studies have revealed that the median time for the
seropositive conversion of specific IgG antibodies in COVID-19-confirmed cases is typically
between 12 and 14 days after symptom onset. Notably, this timing aligns closely with
the production of specific IgM antibodies, indicating a simultaneous production of both
antibody types [46]. Another study analyzing 130 blood samples taken from 38 COVID-19
patients examined the kinetics of N- and S-specific IgM and IgG responses post symptom
onset. Results showed that in non-ICU patients, seropositive rates of N-IgM, N-IgG, S-IgM,
and S-IgG increased gradually within 1–3 weeks of onset. Peaks for N-IgM and S-IgM were
observed in the second week, while N-IgG and S-IgG continued rising into the third week,
reaching 100% seropositivity. However, some patients showed declining rates for N-IgM
and S-IgM, likely due to the switch from IgM to IgG, potentially aiding in the generation of
more effective antibodies against virus infection [44].

While some studies [44,45] did not find any significant differences among the three
types of patients (asymptomatic, pre-symptomatic, and symptomatic) in this regard, two
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additional analytical studies highlighted the significant percentage of early responders
among hospitalized [42,47] and severe patients [48]. Although nAb titers are found to
fluctuate for as long as six months, a considerable decline is observed over time, according
to research by Kim et al. [49]. The results of the study were found to be consistent, even
after the segregation of the cohorts by age, disease severity, and sex, with no disparities
detected in the reduction of nAbs over time in the groups compared. An unusual finding
was the asymptomatic group’s relatively low but persistent nAb titer over time, in contrast
to the other disease severity groups. According to the study, the vaccination of individuals
who have recovered from COVID-19 increases the body’s natural antibody titer, which
may further decrease the likelihood of reinfection. Moreover, predicting both natural and
vaccine-induced immunity against reinfection requires the determination of the sequential
nAb titers present in recovered individuals [49].

3. Profiling of Neutralizing Humoral Responses

The four essential structural proteins in SARS-CoV-2, namely, S, N, M, and E proteins,
act as the potential targets of the antibody response, with, S and N proteins considered
to be the primary targets of humoral response [46,50] (Figure 1C). The E and M proteins
are extremely important in the process of virus assembly [51], and it has been proven that
the N protein is essential for viral RNA production [52]. Conversely, the S protein is an
essential component in the process of SARS-CoV-2 attachment and penetration into the
host cells [53]. Humoral responses to various viral proteins are quickly elicited and exist in
most infected individuals. The extent of these responses varies greatly between individuals
and is positively correlated with the severity of COVID-19 infection [54]. The selection of
the antigen is of the utmost importance in terms of harnessing virus-specific antibodies
to detect SARS-CoV-2 infection and advance therapy and vaccination alternatives. In
developing antibody tests, the critical factor for achieving high sensitivity and specificity
lies in the careful selection of diagnostic antigens [55]. Moreover, directing attention toward
the proteins that are essential for viral entry could potentially exert a substantial influence
on the advancement of therapeutic interventions or vaccination strategies.

Many studies have discovered interesting SARS-CoV-2 antibody sequences while
isolating and characterizing B-cell clones that express nAbs from recovered infected in-
dividuals. With few exceptions, the results concur, showing that a limited number of B
clones drive the humoral immune response [56–58] and that patients often share heavy
(VH) and light (VL) variable gene classes [58,59]. These public clonotypes are associated
with distinct antibody classes based on the portion of S-protein detected [60]. The somatic
hypermutations and complementarity determining region 3 (CDR3) lengths vary, even
though SARS-CoV-2 infections have longer CDR3 sequences [57,61]. Kuri-Cervantes et al.
examined these traits in connection with disease severity [61]. During acute COVID-19,
plasmablasts expanded significantly, a phenomenon which is strongly associated with an
oligoclonal growth of antibody clones in the B-cell repertoire, indicating that many of these
large clonal expansions occur in the plasmablast pool. Mild patients, with one exception,
exhibited less clone proliferation and more diversified repertoires. The antibody sequences
of the largest B-cell clones in severe COVID-19 patients exhibited lengthy CDR3 regions,
but showed remarkable variation in somatic hypermutation levels. Understanding the
timing and context of B-cell activation and antibody responses is crucial, as highlighted by
numerous studies on humoral immunity to SARS-CoV-2.

4. Immune Response following SARS-CoV-2 Infection and Vaccinations

The precise regulation of immune responses is essential for effectively eliminating
pathogens, while any dysregulation of immunity can result in tissue damage and the onset
of disease. The pathophysiology of COVID-19 is not only influenced by the viral load,
but also by the extent of dysregulation in both innate and adaptive immune responses. In
severe cases, discordant immune reactions contribute to delayed viral clearance, excessive
inflammation, and tissue injury. These effects are not confined to the lungs, but can
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extend systemically, culminating in multi-organ failure. This disarray primarily stems from
SARS-CoV-2’s ability to evade the innate antiviral response, which is mediated by type-I
interferons (IFN-I), and persistent lymphopenia [62,63]. Recent research has compared
the early immune and inflammatory effects of SARS-CoV-2 infection with those of other
coronaviruses. In laboratory settings, both SARS-CoV and SARS-CoV-2 infected type-I and
type-II pneumocytes, as well as alveolar macrophages. However, SARS-CoV-2 showed
more efficient replication in pulmonary tissues [64]. Furthermore, in vitro studies revealed
that SARS-CoV-2 increased the production of inflammatory chemokines such as interleukin-
1 beta (IL-1β), IL-6, TNF-α, and interleukin-1 receptor antagonist (IL-1RA), while reducing
IFN-I (α and β), and IFN-III responses. Correspondingly, COVID-19 patients exhibited
elevated serum levels of these molecules, suggesting that SARS-CoV-2 possesses unique
characteristics, including abilities to replicate in pulmonary tissue, evade IFN-I and IFN-III,
trigger innate immune responses, and recruit adaptive immunity cells through cytokine
activation. Thus, uncontrolled viral accumulation leads to aberrant activation and the
recruitment of myeloid cells, triggering an exaggerated pro-inflammatory reaction that
exacerbates immune-related damage [65]. Notably, individuals with severe COVID-19
exhibit heightened levels of circulating inflammatory cytokines, which is correlated with
acute lung injury [66]. Given the intricate interplay between innate and adaptive immunity,
impaired innate responses also impair adaptive immunity. Both the cell-mediated and
humoral arms of adaptive immunity appear to be dysregulated following SARS-CoV-2
infection, resulting in the compromised activation of helper, effector, and cytotoxic T cells,
as well as the dysregulation of immunological memory and antibody production.

All the COVID-19 vaccines approved so far demonstrate high efficacy in preventing
severe disease upon infection. These vaccines efficiently engage with the innate immune
system in order to initiate a robust adaptive immune response and the subsequent gen-
eration of immunological memory. However, vaccine breakthrough infections with new
variants, coupled with the ongoing evolution of the virus, contribute to the continuation
of COVID-19, despite efforts to end the pandemic. Nevertheless, notable differences exist
among various vaccine types in the context of their immunogenic profiles.

(I) COVID-19 mRNA vaccines utilize mRNA to prompt the host’s cellular machinery
in order to generate the SARS-CoV-2 S protein. Notably, this mRNA serves a dual pur-
pose: instructing antigen production and triggering adjuvant activity by engaging with
the innate immune system. However, modifications to the vaccine’s mRNA, including
cytosine, adenine, and uridine methylations, are implemented to dampen recognition by
immune receptors like toll-like receptors (TLRs) and RIG-I-like receptors (RLRs) [67]. This
modification aims to prevent an exaggerated innate immune response, which could lead
to vaccination side effects and impede the translation of the S protein, thereby potentially
compromising the adaptive immune response to the antigen [68].

(II) The innate immune reactions activated by adenovirus vector (AdV)-based vaccines
diverge from those prompted by mRNA vaccines due to the detection of DNA by distinct
pattern recognition receptors (PRRs). Specifically, AdVs unveil pathogen-associated molec-
ular patterns (PAMPs). These are recognized using TLR2 and TLR4, which are present on
the cell’s surface, as well as by the presence of TLR9 within endosomes. Moreover, the
detection of viral DNA can subsequently occur, leading to endosomal disruption through
cytosolic DNA sensors like cGAS and via the inflammasome, triggering the release of
IFN-I [69].

(III) NVX-CoV2373 stands out as being predominant among the authorized SARS-CoV-
2 recombinant protein subunit-based vaccines. The formulation of this vaccine employs
Matrix M, a saponin-based adjuvant, which swiftly stimulates innate immune cells, such as
antigen-presenting cells. This occurs both locally at the injection site and in the draining
lymph nodes (dLNs) [70]. Following this, the cytokines released by APCs attract more
innate immune cells, initiating a cascade of localized immune responses. Additionally,
Matrix M prompts the activation of the NLRP3 inflammasome, resulting in the release
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of IL-1β and IL-18, along with the generation and discharge of other pro-inflammatory
cytokines [71].

(IV) Similar to the recombinant protein subunit-based vaccines, inactivated whole-
virus vaccines also require adjuvants to enhance their effectiveness and immunogenicity.
For instance, Covaxin incorporates a TLR7/8 agonist as its adjuvant. These agonists
not only enhance the Th1 immune response but also dampen the Th2 response, which
is advantageous for COVID-19 vaccines. Moreover, TLR recognition within the innate
cell population has been associated with the early production of IFN-I, facilitating viral
clearance and the generation of pro-inflammatory cytokines [72]. Unlike the first three
vaccine categories, where the S protein acts as the primary immunogen, inactivated vaccines
trigger broader immune responses. This is due to the inclusion of additional immunogenic
proteins like the M, N, and E proteins. Consequently, there is a reduced focus on generating
T cells that are specific to the S protein, but instead, a wider polyclonal T-cell response
emerges, targeting various viral epitopes beyond just the S protein [73].

While the innate immune system initiates the early response to a vaccine, successful
immunization necessitates the activation of both humoral and cellular adaptive immune
responses. This entails generating nAbs and fostering the development of memory B
cells and T cells. Dendritic cells (DCs), recognized as professional antigen-presenting
cells (APCs), play a crucial role in linking these immune pathways. They achieve this by
presenting vaccine-associated antigens to naïve CD4+ and CD8+ T cells through MHC-II
and MHC-I molecules, respectively. Specific CD4+ T cells that recognize antigens can
differentiate into follicular T helper cells (Tfh). These Tfh cells are instrumental in guiding
B cells towards becoming high-affinity antibody-producing plasma cells and memory B
cells. Through this mechanism, specific nAbs are generated against the virus, establishing
immune memory [74].

An additional aspect worth considering is the potential role of trained immunity in
safeguarding against COVID-19. This concept pertains to an immunological phenomenon
where the key features include elevated cytokine production, alterations in metabolic path-
ways (such as protein kinase B, mammalian targets of rapamycin, hypoxia-inducible factor-
1α, and nucleotide-binding oligomerization domain-containing protein 2-receptor signaling
pathways), and epigenetic reprogramming upon subsequent exposure [75]. Trained im-
munity, characterized by a sustained enhancement in innate immune cell activity, has
garnered attention in the context of vaccines like BCG, MMR, and OPV amid the COVID-19
pandemic [76,77]. These vaccines show promise in boosting the responsiveness of B and
T cells to anti-COVID-19 vaccines. However, SARS-CoV-2 infection can instigate overly
potent trained immunity responses. Animal studies suggest that BCG, administered in-
travenously, may offer protection against SARS-CoV-2 infection. Nonetheless, vaccines
known for inducing trained immunity, such as BCG, MMR, and Shingrix, do not fully
shield against SARS-CoV-2 infections. While they may lower the severity and mortality
of COVID-19, the search for conclusive evidence necessitates large-scale randomized tri-
als. BCG vaccination enhances the responsiveness of B and T cells to both mRNA- and
adenovirus-based anti-COVID-19 vaccines. New COVID-19 vaccines trigger lasting trained
immunity responses, yet SARS-CoV-2 infection can prompt excessive induction, leading to
prolonged inflammatory complications [75].

5. Antibodies as Diagnostic Tools for SARS-CoV-2

Serological tests that target anti-SARS-CoV-2 antibodies are being recognized as
promising alternatives, capable of complementing or substituting qRT-PCR-based diagno-
sis. Serological testing plays a crucial role in understanding the circulation of viruses and
assessing infection containment strategies. In detecting SARS-CoV-2, the focus lies on its S
and N proteins, with the latter being abundant during infection and highly immunogenic.
However, using the N protein may lead to cross-reactivity with other coronaviruses, po-
tentially impacting test specificity [39]. Undoubtedly, the S protein is an essential target
for the activation of nAbs, which are generally regarded as the principal protective agents
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against SARS-CoV-2 infection. While serological testing plays a pivotal role in assessing
immunity against reinfection and in guiding public health policies and workforce reinte-
gration, careful consideration of antigen selection is vital for achieving accurate results
when distinguishing SARS-CoV-2 antibodies. Antibodies that are specific to SARS-CoV-2
antigens constitute the primary focus of COVID-19 serological testing. IgG antibodies
exhibit higher specificity towards antigens that emerge later, whereas IgM antibodies are
the first to emerge in response to initial exposure. Numerous laboratories and companies
have developed COVID-19 serological tests for IgG and IgM, serving various purposes.
These tests can either validate results obtained from nucleic acid tests (NATs) or identify
infected individuals who tested negative on NATs. Moreover, they are characterized by
being low-cost, rapid, and suitable for broad screening at points of care (POC). In compari-
son to respiratory specimens, blood and serum samples exhibit less variability, enhancing
the reliability of test results. Additionally, healthcare workers are at lower risk of contract-
ing the virus from blood and serum samples than from patients, who are more likely to
spread it through respiratory samples. Thus, these serological tests play a crucial role in
comprehensive strategies for COVID-19 detection and management. Additionally, COVID-
19 serological tests aid in gauging herd immunity and evaluating the efficacy of various
vaccine candidates. However, they have limited specificity and sensitivity compared to
qRT-PCR [78,79].

Serological testing is instrumental in comprehending the SARS-CoV-2 pathogen, aid-
ing epidemiological research by evaluating virus control measures’ efficacy and understand-
ing COVID-19’s viral circulation patterns. Serological techniques such as enzyme-linked
immunosorbent assay (ELISA), chemiluminescent immunoassay (CLIA), and rapid diag-
nostic tests (RDTs) are utilized to specifically detect SARS-CoV-2 antibodies, particularly
IgM and IgG [80–82] (Table 1).

5.1. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA is considered a benchmark for immunoassays. This is a versatile method used to
detect and quantify various substances in specimens, including antibodies, antigens, proteins,
glycoproteins, and hormones [83]. ELISA-based serology tests are employed to detect IgM and
IgG antibodies that are effective against SARS-CoV-2, aiding in the determination of COVID-19-
positive and -negative serum samples [84]. These tests have shown that specific IgM and IgG
antibodies can begin to appear as early as the fourth day following the onset of symptoms [50].
Despite being a cost-effective and straightforward method, the efficiency of ELISA can be
significantly enhanced by an automated workstation. However, it suffers from drawbacks such
as time-consuming procedures, susceptibility to contamination, and the need for specialized
infrastructure and skilled personnel [85,86]. Nonetheless, despite these challenges, ELISA
remains indispensable in research, diagnostics, and diverse laboratory applications. Some of
the ELISA tests developed for SARS-CoV-2 detection are discussed below:

5.1.1. WANTAI SARS-CoV-2 Ab ELISA

The Wantai SARS-CoV-2 Ab ELISA diagnostic kit was developed by Beijing Wantai
Biological Pharmacy Enterprise Co., Ltd., China, for the qualitative detection of total
antibodies against the RBD of SARS-CoV-2, including IgM, IgG, and IgA. The Wantai SARS-
CoV-2 Ab ELISA was designed to identify total antibodies, reflecting an immune response
to SARS-CoV-2, in individuals suspected of prior infection, or to detect seroconversion in
those with recent confirmed SARS-CoV-2 infection. The sensitivity of the Wantai SARS-
CoV-2 Ab ELISA is found to be 79% in individuals showing symptoms for a minimum of
7 days [87]. Moreover, it has been shown that the sensitivity of the Wantai Ab escalates to
98–100% by the 14th day post symptom onset [88].
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Table 1. Table summarizing the available antibody-based serological tests used to detect SARS-CoV-2-specific proteins or antibodies.

Kit Name Manufacturer Test Type Test Specimen Target
Antibody Sensitivity Specificity Advantage Limitations

EUROIMMUN
Anti-SARS-CoV-2
ELISA (IgG)

Euroimmun ELISA Serum, plasma IgG 91% 100% Detects past exposure,
potential immunity

May miss very early
infections

WANTAI SARS-CoV-2
Ab ELISA

Beijing Wantai
Biological
Pharmacy

ELISA Serum, plasma IgM, IgG 96.7% 97.5% Detects recent and current
infections

May have lower
sensitivity in earliest days
of infection

Platelia SARS-CoV-2
Total Ab Bio-Rad ELISA Serum, plasma

Total
antibodies
(IgG, IgM,
IgA)

98% ~99%
Detects a broad range of
antibodies for recent or
past infection

May not differentiate
between active and prior
infection

MAGLUMI 2019-nCoV
IgM/IgG Snibe Diagnostics CLIA Serum, plasma IgG, IgM ~90–95% ~98–99%

High sensitivity,
automated, detects recent
and current infection

Requires specialized lab
equipment

LIAISON SARS-CoV-2
S1/S2 IgG Diasorin CLIA Serum, plasma IgG >98% >99% Automated, highly

sensitive, and specific
Requires specialized lab
equipment

Atellica IM SARS-CoV-2
Total (COV2T)

Siemens
Healthineers CLIA Serum, plasma

Total
antibodies
(IgG, IgM,
IgA)

~95% ~99.5%
High-throughput, detects
broader antibody
responses

Requires specialized lab
equipment

Abbott ARCHITECT
SARS-CoV-2 IgG
Immunoassay

Abbott CLIA Serum, plasma IgG >99% >99%
Automated,
high-throughput,
excellent performance

Requires specialized lab
equipment

Elecsys Anti-SARS-CoV-2 Roche Diagnostics CLIA Serum, plasma Total
antibodies >99.5% >99.8%

Detects past exposure or
recent infection, excellent
sensitivity and specificity

Requires specialized lab
equipment

SGTi-flex COVID-19 IgG Sugentech CLIA Serum, plasma IgG 96.7% 100% Quantitative results,
automated and fast

May require regulatory
approval, performance
data are needed

QUANTA Flash
SARS-CoV-2 IgG Inova Diagnostics CLIA Serum, plasma IgG ~98% ~99%

Detects past exposure or
recent infection, good
sensitivity and specificity

Requires specialized lab
equipment
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Table 1. Cont.

Kit Name Manufacturer Test Type Test Specimen Target
Antibody Sensitivity Specificity Advantage Limitations

YHLO Biotech iFlash1800 Yhlo Biotech CLIA Serum, plasma IgM, IgG
100% after
15 days
post
symptom

100% Compact, versatile, can
run various CLIA tests

Requires specific test kits
for SARS-CoV-2

Panbio COVID-19 Ag
Rapid Test Device Abbott LFIA Nasal swab Viral antigen ~95% ~99% Rapid results, easy to use Lower sensitivity than

PCR in some cases

ACON Laboratories
ACON SARS-CoV-2
IgG/IgM Rapid Test

Acon Laboratories LFIA/rapid
test

Fingerstick blood,
serum, plasma

IgM,
IgG

96.7%
98.8%

100%
97.5%

Rapid results,
point-of-care

Lower sensitivity than
lab-based tests,
performance data are
needed

LumiraDx SARS-CoV-2
Ab Test Lumiradx RDT Nasopharyngeal

specimen IgG, IgM >90% 97.8% Rapid results,
point-of-care

May require regulatory
approval, performance
varies by test version

BioPlex 2200
SARS-CoV-2 IgG Bio-Rad Multiplex

immunoassay serum, plasma IgG (multiple
targets) >98% >99%

Detects IgG on multiple
SARS-CoV-2 proteins,
excellent performance

Requires specialized lab
equipment

CovAb™ SARS-CoV-2
Ab Test Diabetomics

Presumed
LFIA/rapid
test

Saliva (oral fluid) IgG, IgM, IgA 93.39–
99.97% >98% Saliva-based,

non-invasive

May require regulatory
approval, performance
data are needed

BD Veritor System for
Rapid Detection of
SARS-CoV-2

Becton, Dickinson
And Company
(BD)

RDT (Lateral
Flow)/GICA Nasal swab Viral antigen ~84% ~99% Fast results, portable

system
Less sensitive than PCR in
some cases



Vaccines 2024, 12, 459 12 of 46

5.1.2. EUROIMMUN Anti-SARS-CoV-2 ELISA Assay

The EUROIMMUN anti-SARS-CoV-2 ELISA assays, developed by EUROIMMUN Medi-
zinische Labordiagnostika AG in Lübeck, Germany, are utilized for the semi-quantitative
assessment of IgA and IgG antibodies, targeting the recombinant S1 domain of SARS-CoV-2.
The Euroimmun anti-SARS-CoV-2 ELISA assay demonstrates strong sensitivity in detecting
IgA and exceptional sensitivity in detecting IgG antibodies in samples collected at least 4 days
post COVID-19 diagnosis by qRT-PCR. Similarly, it exhibits excellent specificity for IgG com-
pared to IgA, with minimal cross-reaction. This was observed in only 2 out of 28 samples
taken from patients infected with the common human coronaviruses NL63 and OC43 [89].
Various studies indicate low specificity, ranging from 72% to 90%, when considering both
IgA and IgG components, but this improves significantly to 97.8% when focusing solely on
IgG [90,91]. Given the subpar specificity for IgA, cautious interpretation is strongly advised,
particularly when screening asymptomatic individuals [92].

5.2. Gold Immunochromatographic Assay (GICA)

The rapid and highly sensitive diagnosis of viral infections can be effectively achieved
through the detection of serum-specific antibodies using the colloidal gold immunochro-
matography assay (GICA). GICA kits utilize colloidal gold-labeled N protein of SARS-
CoV-2 to identify SARS-CoV-2-specific IgM and IgG antibodies present in the blood of
individuals with COVID-19. This technique eliminates the need for specialized equipment
and reagents, making it well suited for point-of-care testing. GICA for SARS-CoV-2 detects
virus-specific IgM/IgG antibodies with a sensitivity of 71.1% and a specificity of 96.2%,
making it a valuable and rapid diagnostic test for COVID-19 [93].

5.3. Chemiluminescence Immunoassay (CLIA)

In the chemiluminescence immunoassay (CLIA), recombinant antigen-coated magnetic
beads are incubated with specific antibodies in a liquid sample to form immune complexes.
Following this, an enzyme-labeled anti-antibody and substrate are introduced to initiate a
chemiluminescence reaction, facilitating the detection of target analytes. The results are
measured in relative light units (RLU) and can be used to identify SARS-CoV-2-specific
IgA, IgM, IgG antibodies, and total antibodies within samples. The principle of CLIA
resembles ELISA, but involves shorter incubation steps and eliminates the need for the
use of a reagent to halt the enzymatic reaction, streamlining the process [94]. While the
use of CLIA to target multiple antigens like N and S proteins demonstrates improved
specificity compared to single-antigen assays, mitigating false positives remains a priority,
highlighting the ongoing need to refine testing methodologies in order to enhance accuracy.
The efficacy of CLIA use in detecting IgM was found to be less suitable, possibly due to its
low concentration and rapid fluctuations in early- to mid-infection stages. Therefore, the
measurement of total antibodies, rather than just IgM and IgG, is recommended for tracking
improved infection progress and diagnosis [94]. Some luminescent assays developed for
the diagnosis of SARS-CoV-2 are mentioned below:

5.3.1. LIAISON SARS-CoV-2 S1/S2 IgG

The LIAISON SARS-CoV-2 S1/S2 IgG assay is a standardized automated chemilu-
minescent assay designed for the qualitative detection of IgG using the S1/S2 proteins
native to SARS-CoV-2. This assay delivers results swiftly, providing accessibility within
just 35 min; with an impressive throughput of 170 tests per hour, it ensures efficient testing
processes. This assay has been examined in over 1500 samples, demonstrating sensitive and
specific performance with a high-throughput capacity. Since the S1 and S2 proteins serve
as targets for nAbs, the LIAISON assay is able to differentiate between neutralization (NT)
assay-negative and NT assay-positive samples with good sensitivity and specificity [95].
However, in the study by Herroelen et al., significant lot-to-lot variation in the raw signals
of two LIAISON kits was reported, suggesting the need to optimize cutoffs to achieve
proper evaluation across different lots [96]. Additionally, Plebani et al. demonstrated the
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importance of redefining cutoffs for both LIAISON and iFlash assays to achieve the best
negative likelihood ratio, emphasizing the necessity of considering variations and adjusting
cutoffs for different assay lots to ensure result accuracy and reliability [97].

5.3.2. Atellica IM SARS-CoV-2 Total (COV2T)

The COV2T assay is a chemiluminescent microparticle immunoassay (CMIA) that
was developed to quantitatively detect total antibodies (IgG and IgM) against the RBD
of SARS-CoV-2 in human serum and plasma, offering a fast and effective method for
evaluating the presence of SARS-CoV-2 antibodies in biological samples. Results can be
acquired from the assay within 10 min using the Atellica IM Analyzer, which is capable of
processing up to 440 assays per hour [98].

5.3.3. Abbott ARCHITECT SARS-CoV-2 IgG Immunoassay

The Abbott SARS-CoV-2 IgG assay is a fully automated indirect CMIA that was
designed to detect IgG antibodies directed against the SARS-CoV-2 N antigen [99,100]. It
has been observed that the sensitivity of the Abbott SARS-CoV-2 IgG assay depends on the
timing of sample collection relative to the onset of symptoms. The sensitivity was found to
be significantly higher for samples collected at ≥14 days post symptom onset compared
to those taken earlier, with no significant differences observed between 14–20 days and
≥21 days. Therefore, sampling at 14 days post symptom onset was proposed as a suitable
threshold for use retrospectively identifying COVID-19 patients [99].

5.3.4. Yhlo Biotech iFlash 1800

The iFlash-SARS-CoV-2 is a CLIA-based assay that utilizes paramagnetic particles to
detect IgM and IgG antibodies against the N and S proteins of SARS-CoV-2. However, its
sensitivity was documented to be below 50% prior to day 8 after symptom onset, but it
increased to 81.8% between days 9 and 10. Notably, sensitivity reached 100% after 15 days
post symptom onset for IgG antibodies, indicating that performance improved with the
time that elapsed following symptom onset [101]. This underscores the importance of
considering sample collection timing in order to achieve accurate result interpretation.

5.3.5. MAGLUMI 2019-nCoV IgM/IgG

The MAGLUMI 2019-nCoV IgM/IgG assays are also fully automated CLIA-based
assays that are utilized to determine the presence of IgG and IgM antibodies against SARS-
CoV-2 S and N proteins in human sera [102]. This automated system streamlines the process
of antibody detection, offering efficiency and accuracy in assessing the immune response
to SARS-CoV-2 infection.

5.4. Lateral Flow Immunoassay (LFIA)/Rapid Diagnostic Tests (RDTs)

Timely and accurate diagnostic testing for SARS-CoV-2 is crucial to achieving an
effective COVID-19 response. In this regard, rapid point-of-care tests (also known as rapid
diagnostic tests, RDTs) offer convenience and cost-effectiveness compared to traditional
laboratory tests. These tests are used for qualitative antibody detection, do not require spe-
cialized operators or environments, and provide results quickly, allowing for the on-the-spot
confirmation or ruling out of COVID-19 infection in both symptomatic and asymptomatic
individuals [103]. RDTs that utilize lateral flow chromatographic immunoassays (LFIAs)
are the most frequently used [81,82]. LFIA operates on the principle of liquid migration via
a test membrane driven by capillary force, where immobilized capture antibodies interact
with target analytes labeled for detection [104,105]. Various types of detection labels are
presently employed, encompassing gold nanoparticles (GNPs), latex microparticles (LMPs),
carbon nanoparticles (CNPs), magnetic nanoparticles (MNPs), quantum dots (QDs), silica
nanoparticles (SiNPs), and europium nanoparticles (EuNPs) [104,106,107]. There is a wide
array of commercially available LFIA tests, exhibiting diverse levels of sensitivity and
specificity. These tests are specifically designed to detect antibodies specific to SARS-CoV-2.
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COVID-PRESTO and COVID-DUO are two commercially available SARS-CoV-2 rapid
diagnostic tests for IgM-IgG. These were designed to detect IgG and IgM antibodies di-
rected against the N-protein in whole-blood samples taken from the fingertip. In a study
involving 238 qRT-PCR-positive COVID-19 patients, both RDTs showed 100% specificity,
indicating that there were no false-positive outcomes. Furthermore, the sensitivity of these
RDTs improved over time from symptom onset, with both achieving 100% sensitivity after
15 days [82]. Owen et al. evaluated 12 commercially available LFIA test kits, assessing
their diagnostic accuracy and performance using 100 SARS-CoV-2-positive individuals
and 105 pre-pandemic participants. The sensitivity of these tests against qRT-PCR varied,
ranging from 30.3% to 74% for IgG, 21.2% to 67% for IgM, and 37.4% to 79% for IgM/IgG.
In terms of specificity, the LFIA tests demonstrated ranges that ran from 82.9% to 100% for
IgG, from 75.2% to 98% for IgM, and from 74.3% to 99.1% for IgM/IgG [108]. The varied
assessments and recommendations highlight the importance of critically evaluating the
test’s performance characteristics and considering specific use cases and populations when
implementing rapid tests for COVID-19 diagnosis.

5.5. Neutralization Assay

The other classical assay used for assessing protective immunity against SARS-CoV-2
is the virus neutralization (NT) assay. Neutralization occurs when antibodies bind to viral
particles, reducing their infectivity by preventing them from entering host cells. There
are multiple serological tests available that assess virus–antibody interactions, but most
of them predominantly detect binding antibodies rather than nAbs. However, a few
assays, such as the plaque reduction neutralization test (PRNT), are considered the gold
standard for measuring protective immunity as they assess virus neutralization during
its attachment and entry into host cells [11]. The PRNT technique relies on the cytopathic
effect (CPE), wherein the visual observation of damage to virus-infected target cells under a
microscope indicates the effectiveness of antibodies. PRNT determines titers by measuring
serum dilutions that result in reductions in plaque formation by 90% (PRNT90) and 50%
(PRNT50) [109,110]. However, PRNT is time-consuming, requires skilled personnel, and
can only be conducted in a BSL3 laboratory for handling live SARS-CoV-2 virus [111]. The
live-virus-based microneutralization (MN) assay is also a highly sensitive and specific
technique used to assess virus-specific nAbs in both human and animal sera [112]. Perera
et al. conducted a study comparing the sensitivity and specificity of the MN assay and
PRNT assay using 51 sera from 24 patients with confirmed COVID-19. Nevertheless, the
sensitivity of the PRNT90 test was observed to surpass that of MN tests conducted with
the standard 100-tissue-culture infectious-dose challenge [113]. However, neutralization
assays using wild-type viruses may face limitations when testing plasma instead of serum
from clotted whole blood. Plasma frequently contains heparin as an anticoagulant, which
can inhibit SARS-CoV-2 entry into cells, potentially leading to inaccurate results in assays
utilizing heparin-containing plasma samples.

Pseudovirus-based neutralizing assays (PBNAs) and surrogate virus neutralization
tests (sVNT) are two safer alternatives to traditional virus-based assays for detecting the
presence of nAbs against viruses like SARS-CoV-2. PBNAs use viruses without virulent
components, requiring only a BSL2 laboratory, while sVNT operates within 1–2 h in a BSL2
lab without live-virus involvement [114,115]. Validation studies of sVNT have shown high
sensitivity (95–100%) and specificity (100%) [115]. However, the PBNA method is restricted
to evaluating the neutralization activity of serum- or monoclonal antibody-based treatments.
Unlike wild-type virus assays, which can evaluate various antiviral compounds, PBNA’s
scope is narrower because the pseudovirus lacks the CoV’s replicative machinery, which is
targeted by these compounds. Given these considerations, there is an immediate demand
for a high-throughput assay to quantify SARS-CoV-2 nAbs. Such an assay would greatly
aid in COVID-19 serodiagnosis, convalescent plasma therapy (CPT), and the development
of vaccines.
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5.6. Biosensor-Based Technologies

Biosensors are analytical devices that integrate biological recognition molecules, such as
enzymes, antibodies, or nucleic acids, with transducers in order to detect and provide the digi-
tal outputs of interacting analytes. Emerging biosensor technologies, like CRISPR-Cas9-based,
nucleic acid-based, aptamer-based, nanoparticle-based electrochemical, electrochemilumines-
cence (ECL)-based, and plasmonic-based biosensors, hold considerable promise for the rapid
detection of SARS-CoV-2. These biosensors offer cost-effective, sensitive, rapid, miniaturized,
and portable platforms compared to conventional laboratory-based methods, presenting
promising alternatives to traditional diagnostic assays [116,117]. Field-effect transistor (FET)-
based biosensors represent a cutting-edge technology in biosensing, involving the application
of graphene sheets, which are coated with a targeted antibody against the spike protein of
SARS-CoV-2. The FET biosensor device showcased remarkable sensitivity. It was capable of
detecting concentrations of the SARS-CoV-2 spike protein at exceedingly low levels, detecting
1 fg/mL in phosphate-buffered saline and 100 fg/mL in the clinical transport medium [118].
These innovative biosensor technologies contribute to the ongoing efforts in the rapid testing
of mass populations to assess for COVID-19, providing potential solutions for the sensitive and
efficient detection of the virus. However, there are some additional non-labeling techniques,
such as SPR, Quartz-Crystal Microbalance (QCM), and Surface-Enhanced Raman Scattering
(SERS), that have shown promising progress in biosensor research for viral samples, including
RNA viruses like influenza, SARS-CoV-1, Ebola, MERS, Zika, and dengue [116,119,120]. These
techniques enable the detection of host genetic biomarkers and specific nucleic acid sequences,
offering the potential for the development of new biosensors for COVID-19 detection.

6. SARS-CoV-2 Variants of Concern (VOCs) and Their Impact on Diagnostics

Following the initial global dissemination of the wild-type SARS-CoV-2 strain, a mul-
titude of mutant variants have arisen. The WHO classifies mutations with enhanced fitness
as variants of interest (VOI), variants of concern (VOC), or variants under monitoring
(VUM). Among these SARS-CoV-2 variants, VOCs pose an imminent threat due to their
heightened transmissibility and disease severity. The current nomenclature used for easier
recognition of VOCs includes Alpha (B.1.1.7), Beta (B1.351), Gamma (P.1), Delta (B.617.2),
and Omicron (B.1.1.529) [121–123]. The Alpha, Beta, and Gamma variants, initially identi-
fied in the UK, South Africa, and Brazil, respectively, all carry the N501Y mutation. This
mutation has been associated with a higher affinity of the spike protein for the human
ACE2 receptor [124]. Beta and Gamma mutants carry the E484K mutation, which makes
them more likely to evade blocking antibodies [125,126]. Additionally, Beta and Gamma
variants exhibit changes in the K417 residue of the RBD, with Beta having a substitution of
K417N and Gamma having a substitution of K417T. These variations have the potential to
affect the binding of antibodies [124]. Furthermore, the Delta variant also shows distinct
genetic variations (L452R, T478K, and P681R), which could enhance viral infectivity and
fusion [127].

The Omicron variant, initially identified in Botswana and South Africa in November
2021, encompasses multiple lineages, and there has been a continuous increase in new
lineages of the variant along with their global spread. Over a brief span, multiple Omicron
subvariants, notably BA.1, BA.2, BA.3, BA.4, and BA.5, have promptly surfaced alongside
the progenitor Omicron variants (B.1.1.529). These subvariants, characterized by genetic
similarities to BA.1, possesses distinct mutations and are correlated with heightened trans-
missibility, contributing to the ongoing escalation of global cases [121,123]. In the year
2023, a multitude of Omicron subvariants, notably including recombinant XBB sub-lineages
like XBB.1.9, XBB.1.5, and XBB.1.16, exhibited considerable prevalence. The emergence
of the XBB lineages, characterized by their recombination of BA.2-derived subvariants
(BJ.1 and BM.1.1.1), resulted in the displacement of numerous Omicron subvariants. This
lineage is distinguished by heightened transmissibility rates and adept immune evasion
properties [128–130]. Notably, XBB.1.16 stood out as the predominant strain until it was
superseded by EG.5 within the United States. Among its derivatives, EG.5.1 garnered
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attention due to three significant alterations (Q52H, F456L, and F486P) observed in its S
protein [131]. An additional Omicron subvariant, BA.2.86 (Pirola), was initially identified in
Denmark and subsequently surfaced in Israel and Michigan (USA) in August 2023. Since its
initial detection, it has been documented in several countries including Canada, England,
France, Portugal, and South Africa [132]. BA.2.86 is presumed to be a descendant of BA.2
and is characterized by 33 mutations in the S protein and 14 in the RBD in comparison
to the BA.2 variants [133]. The WHO designated BA.2.86 as a variant under monitoring
(VUM) on August 17, 2023, due to the significant accumulation of mutations—among the
highest recorded since the emergence of Omicron. Notably, aside from mutations shared
with XBB.1.5 and BA.2.86, the RBD exhibits additional alterations, including I332V, K356T,
V445H, N450D, N481K, A484K, and 483del, which are hypothesized to augment its capac-
ity to evade immune responses. Furthermore, peculiar mutations within the N-terminal
domain (NTD) may influence the antigenicity of BA.2.86. These findings suggest that
BA.2.86 might possess increased transmissibility relative to existing XBB variants, such as
EG.5.1 [122,133,134].

The COVID-19 pandemic has led to the development of qRT-PCR diagnostics, but
these tests have limitations in terms of accurately detecting variations. Novel point-of-care
diagnostic approaches have been developed to overcome these constraints. The WHO
recommends using nucleic acid amplification tests such as qRT-PCR for diagnosis, while
serological antibody testing and antigen-detecting rapid diagnostic tests (Ag-RDTs) provide
rapid and cost-effective diagnosis. Antibody-based serological tests typically detect specific
S- or N-directed antibodies in patient blood. However, mutations in viral proteins can affect
test accuracy as patient antibodies may not recognize altered protein structures. Utilizing
multiple fragments of key viral proteins like S and N to address this issue can enhance
accuracy, especially against these emerging variants [135]. In such cases, monoclonal
antibody-based assays targeting single epitopes may suffer from low sensitivity in rapidly
evolving viruses, and so applying polyclonal antibodies to multiple epitopes could offer
a more effective solution. Studies suggest that polyclonal anti-N antibodies may provide
sensitivity against specific mutations such as H69/V70, N501Y, D614G, and D796H [136].
Jungnick et al. conducted a study investigating four different Rapid Antigen Test (RAT)
kits, using cultured strains of various SARS-CoV-2 VOCs alongside non-VOC strains. The
study found that these RAT kits effectively detected VOCs without cross-reactivity with
recombinant N-proteins of other common human coronaviruses. However, it was noted
that the N-mutations present in the B.1.1.529 (Omicron) variant might impact the accuracy
of certain approved commercial antigen tests [135]. In another study, the sensitivity of the
FDA-authorized OraSure InteliSwab™ COVID-19 rapid test was assessed against various
SARS-CoV-2 variants, including Omicron. The test showed a consistent performance
across different strains, with detection limits ranging from 3.77 × 105 to 9.13 × 105 RNA
copies/ml. Notably, sensitivity remained unaffected when testing against the ancestral
SARS-CoV-2 strain and all VOCs, including Omicron [137]. The consistent surveillance and
evaluation of genetic variations’ influence on diagnostic tests, as well as cross-reactivity and
the interference of other pathogens with the test performance, are crucial for understanding
the disease’s spread and should be consistently investigated.

7. Antibodies as Therapeutic Agents against SARS-CoV-2: An Overview

Significant resources have been dedicated over the past year to the rapid develop-
ment of diagnostic, preventative, and therapeutic approaches to COVID-19. Numerous
researchers are diligently developing antibody-based tests for detecting SARS-CoV-2 and ex-
ploring the role of antibodies as therapeutic agents against SARS-CoV-2 [29]. Immunother-
apeutic strategies, notably mAbs therapy and CPT, have garnered significant interest for
their efficacy in bolstering patients’ immune responses and shielding them against viral
infections [138]. mAbs have emerged as vital tools in the fight against COVID-19 due to
their high specificity and adaptability. They play pivotal roles in combating the virus by
halting disease progression and accelerating recovery, regardless of the patient’s immunity



Vaccines 2024, 12, 459 17 of 46

status. This development underscores the broader potential of therapeutic mAbs for use
in treating various diseases, including SARS-CoV-2 infections. Here, we discuss various
approaches that aim to fortify patients’ immune responses and shield them against viral
infections, representing promising avenues for bolstering immunity and treatment efficacy.

7.1. Monoclonal Antibody-Based Therapies

Amidst the COVID-19 pandemic, numerous successful initiatives have been under-
taken to investigate and formulate mAbs that target SARS-CoV-2. mAbs are laboratory-
produced molecules that are engineered to serve as substitute antibodies. They hinder the
interaction between the viral envelope and cell receptors, effectively preventing viral entry
and replication, and safeguarding host cells from infection [139]. This mAb-based therapy is
particularly valuable for individuals with weakened immune responses to vaccines, includ-
ing people from the elderly and high-risk groups, and immunocompromised patients [140].
These antibodies, whether administered individually or as cocktails (combinations of two
or more mAbs), have been widely endorsed by various authorities [141].

A multitude of randomized clinical trials were initiated to evaluate the effectiveness
and safety of mAb therapy and prophylaxis. Initially targeting hospitalized patients, these
trials were subsequently broadened to encompass outpatients, uncovering an overall mod-
erate efficacy and favorable safety records across the spectrum. The effectiveness of mAbs
has predominantly been observed in patients in early and mild disease stages, reflecting
their antiviral role. However, their use faces challenges due to limited clinical efficacy
and high costs, especially in low- to middle-income nations. The pandemic underscores
the importance of combining diverse mAbs with non-overlapping mechanisms to counter
immune evasion. The application of recombinant technology has also been instrumental in
extending the half-life of these antibodies and minimizing their off-target effects [141]. The
US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) have
authorized the emergency use of bamlanivimab and etesevimab, REGN-COV2 (casiriv-
imab and imdevimab), and sotrovimab mAb for early treatment in at-risk outpatients and
for post-exposure prophylaxis against SARS-CoV-2 (Table 2). However, restrictions were
placed on the use of bamlanivimab and etesevimab, and REGN-COV2 (casirivimab and
imdevimab), on 24 January 2022, and sotrovimab was withdrawn on 5 April 2022 [29,141].

Limited reviews and meta-analyses have been conducted to compare the efficacy
of neutralizing mAbs before and after the emergence of different SARS-CoV-2 VOCs.
However, most of these studies focus on only a subset of mAbs, rather than providing a
comprehensive analysis of all the available options [142]. There is evidence suggesting that
the clinical effectiveness of many neutralizing mAbs has decreased with the emergence of
VOCs [143–145]. In an in vitro study by Yamasoba et al., the researchers investigated the
susceptibility of new Omicron subvariants (BA.2.11, BA.2.12.1, and BA.4/5) to eight differ-
ent mAbs (bamlanivimab, casirivimab, bebtelovimab, sotrovimab, cilgavimab, imdevimab,
etesevimab, and tixagevimab). It was observed that the BA.2 spike protein with the R493Q
mutation displayed only partial susceptibility to casirivimab and tixagevimab. Addition-
ally, bamlanivimab, etesevimab, and imdevimab were found to be less effective against the
new Omicron subvariants. Notably, bebtelovimab showed double the efficacy against BA.2
and all other Omicron subvariants compared to the parental Omicron variant (B.1.1) [144].
A recent study evaluated eight sub-variants of SARS-CoV-2, including XBB.1.16, XBB.1.5.24,
XBB.1.9.1, XBB.1.9.3, CH.1.1, CL.1, BQ.1.1.45, and XBB.2.9, to test the effectiveness of various
mAbs like Evusheld, Ronapreve, Bamlanivimab, Regdanvimab, Etesevimab, and Sotro-
vimab. While all mAbs showed strong neutralization against B.1.1.1., they largely failed
against Omicron XBB, BQ, CL, and CH subvariants, except for Sotrovimab, which displayed
reduced effectiveness against certain subvariants [146]. In another study, 72 immunocom-
promised patients were administered with Evusheld (tixagevimab/cilgavimab), and its
effectiveness in neutralizing various SARS-CoV-2 subvariants (BQ.1, XBB.1.5, XBB.1.16,
20A.EU1, EG.5, and BA.5) was evaluated up to 30 days post treatment. The study revealed
a significant reduction in Evusheld’s neutralizing activity against newer variants, like BQ.1,
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XBB.1.5, XBB.1.16, and EG.5 [147]. Qu et al. recently examined the effectiveness of mAb
S309 in neutralizing various SARS-CoV-2 variants, including BA.2.86 and XBB-derived
FLip, alongside BA.1, BA.2, BA.4/5, D614G, EG.5.1, and XBB.1.5. The results indicated
that BA.2.86 exhibited lower immune evasion compared to FLip and other XBB variants.
However, mAb S309 failed to neutralize BA.2.86, possibly due to a D339H mutation [134].
Recently, Liu et al. delved into the neutralization effectiveness of 28 potent spike-binding
mAbs derived from individuals experiencing breakthrough infections with the Omicron
sub-lineages BA.4 or BA.5. Their findings revealed a gradual decline in the neutraliza-
tion capability of the BA.4/5 mAbs, ultimately resulting in a complete loss of function
against recent XBB.1.5.70 variants carrying the notable ‘FLip’ mutations at positions 455
and 456 [148].

However, the available data on the safety and effectiveness of these treatments in
vulnerable populations such as the elderly, high-risk individuals, and immunocompro-
mised patients are limited, raising significant concerns regarding their suitability for these
groups [149]. mAb therapies face significant limitations due to their high specificity and
affinity, making them vulnerable to failure when even a minor mutation occurs in the
targeted epitope. Given that existing mAbs primarily target regions prone to mutation in
SARS-CoV-2, such as RBD and NTD, they are at risk of losing their effectiveness against
emerging variants [150,151]. Therefore, developing mAbs that target conserved viral
epitopes is crucial for establishing broad-spectrum antibody therapies.

7.2. Anti-Cytokine Antibodies

SARS-CoV-2 infection triggers an excessive immune response in the host, resulting
in an exaggerated inflammatory reaction characterized by the abundant production of
various cytokines and chemokines by the host cells [152,153]. While most COVID-19
patients experience mild or no symptoms, some individuals may experience severe mani-
festations of the disease [154] (Figure 1). In severe cases, these cytokine storms can result
in various clinical complications, including acute respiratory distress, pulmonary edema,
renal failure, acute liver injury, and multiorgan failure [155]. The activation of innate
immunity and dendritic cells, accompanied by the excessive release of chemokines (e.g.,
CCL20, CXCL1, CXCL2) and cytokines (e.g., IL-6, TNF-α), is the initial consequence of
SARS-CoV-2 invasion. This release subsequently stimulates the generation of B-cell and
T-cell responses that are specific to SARS-CoV-2. Rapid viral clearance is attributed to
T-cell responses against SARS-CoV-2, while serious or acute disease is correlated with a
prolonged duration of the innate immune response [153,156]. Ineffective IFN I and III
innate immunity, resulting in innate cell immunopathology and cytokine storm, are other
crucial discoveries linked to severe/acute illness. GM-CSF, IL-7, IL-8, IL-9, IFN-γ, TNF-α,
MCP1, MIP1A, MIP1B, G-CSF, and IL-6 are among the critical cytokines abundantly present
during the SARS-CoV-2 cytokine storm, which is induced by macrophages and other innate
immune cells [157–159]. In addition to coagulation and other severity-associated symp-
toms, the signature of these pro-inflammatory cytokines is readily apparent in patients
with COVID-19 pneumonia [160]. Furthermore, it has been observed that inflammation
can persist for several months following the elimination of the virus in a condition known
as post-COVID-19 syndrome or long COVID, which manifests in numerous recovered
patients [161]. Research indicates that administering dexamethasone, an anti-inflammatory
corticosteroid, to hospitalized patients, whether on mechanical ventilation or not, signifi-
cantly reduces mortality rates [162]. Several small-molecule drugs currently undergoing
clinical trials offer potential benefits for COVID-19 patients alongside potential targets.
However, streamlining the development of therapies aimed at these targets hinges on the
identification of crucial cytokines.
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Table 2. List of monoclonal antibodies and interleukin inhibitors for the management of SARS-CoV-2.

Monoclonal Antibody Developer Authorization Status Main Applications Advantages Disadvantages Protein Targets

Casirivimab and
Imdevimab
(REGN-COV2)

Regeneron
Pharmaceuticals

EUA 21 November 2021, for
early therapy in outpatients
at high risk of disease
progression; restricted on
24 January 2022.

• Early treatment of
mild-to-moderate
COVID-19 in high-risk
individuals to prevent
hospitalization.

• Post-exposure
prevention (in limited
high-risk scenarios).

• Reduced
hospitalization
rates—neutralizes
SARS-CoV-2 virus
effectively.

• Intravenous
administration
may require a
healthcare facility.

• Limited
availability and
distribution.

Bind to the
receptor-binding
domain (RBD)

Bamlanivimab and
Etesevimab

Eli Lilly and
Company

EUA 9 February 2021, for
early therapy in outpatients
at high risk of disease
progression; restricted on
24 January 2022.

• Early treatment of
mild-to-moderate
COVID-19 in high-risk
individuals to prevent
hospitalization.

• Post-exposure
prevention (in limited
high-risk scenarios).

• Effective against
earlier
SARS-CoV-2
variants.

• Potential for both
treatment and
prevention in
certain contexts.

• Loss of efficacy
against newer
variants like
Omicron
subvariants.

• Intravenous
administration
required (less
convenient than
oral medications).

• Potential for
infusion-related or
allergic reactions.

Spike protein (S1)

Sotrovimab
GlaxoSmithKline
(GSK) and Vir
Biotech

EUA 26 May 2021, for early
therapy in outpatients at
high risk of disease
progression; withdrawn on
5 April 2022.

Treatment of
mild-to-moderate COVID-19

• Demonstrated
efficacy against
certain
SARS-CoV-2
variants.

• Retains some
activity against
Omicron
subvariants.

• Reduced
effectiveness
against certain
SARS-CoV-2
variants

• Limited
availability and
distribution

Spike protein (RBD)
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Table 2. Cont.

Monoclonal Antibody Developer Authorization Status Main Applications Advantages Disadvantages Protein Targets

Tixagevimab and
Cilgavimab (AZD7442) AstraZeneca EUA 8 December 2021 for

pre-exposure prophylaxis
Clinical trials for prevention
and treatment

• Investigational
product with
potential for
prevention and
treatment.

• Single
intramuscular
injection may not
be suitable for
everyone.

• Limited
effectiveness
against certain
variants.

• Risk of
hypersensitivity
reactions.

Spike protein (RBD)

Bebtelovimab
(LY-CoV555)

Eli Lilly and
Company

EUA 11 February 2022, for
early therapy in outpatients
at high risk of disease
progression

Treatment of
mild-to-moderate COVID-19

• Reduces the risk of
hospitalization and
death.

• Retains activity
against Omicron
subvariants

• Reduced
effectiveness
against certain
SARS-CoV-2
variants.

• Limited
availability and
distribution.

• Risk of
hypersensitivity
reactions.

Spike protein (S1)

Evusheld (AZD8895 and
AZD1061) AstraZeneca Emergency Use

Authorization (EUA)
• Pre-exposure

prophylaxis in certain
individuals

• Offers protection
against
SARS-CoV-2 for
several months

• Limited
availability and
distribution

Spike protein (RBD)
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Table 2. Cont.

Monoclonal Antibody Developer Authorization Status Main Applications Advantages Disadvantages Protein Targets

Tocilizumab
Developed for other
autoimmune
conditions

Variable based on local
guidelines

• Can improve the
patient’s condition
from cytokine storm
syndrome by
inhibiting the IL-6
receptors.

• Targets the
inflammatory
response in severe
cases

• Potential risk of
infections,
including
reactivation of
latent
tuberculosis—
long-term safety
concerns need
further
investigation.

IL-6

Ronapreve (Casirivimab
and Imdevimab)

Roche and
Regeneron

• Approved in the
European Union,
Japan, New Zealand,
and Switzerland.

• Conditionally
approved in Australia
and the United
Kingdom,

• Emergency or
temporary pandemic
use in such as Canada
and the US.

• Treatment of
COVID-19 in certain
populations

• Diminished
potency versus the
SARS-CoV-2 VOC,
Omicron (B.1.1.529)
while it has shown
to retain its activity
against all other
main variants of
concern, including
Delta (B.1.617.2).

• Intravenous
administration
may require a
healthcare facility.

• Limited
availability and
distribution.

• Infusion-related
reactions and
injection site
reactions.

Spike protein (RBD)

BRII-196 and BRII-198 Brii Biosciences Investigational
• Can rapidly increase

anti-SARS-CoV-2 IgG
32 times

• Improved clinical
status in patients
with SARS-CoV-2
delta variant
infection

• Investigational
status, not yet
authorized for
widespread
use—limited data
on efficacy and
safety

Spike protein (S1 and
RBD)
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7.3. Polyclonal Antibody Therapies

Polyclonal antibodies represent a heterogeneous collection of antibodies that recognize
multiple epitopes on the viral envelope, demonstrating potent neutralizing effects during
infection. Their ability to recognize and bind to multiple epitopes enables them to trigger
a range of effector functions [163]. Polyclonal antibodies offer several advantages over
mAbs, such as cost-effectiveness, rapid production, strong stability, high affinity, and lower
sensitivity to antigen variations. However, their clinical utility is constrained by their
tendency for cross-reactivity and lack of specificity compared to mAbs [164]. Despite
these limitations, the findings on the effectiveness of using convalescent and recovered
patients’ sera to neutralize COVID-19 in laboratory settings have led to the exploration of
convalescent plasma and hyperimmune globulins as potential treatments for severe cases
of the disease.

7.3.1. Convalescent Plasma Therapy (CPT)

Convalescent plasma (CP), which is rich in antibodies harvested from recovered indi-
viduals, stands as the most accessible reservoir of SARS-CoV-2 nAbs. This source presents
a viable option for passive immunotherapy in both infected patients and those susceptible
to the virus [165]. The 1918 influenza pandemic underscored the effectiveness of CP use in
combating infectious diseases. CP has also been proven successful in combating various
emerging infectious diseases (EID), including H5N1, Ebola, SARS-CoV, and MERS-CoV
outbreaks, demonstrating its therapeutic potential across different viral threats [166–168].
CP-containing nAbs offer a potential treatment avenue for COVID-19, providing passive
immunity against the virus [169,170]. The FDA granted emergency use authorization
for CP use in 2020 to treat severe or life-threatening cases of COVID-19. A study that
was conducted across 7 medical centers in the USA and involved 103 COVID-19 patients
examined the safety of convalescent plasma. The results showed that, within 28 days,
51.9% of patients in the convalescent plasma group experienced clinical improvement.
Notably, among those with severe disease, 91.3% showed primary outcome improvement,
while in the life-threatening category, 20.7% saw an improvement in primary outcomes.
However, there was no significant difference observed in 28-day mortality or discharge
time compared to the control group [171]. Another randomized clinical trial involving
475 patients was conducted between September 2020 and March 2022, and this compared
the outcomes of administering convalescent plasma versus standard care. Among these
patients, 237 received convalescent plasma, while 238 received standard care. Notably,
17.7% of the convalescent plasma group received a neutralizing antibody titer of 1:160,
while 98.1% received glucocorticoids. By day 28, mortality was lower in the convalescent
plasma group (35.4%) compared to the standard care group (45.0%), particularly among
randomized patients within 48 h of initiating invasive mechanical ventilation [172]. Despite
these promising results, the utilization of CP faces challenges such as storage issues and a
limited supply of blood donors. Also, these approaches are not only expensive and time-
intensive, but also fail to offer protection against inflammation. Moreover, the presence of
non-nAbs raises concerns about ADE, exemplified by conditions like dengue hemorrhagic
fever [173].

7.3.2. Hyperimmune Globulins (HIGs)

Since the late 19th century, antibody-based therapies have evolved significantly. These
encompass the use of pooled hyperimmune immunoglobulins (HIGs), concentrated from a
pool of convalescent plasma from immunized donors, for intravenous (IVIG) or intramuscu-
lar/subcutaneous (IM/SCIG) administration [174]. HIGs would likely enhance safety and
efficacy due to specific and accurately defined nAb titers. These IVIG nAbs boast higher
titers, thus holding promise for widespread use in the treatment of numerous patients [175].
Nonetheless, the preparation and distribution of IVIGs require several months, prolonging
the process of making them available to clinics and hospitals [176]. Since vaccinations usu-
ally take time to generate protective immunity, these HIGs could potentially complement
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vaccinations by offering temporary immunity while the body generates its own protective
response [177].

Therefore, polyclonal immunoglobulin continues to be used in the treatment of various
infectious diseases, including COVID-19. COVID-19 HIGs are found to exhibit strong
binding to various key components of the SARS-CoV-2 virus, including the spike protein,
RBD, NTD, and nucleocapsid proteins. Extensive testing using both pseudotype and
authentic virus assays demonstrates broad-spectrum neutralization against multiple SARS-
CoV-2 variants, such as alpha, beta, gamma, kappa, delta, and omicron, with a notable
decrease in neutralization potency specifically observed against beta, delta, and omicron
variants [178,179]. However, further clinical trials are needed to ascertain the efficacy and
safety of passive COVID-19 vaccination against emerging VOCs.

8. SARS-CoV-2-Neutralizing Antibodies and Their Potential Role in Vaccine
Development
8.1. Protective Roles of Neutralizing Antibodies against SARS-CoV-2 Infection

The neutralization of a virus can be briefly defined as the process of reducing its
infectiousness by attaching antibodies to the surface of viral particles (virions) and thus pre-
venting the viral reproduction cycle [11]. Generally, nAbs hinder the virus from attaching to
cellular receptors; however, in certain instances, they may also impede the conformational
changes necessary for the virus to fuse with the cell membrane or for proteolytic cleavage
to occur [180]. Regarding enveloped viruses, the most recent phase that appears to be
halted is membrane fusion, also known as entry into the cytoplasm. Conventionally, the
function of nAbs is mediated by a region known as the fragment antigen-binding (Fab)
area, while the effect of non-neutralizing antibodies is exerted close to the crystallizable
area (Fc). The formation of nAbs, generated either by vaccinations or by previous infections,
is an essential component in the process of providing protection against the SARS-CoV-2
virus [181]. The primary focus of nAbs for protective immunity lies on the SARS-CoV-2
S protein. The RBD, located within the S1 subunit of the trimeric S protein, enables viral
attachment by specifically binding to the host cell receptor ACE2. This interaction between
the RBD and ACE2 is pivotal for viral entry, emphasizing the significance of the S1 subunit
of SARS-CoV-2 as a primary focus for vaccine development [182,183]. Efforts to assess
vaccine efficacy (VE) and anticipate immune protection in individuals heavily relies on
nAbs targeting the SARS-CoV-2 S protein [184]. Elevated levels of these antibodies have
been linked to reduced risks of both SARS-CoV-2 infection and severe COVID-19 disease.
Various studies have indicated that individuals with heightened titers of nAbs are less
prone to experiencing symptomatic COVID-19 subsequent to either natural infection or
vaccination [185–188]. Perry et al. have suggested in their systematic review that nAb titers
could possibly serve as a correlate of protection (CoP) from SARS-CoV-2 [189]. The authors
have also identified a strong association between antibody levels induced by vaccination
and VE, even in the face of considerable diversity in vaccination schedules, serological
testing methods, VE measurement criteria, and study populations. Furthermore, almost all
existing vaccines, biologic therapies with mAbs, and convalescent plasma used to control
SARS-CoV-2 infection are based on the utilization of nAbs, which can prevent infection by
interfering with various stages of the viral replication cycle [181,190].

8.2. SARS-CoV-2 Vaccine Efficacies and Specific Immune Responses

Neutralizing antibodies serve as crucial indicators of the immune protection provided
by vaccines against symptomatic SARS-CoV-2 infection [186,187]. As the world has wit-
nessed, various types of COVID-19 vaccines are highly effective in preventing SARS-CoV-2
infection and in reducing symptoms after infection. Almost all of these vaccinations pro-
voke systemic immune responses; however, differences in the immune responses caused
by different immunization regimens are readily evident [191] (Figure 2). Vaccine design is
a crucial process, leading to an optimal immune response, and the selection of the antigen
and platform, the need for adjuvants, the formulation, and the method of delivery are some
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of the determining factors [192]. The composition of COVID-19 vaccines consists of certain
proteins, namely spikes S1 and S2, nucleocapsid protein, membrane protein, and envelope
protein, which constitute the structure of the SARS-CoV-2 virus. However, most of the
vaccines developed to fight against SARS-CoV-2 incorporate the S protein [193]. COVID-19
vaccines can be classified into four primary categories: attenuated whole-virus vaccines
(Columbia, BBVBP-CorV, and Covaxin), protein-based vaccines (Nuvaxovid), viral vector
vaccines (JCOVDEN, Vaxzevria, and Sputnik V), and nucleic acid vaccines (BNT162b2 and
Spikevax) [194,195] (Figure 2).
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The strategy of rolling out mass vaccination campaigns to distribute SARS-CoV-2 vac-
cines demonstrated remarkable effectiveness in terms of reducing the impact of the COVID-19
pandemic. Supplementing these immunization efforts with the surveillance of the immune
response was crucial for achieving comprehensive infection management. Clinical studies
have established that vaccines based on mRNA, adenoviral vectors, and proteins demonstrate
efficacies ranging from 74% to 95% against symptomatic disease [196–199]. Furthermore, the
IgA and IgG responses against S antigens were shown to be higher in infected individuals
who had received vaccinations, compared to their peers who had not been vaccinated. It
was demonstrated that this disparity in response continued to exist five months after vacci-
nation. Research conducted by Bates and colleagues demonstrated that an increase in the
humoral immune response takes place regardless of whether an infection is acquired before
or after vaccination. This increase is also associated with the neutralization and binding of
antibodies [200]. However, protection against infection diminishes over time due to decreasing
immune response and the appearance of variants that can evade elimination by the antibody
response. In a meta-analysis by Zaeck et al., the effectiveness of various vaccines diminished
over time and they were found to be 86% effective in reducing death after 168–195 days,
79% effective in reducing hospitalizations after 224–251 days, and 47% effective in reducing
infections after 280–307 days [201]. In the same study, the authors reported that booster doses
enhance the effectiveness of all forms of SARS-CoV-2 vaccines, resulting in a 70% increase in
protection against infection and an 89% increase in protection against hospitalization [201].
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Therefore, determining whether booster doses are necessary requires an understanding of the
duration of protection provided by COVID-19 vaccines.

Other studies led by the Oxford COVID vaccine trial group have estimated the VE of
the ChAdOx1 nCoV-19 vaccine (University of Oxford/AstraZeneca), which is an adenoviral
vaccine with a complete SARS-CoV-2 spike insert. Their findings illustrate that estimates
of VE against symptomatic COVID-19 infection were higher in subgroups that displayed
elevated pseudovirus neutralization antibody titers or increased levels of anti-spike IgG.
These observations were made in clinical trials of ChAdOx1 nCoV-19 in adults [202].
Furthermore, elevated levels of all immune markers were inversely proportional to the risk
of symptomatic infection. The overall VE against symptomatic infections was estimated to
be about 80%, while for asymptomatic infections, it was reported to be 27% [203]. A similar
study by Gilbert et al. reported the CoP associated with the Moderna phase 3 vaccine
trial, and the findings appeared very similar to those of the above-mentioned studies.
However, the total binding antibody titers and pseudovirus nAb titers were higher after
vaccination with the Moderna vaccine [204]. Therefore, these findings indicate the strong
inverse correlations between all assessed binding antibody (bAb) and nAb markers with
COVID-19 risk and show their direct correlations with VE. The correlates of protection
highlighted in these studies can be applied to infer efficacy from immunogenicity data for
novel vaccines in cases where results on clinical efficacy are not yet available.

The efficacy of existing immunizations has been questioned due to several variables,
including the emergence of mutations in the SARS-CoV-2 virus. Studies suggest that while
there might be a small decrease in effectiveness against certain variants, immunizations,
particularly mRNA vaccines, remain advantageous in terms of preventing serious illnesses
caused by mutations [201,205]. However, continued research and surveillance are crucial for
optimizing the efficacy of immunizations and adapting them to new and emerging variants.

8.3. Antibodies as Predictive Biomarkers for Vaccine Efficacy

The screening of the immune system over an extended period has revealed that re-
sponses to pathogens and vaccines are extraordinarily multifactorial and involve a multitude
of diverse factors. The presence of vaccine-induced nAbs has shown a strong correlation
with preventing COVID-19 across various vaccine trials and meta-analyses [186,204,206,207].
Recommendations from both the FDA and the International Coalition of Medicines Regulatory
Authorities advocate for the use of vaccine-induced nAb titers as a measure of protection. This
recommendation guides the authorization process for new variant vaccines and booster doses,
drawing from immunogenicity studies conducted on historical clinical trials that were focused
on clinical endpoints related to ancestral or early variants of concern. In a recent study [208],
researchers evaluated the use of nAb titers such as CoP against COVID-19 in the mRNA-1273
vaccine trial (ClinicalTrials.gov # NCT04470427), as well as in the casirivimab + imdevimab
mAb prevention trial (ClinicalTrials.gov # NCT4452318). While both the mRNA-1273 vaccine
and casirivimab + imdevimab mAbs showed notable effectiveness in terms of preventing
COVID-19 throughout the duration of the study, the proportionate influence of antibodies at
the time of exposure varied. When nAb titers exceed 1000 IU50/mL, both the mRNA-1273
vaccine and casirivimab + imdevimab demonstrated a clinical efficacy of over 90% in pre-
venting COVID-19. At this threshold, existing antibodies accounted for approximately 72%
of the overall vaccine effect. Conversely, at lower titers (e.g., <100 IU50/mL), mRNA-1273
maintained its efficacy, while the effectiveness of the mAb combination, casirivimab + imde-
vimab, diminished. Various studies have supported the idea that the efficacy of vaccines
is likely influenced predominantly by nAbs and memory antibody responses, while also
being reinforced by T-cell responses [206,209–211]. These combined immune responses play a
crucial role in safeguarding against severe cases of COVID-19, particularly in scenarios where
SARS-CoV-2 variants manage to evade neutralizing antibody responses. Overall, the findings
from the research of Follmann et al. endorse existing antibodies as a mechanistic indicator of
protection in humans, with their significance varying depending on the level of antibody titer
at exposure [208].
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8.4. SARS-CoV-2 Variants of Concern (VOCs) and Their Impact on Vaccine Efficacy

The symptoms and severity of COVID-19 variants can differ due to variant-specific
mutations and amino acid alterations, affecting their virulence and tissue tropism. However,
identifying these mutations becomes challenging as variants evolve over time and is
difficult in diverse populations with varying levels of immunity [212]. Predominantly,
these variants fall within the SARS-CoV-2 lineage B, notably lineage B.1. Among them,
the D614G variant stands out as one of the most widespread, harboring a mutation in
the C-terminal region of the Spike 1 (S1) domain, positioned beyond the RBD. Despite
some reports suggesting increased pathogenicity, sera from convalescent patients and
individuals vaccinated with mRNA vaccines show comparable levels of neutralization of
the D614G mutant compared to the ancestral strain, specifically with regard to lineage B or
the wild-type strain [179,213,214]. Ongoing global vaccination efforts face challenges due
to the presence of circulating SARS-CoV-2 VOCs. These variants possess distinct mutations
in the RBD and have the potential to evade the neutralizing effects of antibodies [213].

Most COVID-19 vaccines were developed to treat the initial strains of the pandemic.
However, the appearance of new VOCs, including Alpha, Beta, Gamma, Delta, and Omi-
cron, posed a challenge to the efficacy of these vaccines (Table 3). Several studies have
consistently found that VOCs have higher infectivity and a greater ability to evade the
immune system compared to the original strains. Additionally, the effectiveness of vaccines
against these VOCs is weaker and diminishes rapidly over time. It is crucial to determine
whether immunization can provide protection against these variants, given their increased
infectivity and mortality rates [124]. The increased dissemination of several SARS-CoV-2
VOCs underscores the critical importance of maintaining the surveillance of vaccine ef-
ficacy against the constantly evolving virus targets. The enhanced ACE2 affinity for the
SARS-CoV-2 RBD is likely responsible for the heightened transmission rates of the Alpha
lineage [215]. This is not attributable to the evasion of pre-existing antibodies in convales-
cent or vaccinated individuals [126]. Research indicates that variants carrying the E484K
substitution substantially elevate the likelihood of immune evasion in both vaccinated
individuals and those who have previously recovered from COVID-19. Undoubtedly, the
incidence of illnesses linked to the Gamma variant, which includes the E484K substitution
among other mutations, is escalating rapidly in Manaus, Brazil. This situation is persisting
despite the population seropositivity rate having been 76% since March, 2020 [216]. Early
vaccine trial data for Novavax against the Beta lineage in South Africa, which also encodes
the E484K substitution, indicated a substantial decline in effectiveness within the realm of
vaccination. The increased prevalence of new infections and the improved transmission
characteristics attributed to the Delta variant provide further evidence of the critical nature
of SARS-CoV-2 therapeutics [217].

Based on the current understanding of this issue, several randomized controlled
trials (RCT) were conducted to assess VE against different clinical outcomes produced
by the VOCs [218,219]. A meta-analysis study found that full vaccination offers robust
protection against various clinical outcomes, with VE ranging from 86.8% to 96.0% against
the Alpha variant [220]. Additionally, it provides moderate protection against infections
caused by the Beta, Gamma, and Delta variants, with VE ranging from 70.9% to 72.8%.
Furthermore, it offers strong protection against severe disease caused by the Delta variant,
with VE ranging from 84.9% to 90.3%. However, the study showed limited protection
against infection overall, with a VE of 23.5% (95% CI, 17.0–29.5), and moderate protection
against severe disease caused by the Omicron variant, with VE ranging from 56.5% to 82.4%.
Booster immunization can significantly enhance the level of defense against the Delta and
Omicron variants, although not to the same extent as it does against the Delta variant. The
meta-regression study revealed a decrease in VE against the Omicron variant over time.
Additionally, the value of VE against hospitalization exhibited a relatively gradual fall
compared to that of VE against infection [220].
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Table 3. Table representing SARS-CoV-2 variants of concern (VOCs) along with all the associated information regarding the originating country, genetic mutations,
transmission rate, and vaccine efficacies (%).

SARS-CoV-2
Variants of Concern

(VOCs)

Country of
Origin

Mutations
(w.r.t. Wild Type

SARS-CoV-2)
Transmissibility Vaccine Efficacy (%)

Vaccines BNT162b2 mRNA-1273 Covaxin ZyCov-D AZD1222,
AstraZeneca Ad26.CoV2.S

Vaccine Platform Used mRNA mRNA Inactivated DNA Viral Vector Viral Vector

Alpha (B.1.1.7) United
Kingdom

N501Y, A570D, P681H,
T716I, S982A, D1118H 30–50% 78–95% 84–99% ~70% ~66% ~90% ~86%

Beta (B.1.351) South Africa K417N, E484K, N501Y,
Y453F, D614G 50% ~75% ~96% - - ~10% 60%

Gamma (B.1.1.28.1) Brazil L452R, P323L, T190S,
K417N, E484K 30–40% - 79% - - - ~68%

Delta (B.1.617.2) India
L452R, P681R, T716I,

A222V, G142D, R191K,
K417N, E484K, N501Y

80–90% more
contagious than

the alpha
variant.

45–79% 76–84% ~65% - 60.75% -

Omicron (B.1.1.529) Botswana and
South Africa

N501Y, S477N, T478K,
G446S, K417N, E484K,
N679K, P681R, R203K,
A222V, D614G, H655Y,
N856K, P1057S, L452R,
F486V, Q493K, G496S,
S498R, Y505H, T547K,

D614G, B1176T, 69–70del,
144–145del, 211–214del

The most
transmissible

VOCs
~65% ~71% - - ~62% ~80%
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In particular, the nAbs used, which were generated by vaccinations that were initially
licensed, were less effective against newly emerging VOCs, which ultimately led to the
adaptation of mRNA vaccines [221,222]. When original or adapted vaccine boosters are
delivered at suitable intervals, there is clear evidence of vaccine-mediated protection, at
least against severe COVID-19 [223,224]. In light of the same observation, Trombetta et al.
conducted tests, using samples collected from both COVID-19 patients and vaccinated
individuals, to gauge the impact and susceptibility of various serum samples to the Omicron
variant BA.1 [225]. These samples were analyzed for their ability to bind to and neutralize
both the original SARS-CoV-2 virus and the Omicron variant BA.1. In COVID-19 patients,
there was a noticeable decline in Omicron-specific antibody response compared to their
response to the wild-type virus. However, antibodies generated through either a triple
homologous/heterologous vaccination regimen, or as a result of natural SARS-CoV-2
infection followed by a two-dose vaccine course, demonstrated the highest neutralization
capacity against the Omicron variant BA.1. Collectively, the findings of the multiple
studies mentioned above endorse the current approach of administering mRNA vaccines
and boosters in order to augment antibody-mediated cross-protection and guard against
emerging Omicron variants.

The latest iterations of the Omicron variant, BQ.1.1 (a subvariant of BA.5) and XBB.1.5
(a subvariant of BA.2), have developed mutations that enhance their ability to evade the
immune system while still maintaining their affinity for receptor binding [226]. In Finland,
to comprehend the dynamics of vaccine-induced nAbs following infection with various
SARS-CoV-2 variants, a systematic analysis was conducted using serum samples collected
up to 9 months after the third dose of vaccination from 432 healthcare workers [227]. To
this end, different three-dose combinations of BNT162b2/Comirnaty (Pfizer-BioNTech),
mRNA-1273/Spikevax (Moderna), and adenovirus-vector-based ChAdOx1-S/Vaxzevria
(AstraZeneca-Oxford) were employed, with each eliciting an immune response against
the S protein. Their findings suggest that while all these combinations elicit notable
levels of nAbs against earlier SARS-CoV-2 variants, they are less proficient in generating
nAbs against the newer BQ.1.1 and XBB.1.5 variants. This underscores the significance of
continuously updating vaccines to address the emergence of new variants. Apart from that,
these findings also emphasize the continuous necessity for genomic surveillance in order
to track the appearance and dissemination of novel SARS-CoV-2 variants, and assess their
impact on population immunity.

9. Key Challenges and Limitations of Antibody-Based Approaches

Amidst the global challenges posed by the SARS-CoV-2 virus, it is crucial to explore
effective therapeutic solutions. Various therapies have received emergency authorization
to combat COVID-19, aiming to prevent severe outcomes and transmission in high-risk
individuals and COVID-19 patients. However, the effectiveness of certain antibody-based
therapies, such as mAbs, faces limitations against emerging VOCs. Here, in the following
sections, we discuss some key challenges and limitations of antibody-based approaches.

9.1. Risks of Antibody-Dependent Enhancement (ADE) for SARS-CoV-2 Antibodies and
Their Implications

Antibodies that are unique to a particular virus are commonly recognized as antivirals
and are involved in the prevention and management of viral infections in various contexts.
The circumstances in which the presence of specific antibodies may be beneficial to the virus
are referred to as the ADE of virus infection, hence promoting viral proliferation. ADEs pose
a significant risk by intensifying the severity of infections, as evidenced across multiple viral
illnesses like RSV, dengue, Zika, SARS, and MERS in humans [228–230]. Although ADE is
observed in vitro for many viruses, there is limited evidence suggesting its development fol-
lowing SARS-CoV-2 infection, influencing the severity of COVID-19 [231,232]. ADE might
be a factor, particularly in acute respiratory distress syndrome, which is a primary cause of
fatality in severe COVID-19 cases. Some studies report a correlation between higher SARS-
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CoV-2 antibody titers in COVID-19 patients and increased disease severity [46]. Concerns
also arise regarding pre-existing antibodies that act against other human coronaviruses, po-
tentially leading to ADE by aiding cross-reactive recognition of SARS-CoV-2 in COVID-19
patients, even without viral neutralization [232,233]. Consequently, the potential for ADEs
to result in SARS-CoV-2 infection raises considerable apprehension regarding the efficacy
and safety of antibody-based vaccines and treatments [232,234]. In the context of viral
infections, ADEs can be classified into two overarching categories: enhanced infection and
enhanced immune activation. Greater infection rates are facilitated through the interaction
between Fc and FcγR [232]. Extensive in vitro studies have focused on the mechanism
through which ADE infiltrates phagocytic cells via FcγRIIA-mediated endocytosis. This
process has been particularly explored concerning macrophage-tropic viruses like dengue
virus and feline infectious peritonitis virus (FIPV) [235]. A study revealed that neutralizing
mAbs MW01 and MW05, which are used to trigger ADE of SARS-CoV-2 pseudovirus
in Raji and Daudi B cells, primarily relied on FcγRIIB rather than FcγRIIA. Remarkably,
MW01 and MW05 exhibited significant adverse effects on Raji cells expressing only FcγRIIB.
Furthermore, the ADE response was notably diminished or entirely eradicated in Daudi
and K562 cells co-expressing both FcγRIIA and FcγRIIB [234]. Studies based on SARS-CoV
have also documented that ADE can enter FcγRIIB-expressing B cells through endocytosis,
which is facilitated by FcγRIIB [236,237]. These studies suggest that disrupting the Fc-FcγR
interaction through an Fc mutation may serve as a potential strategy in order to counteract
prospective ADE in vivo. While evidence shows that the loss of bivalent binding reduces
ADE activity, a process facilitated by several SARS-CoV-2-neutralizing mAbs, the precise
mechanism responsible for diminished monovalent ADE binding remains elusive. It might
be possible that bivalent interactions can foster immune complex formation and increased
cross-linking, which is possibly influenced by alterations in S-trimer conformation. How-
ever, further investigation is required to elucidate the relationship between mAb’s bivalent
interaction and ADE [234]. Additionally, passive immunization or vaccination may trigger
ADE through antibody transfer or production. Notably, passive immunization using hy-
perimmune plasma from COVID-19 convalescents has been found to be safe and effective,
without inducing ADE [173]. While efforts are underway to mitigate the risk of ADE
through the careful selection and design of therapeutic antibodies, thorough preclinical
and clinical evaluation is imperative to ensuring their safety and efficacy.

9.2. Original Antigenic Sin Effect Restricts Vaccine Efficacy against SARS-CoV-2 VOCs

Upon encountering a foreign antigen such as a viral surface protein, the immune
system initiates a primary immune response, generating specific antibodies and cytotoxic
T lymphocytes. Some B and T lymphocytes become memory cells during this response,
which is crucial for achieving future immunity. Upon subsequent exposure to the same
antigen, memory cells trigger a faster and stronger immune response due to memory-cell
activation. However, if the virus mutates, the original memory cells might not recognize it,
leading to a primary immune response again. If the mutated antigen triggers the memory
cells, it can overpower the response, though it cannot effectively neutralize the virus. This
phenomenon, termed antigenic sin, or original antigenic sin (OAS), was first described
in 1960 by Thomas Francis Jr. during influenza virus infections [238]. In the context of
COVID-19 vaccines, particularly inactivated vaccines, antigenic sin could become a concern
when individuals who have been vaccinated with a first-generation vaccine encounter
SARS-CoV-2 VOCs. The immune system may predominantly respond to antigens present in
the original vaccine, potentially reducing the effectiveness of the immune response against
the VOCs [239]. In a study, Röltgen et al. investigated the antibody responses induced
by various COVID-19 vaccines in comparison to those elicited by prior infection. It was
observed that individuals infected with different viral variants produce antibodies which
are specific to those variants, while those vaccinated with mRNA vaccines predominantly
develop antibodies targeting the original Wuhan-Hu-1 [240]. A recent study found that
thrice-vaccinated individuals showed weakened immune responses to mutated epitopes
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of the omicron variant of SARS-CoV-2. Pušnik et al. observed that, while T-cell responses
to omicron’s mutated epitopes persisted due to vaccine-induced cross-reactivity, humoral
and memory B-cell responses against the altered regions were weakened. This implies that
prior vaccination could potentially predispose individuals to OAS if future variants evade
vaccine-induced immunity [241]. This is indeed a consideration for the development of
second-generation COVID-19 vaccines, where the vaccines are effective against emerging
variants of SARS-CoV-2. Strategies such as incorporating multiple strains or antigens
into the vaccine or designing vaccines that elicit broader immune responses may help to
mitigate the risk of antigenic sin.

9.3. Long COVID or Post-COVID Conditions

A significant number of COVID-19 patients exhibit persistent symptoms beyond the
acute phase of infection. Many individuals who have recovered from COVID-19 or have
been vaccinated report experiencing long-term symptoms, also referred to as long-haul or
long COVID infections. These symptoms can encompass deficits in the central nervous
system, including brain fog, fatigue, and difficulty concentrating [242–244]. Researchers
have not yet completely understood the causes of these chronic symptoms, but they may
be related to changes in the immune system, chronic inflammation, or the persistence
of virus particles in the body [38,245,246]. Understanding the Th1 immune response is
vital in combating viral infections, including SARS-CoV-2. Th1 cells, a subset of CD4+ T
cells, play a pivotal role in orchestrating immune defense against intracellular pathogens.
They release cytokines such as IFN-γ, activating macrophages to eliminate intracellular
pathogens. Moreover, cytotoxic CD8+ T cells identify and eliminate virus-infected cells,
halting intracellular viral replication and preventing persistent infection [247]. Neutralizing
antibodies, a crucial component of the humoral immune response, can block virions from
infecting new cells. Although the exact function of nAbs in such instances remains unclear,
preliminary research suggests that individuals with elevated levels of these antibodies
may have a reduced risk of developing chronic illnesses [248,249]. A balanced Th1/Th2
response, fostering both cellular and humoral immunity, is crucial in effectively combatting
SARS-CoV-2 [250,251].

Furthermore, a study led by Huang and Fishell reports that SARS-CoV-2 infection
most frequently manifests itself as a condition of the central nervous system and can even
persist for weeks or even months [252]. Later, Hirzel et al. found that COVID-19 patients
experiencing neurological symptoms exhibited lower levels of nAbs compared to those
without such symptoms. This observation suggests a potential role for nAbs in safeguarding
against CNS complications in COVID-19 [253]. Therefore, nAbs are currently being studied
to determine if there is a connection between long-haul COVID-19 symptoms and the
potential for prevention or treatment using nAbs. In a study by Zou et al., neurological
symptoms were found to be prevalent in 9.9% of recovered COVID-19 patients [254]. SARS-
CoV-2-infected cells may cross the blood–brain barrier (BBB) and enter the brain through
perivascular spaces, potentially triggering an immune response in patients with viral
encephalitis [255]. Encephalopathy has been documented in 10.3% of the 901 COVID-19
patients studied, highlighting a wide array of neurological manifestations. The observed
damage within the central nervous system (CNS) or peripheral nervous system (PNS)
in these instances is thought to be caused directly by the virus itself or by the body’s
innate and adaptive immune responses to SARS-CoV-2 infection [256]. Evidence suggests
the existence of systemic inflammation in some COVID-19 patients, manifested by IgG
synthesis within the intrathecal region and the presence of immunoglobulin proteins in
cerebrospinal fluid (CSF) and serum [257]. Neuro-COVID patients exhibit depleted CD4+

T cells and dedifferentiated monocytes in their CSF, accompanied by increased interferon
signatures that are indicative of a significant immune response, albeit less pronounced than
that observed in virus-induced encephalitis [258]. Inflammatory cytokines, particularly
those driven by type II interferon, may cause neuronal injury and result in long-term
neurologic effects, including neurocognitive dysfunction [259]. CNS impairment might be
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associated with cytokine release syndrome (CRS), elevated serum IL-6 levels, and increased
BBB permeability, as evidenced by hyperalbuminorrachia and heightened astroglial protein
S100B [260]. The spread of hematogenous SARS-CoV-2 to the brain, facilitated by direct viral
invasion and inflammatory reactions, could synergistically impact neurological function.

A plausible source of amyloid in COVID-19 infections is the combination of identified
SARS-CoV-2 amyloid proteins and hypothesized potential amyloids [261,262]. Conse-
quently, infection with SARS-CoV-2 might cause the host to generate both extracellular
and intracellular amyloid deposits. Similar to the endogenous amyloids associated with
dementia, the SARS-CoV-2 virion can infect various cell types in the brain, including
neuronal and non-neuronal cells, suggesting a potential involvement of these deposits in
dementia pathogenesis [263,264]. Certain forms of SARS-CoV-2 amyloid are hazardous and
can directly alter brain function or exacerbate COVID-19-associated dementia [264]. More-
over, interactions between SARS-CoV-2 amyloid proteins and endogenous Aß and other
amyloids may facilitate the deposition of additional amyloid types, potentially leading to
dementia such as Alzheimer’s disease (AD) [265]. Considering their potential causative
role in COVID-19-exacerbated dementia, SARS-CoV-2 amyloid proteins may represent
disease-modifying targets [261,262,264]. Remarkably, these patients exhibit substantial
variations in circulating myeloid and lymphocyte populations, including the prominent ac-
tivation of peripheral B cells and a stronger humoral immune response against SARS-CoV-2.
Elevated levels of non-classical monocytes and intermediate monocytes may disrupt the
equilibrium of blood vessel substances, potentially leading to persistent inflammation,
which is predominantly regulated by Th1 cytokines. The prevalence of decreased counts
of CD4+ and CD8+ T cells, coupled with the diminished central memory of CD4+ T cells,
indicates a distinctive immunological pattern, characterized by attenuated effector activity
and aberrant immune responses [266].

10. Discussion and Future Perspectives

The global emergence of SARS-CoV-2 in late 2019 sparked a profound public health
crisis, resulting in millions of deaths worldwide. Efforts to address the ongoing and po-
tential future impacts of the COVID-19 pandemic have led to significant advancements in
diagnostics, antibody-based treatments, and vaccines. These developments are crucial for
effectively managing the spread of the virus and mitigating its impact on public health.
Although qRT-PCR methods are considered the current gold standard, they come with
several limitations. To address these constraints, diverse serological assays like ELISA,
CLIA, and RDTs are being utilized to detect SARS-CoV-2-specific antibodies, particularly
IgM and IgG [81,82]. The dynamic antibody levels in COVID-19 patients offer valuable
clinical insights, especially for suspected cases with negative viral RNA tests or prior
infection. However, cross-reactivity significantly affects the sensitivity and specificity of
serological tests, posing a challenge to attempts at accurate diagnosis. Therefore, integrat-
ing serological tests with nucleotide-based qRT-PCR assays can markedly enhance the
sensitivity and specificity of clinical diagnosis for COVID-19 and improve positive viral
detection rates across diverse populations. However, to address the demands caused by
any possible future pandemic, researchers are evaluating and developing new detection
methods in order to continuously track biomarkers that are important for both individual
and population health [267].

The ability of the humoral immune system to resist SARS-CoV-2 infection heavily relies
on antibodies, which can also be transformed into potent treatments for COVID-19 [268].
nAbs and bAbs are linked to protection against symptomatic SARS-CoV-2 infection. As
discussed previously, mAbs, convalescent plasma (CP), and hyperimmune intravenous im-
munoglobulins (IVIGs) are employed to treat COVID-19 patients, particularly those who are
immunocompromised and prone to severe illness post SARS-CoV-2 infection [177]. However,
the emergence of SARS-CoV-2 VOCs, including the highly transmissible sub-lineages of
the Omicron variant, poses many challenges. These variants possess multiple mutations in
the NTD and RBD of the spike protein, rendering them resistant to therapeutic mAbs and
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antibodies induced by mRNA-based SARS-CoV-2 vaccines or previous infections. These
VOCs diminished or eliminated the ability of several antibodies, including those authorized
for emergency therapeutic use, to effectively neutralize the virus [269–273]. Several reports
indicate a significant decline in most of the mAbs’ efficacy against emerging Omicron sub-
variants [134,146–148,274,275]. Sotrovimab showcases the potential of antiviral mAbs in
terms of granting long-term passive immunity. However, it susceptible to viral mutations.
Hence, it is imperative to devise ways to develop antibodies that possess the ability to with-
stand viral evasion. The strategically development of different combinations of antibodies
targeting different regions of the SARS-CoV-2 virus could potentially enhance protection
against its variations [276,277]; however, such an approach increases manufacturing costs
and demands higher dosing. To develop anti-SARS-CoV-2 spike antibodies with a broader
spectrum of neutralization, alternative strategies have also been explored, such as the pro-
duction of multispecific antibodies. To prevent immune escape via resistance mutations,
various antibody-variable regions targeting distinct RBD sites can be combined to generate
multispecific antibodies [278,279]. Such multispecific antibodies have demonstrated over
3000-fold greater efficacy on Omicron variants BA.1, BA.2, and BA.5 in terms of preventing
virus escape compared to the most potent clinical antibody or parental antibody mixtures,
as evidenced by several studies [280]. However, in the absence of humoral immunity, the
inhibition of viral proliferation alone may not suffice for viral clearance. Therefore, combining
antiviral compounds with anti-spike mAbs may also result in greater efficacy due to their
distinct antiviral mechanisms [281].

In addition to treatments that target viral and host factors, a COVID-19 therapeutic
regimen may also include drugs that specifically target viral enzymes. Remdesivir and
ledipasvir are among the FDA-approved antivirals that target RNA-dependent RNA poly-
merase (RdRp) and they have been shown to have inhibitory effects against SARS-CoV-2
replication [282]. Furthermore, molnupiravir, which is also a viral RdRp inhibitor, exhibits
promising efficacy in treating patients during the early stages of the disease. A recent phase
2a clinical trial, employing a double-blind, placebo-controlled randomized multicenter
design, demonstrated the accelerated clearance of SARS-CoV-2 RNA and eradication of
infectious virus in individuals with mild-to-moderate COVID-19 [283]. Notably, remdesivir,
molnupiravir, and nirmatrelvir are among the antivirals approved for COVID-19 treatment,
proving efficacy against some of the VOCs, including Omicron [284,285]. Paxlovid, a
groundbreaking combination therapy comprising nirmatrelvir and ritonavir, has gained
FDA approval as the first SARS-CoV-2 treatment targeting the main protease (Mpro). A
recent study by Papini et al. showcased Mpro61, a computationally designed Mpro inhibitor
exhibiting synergistic effects with the SARS-CoV-2 antiviral molnupiravir in B6-K18-hACE2
mice. This promising finding positions Mpro61 as a viable alternative to Paxlovid, offering
the potential to combat SARS-CoV-2 infections [286]. Combination therapies can also be
utilized to treat COVID-19. There are various reasons for this, including synergy between
compounds that target the same or different stages of the virus lifecycle or disease pathway,
increased antiviral efficacy, and distinct mechanisms of action. A recent study demon-
strated an excellent clinical response in immunocompromised patients with prolonged
COVID-19 by combining two antivirals (mainly remdesivir and nirmatrelvir/ritonavir)
with mAbs [287]. Thus, employing a blend of mAbs alongside concurrent small-molecule
antiviral treatments, such as protease and replicase inhibitors, can mitigate the risk of
resistance emergence, ensuring more robust and lasting efficacy against evolving viral
strains [146,288]. However, the elevated risks associated with safety concerns, potential
drug interactions, and adverse effects of these therapies may account for a portion of the
limited number of subjects undergoing clinical trials for COVID-19 at this time. Thus, com-
bination therapies represent a promising approach due to the propensity for drug resistance
to individual compounds and the limited efficacy of current SARS-CoV-2 therapeutics.

In addition, our current understanding of COVID-19 is significantly limited by our
incomplete grasp of its long-term health consequences. These include potential damage to
vital organs, the immune system, mental health, and overall quality of life [289]. Conducting
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well-organized genome-wide expression analyses on extensive datasets, comprising both
healthy individuals and those with pre-existing conditions, will be invaluable to efforts
to gain deeper insights into the impact of COVID-19 infection and vaccination. Moreover,
ensuring the availability of genome-wide study data on COVID-19 is essential for advancing
the global understanding of the multifaceted aspects of SARS-CoV-2.

The approved vaccines also encountered various challenges due to the emergence
of VOCs. This occurred owing to the short-lived nature of their protective antibodies
and their limited cross-protection against mutated viruses [290]. To address these issues,
strategies can be employed such as the administration of regular booster shots, using both
homologous and heterologous vaccines to enhance the cross-reactive antibody levels and
extend protection, which is similar to the annual influenza vaccination approach [291].
Re-administering immunizations is particularly crucial for vulnerable and marginalized
groups, including elderly adults, organ transplant recipients, and cancer patients under-
going treatment for Delta and Omicron variants [292]. Efforts are underway to develop
advanced vaccines against SARS-CoV-2, focusing on inducing immunity in the nasal and
oral cavities, which are crucial entry points for the virus [293]. The IBIS, which is a live-
attenuated mucosal pan-betacoronavirus vaccine, shows potential against SARS-CoV-1,
SARS-CoV-2, and variants, boasting cross-protection and robust immune responses [294].
Additionally, efforts to enhance next-generation vaccine designs by incorporating addi-
tional epitopes from SARS-CoV-2 and other coronaviruses aim to broaden the spectrum
of generated cross-protective antibodies, potentially offering increased protection against
emerging variants a virus [295]. Given the susceptibility of the S protein to mutations,
efforts are shifting towards more conserved regions like the N protein, which could poten-
tially address concern about viral mutations and improve immune responses [296]. Overall,
the development of next-generation vaccines for SARS-CoV-2 requires long-term immunity,
which is capable of addressing viral mutations and promoting cross-protection [297]. The
insights gleaned from these studies and approaches can further enhance the therapeutic
potential of antibody-based treatments, providing valuable guidance for addressing future
challenges posed by emerging mutant strains of SARS-CoV-2.

Author Contributions: Conceptualization, design & project administration: R.P.; supervision: R.P.
and A.K.; writing—original draft: A.K., P.T., P.K., R.S. and R.P.; tables and figures: A.K., P.K. and R.P.;
writing—review and editing: R.P., P.T. and A.K. 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: The study did not report any new results or data.

Conflicts of Interest: The author declares that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from

Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef]
2. Marchenko, V.; Danilenko, A.; Kolosova, N.; Bragina, M.; Molchanova, M.; Bulanovich, Y.; Gorodov, V.; Leonov, S.; Gudymo, A.;

Onkhonova, G.; et al. Diversity of gammacoronaviruses and deltacoronaviruses in wild birds and poultry in Russia. Sci. Rep.
2022, 12, 19412. [CrossRef]

3. Santacroce, L.; Charitos, I.A.; Carretta, D.M.; De Nitto, E.; Lovero, R. The human coronaviruses (HCoVs) and the molecular
mechanisms of SARS-CoV-2 infection. J. Mol. Med. 2021, 99, 93–106. [CrossRef]

4. Ksiazek, T.G.; Erdman, D.; Goldsmith, C.S.; Zaki, S.R.; Peret, T.; Emery, S.; Tong, S.; Urbani, C.; Comer, J.A.; Lim, W.; et al. A novel
coronavirus associated with severe acute respiratory syndrome. N. Engl. J. Med. 2003, 348, 1953–1966. [CrossRef]

5. Islam, M.M.; Khanom, H.; Farag, E.; Mim, Z.T.; Naidoo, P.; Mkhize-Kwitshana, Z.L.; Tibbo, M.; Islam, A.; Soares Magalhaes, R.J.;
Hassan, M.M. Global patterns of Middle East respiratory syndrome coronavirus (MERS-CoV) prevalence and seroprevalence in
camels: A systematic review and meta-analysis. One Health 2023, 16, 100561. [CrossRef]

https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1038/s41598-022-23925-z
https://doi.org/10.1007/s00109-020-02012-8
https://doi.org/10.1056/NEJMoa030781
https://doi.org/10.1016/j.onehlt.2023.100561


Vaccines 2024, 12, 459 34 of 46

6. Abdelghany, T.M.; Ganash, M.; Bakri, M.M.; Qanash, H.; Al-Rajhi, A.M.H.; Elhussieny, N.I. SARS-CoV-2, the other face to
SARS-CoV and MERS-CoV: Future predictions. Biomed. J. 2021, 44, 86–93. [CrossRef]

7. Chan, J.F.; Kok, K.H.; Zhu, Z.; Chu, H.; To, K.K.; Yuan, S.; Yuen, K.Y. Genomic characterization of the 2019 novel human-
pathogenic coronavirus isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg. Microbes Infect. 2020, 9,
221–236. [CrossRef]

8. Kubina, R.; Dziedzic, A. Molecular and Serological Tests for COVID-19. A Comparative Review of SARS-CoV-2 Coronavirus
Laboratory and Point-of-Care Diagnostics. Diagnostics 2020, 10, 434. [CrossRef]

9. Teymouri, M.; Mollazadeh, S.; Mortazavi, H.; Naderi Ghale-Noie, Z.; Keyvani, V.; Aghababaei, F.; Hamblin, M.R.; Abbaszadeh-
Goudarzi, G.; Pourghadamyari, H.; Hashemian, S.M.R.; et al. Recent advances and challenges of RT-PCR tests for the diagnosis of
COVID-19. Pathol. Res. Pract. 2021, 221, 153443. [CrossRef]

10. Guruprasad, L. Evolutionary relationships and sequence-structure determinants in human SARS coronavirus-2 spike proteins for
host receptor recognition. Proteins 2020, 88, 1387–1393. [CrossRef]

11. Morales-Nunez, J.J.; Munoz-Valle, J.F.; Torres-Hernandez, P.C.; Hernandez-Bello, J. Overview of Neutralizing Antibodies and
Their Potential in COVID-19. Vaccines 2021, 9, 1376. [CrossRef] [PubMed]

12. Mallano, A.; Ascione, A.; Flego, M. Antibody Response against SARS-CoV-2 Infection: Implications for Diagnosis, Treatment and
Vaccine Development. Int. Rev. Immunol. 2022, 41, 393–413. [CrossRef] [PubMed]

13. Bubonja-Sonje, M.; Baticic, L.; Abram, M.; Cekinovic Grbesa, D. Diagnostic accuracy of three SARS-CoV2 antibody detection
assays, neutralizing effect and longevity of serum antibodies. J. Virol. Methods 2021, 293, 114173. [CrossRef] [PubMed]

14. Guevara-Hoyer, K.; Fuentes-Antras, J.; De la Fuente-Munoz, E.; Rodriguez de la Pena, A.; Vinuela, M.; Cabello-Clotet, N.; Estrada,
V.; Culebras, E.; Delgado-Iribarren, A.; Martinez-Novillo, M.; et al. Serological Tests in the Detection of SARS-CoV-2 Antibodies.
Diagnostics 2021, 11, 678. [CrossRef] [PubMed]

15. Sidiq, Z.; Hanif, M.; Dwivedi, K.K.; Chopra, K.K. Benefits and limitations of serological assays in COVID-19 infection. Indian J.
Tuberc. 2020, 67, S163–S166. [CrossRef] [PubMed]

16. Cota, G.; Freire, M.L.; de Souza, C.S.; Pedras, M.J.; Saliba, J.W.; Faria, V.; Alves, L.L.; Rabello, A.; Avelar, D.M. Diagnostic
performance of commercially available COVID-19 serology tests in Brazil. Int. J. Infect. Dis. 2020, 101, 382–390. [CrossRef]
[PubMed]

17. Wolfel, R.; Corman, V.M.; Guggemos, W.; Seilmaier, M.; Zange, S.; Muller, M.A.; Niemeyer, D.; Jones, T.C.; Vollmar, P.; Rothe, C.;
et al. Virological assessment of hospitalized patients with COVID-2019. Nature 2020, 581, 465–469. [CrossRef] [PubMed]

18. Gong, F.; Wei, H.X.; Li, Q.; Liu, L.; Li, B. Evaluation and Comparison of Serological Methods for COVID-19 Diagnosis. Front. Mol.
Biosci. 2021, 8, 682405. [CrossRef] [PubMed]

19. Ong, D.S.Y.; Fragkou, P.C.; Schweitzer, V.A.; Chemaly, R.F.; Moschopoulos, C.D.; Skevaki, C. European Society of Clinical
Microbiology and Infectious Diseases (ESCMID) Study Group for Respiratory Viruses (ESGREV). How to interpret and use
COVID-19 serology and immunology tests. Clin. Microbiol. Infect. 2021, 27, 981–986. [CrossRef]

20. Guan, X.; Yang, Y.; Du, L. Advances in SARS-CoV-2 receptor-binding domain-based COVID-19 vaccines. Expert Rev. Vaccines
2023, 22, 422–439. [CrossRef]

21. Fiolet, T.; Kherabi, Y.; MacDonald, C.J.; Ghosn, J.; Peiffer-Smadja, N. Comparing COVID-19 vaccines for their characteristics,
efficacy and effectiveness against SARS-CoV-2 and variants of concern: A narrative review. Clin. Microbiol. Infect. 2022, 28,
202–221. [CrossRef]

22. Logunov, D.Y.; Dolzhikova, I.V.; Shcheblyakov, D.V.; Tukhvatulin, A.I.; Zubkova, O.V.; Dzharullaeva, A.S.; Kovyrshina, A.V.;
Lubenets, N.L.; Grousova, D.M.; Erokhova, A.S.; et al. Safety and efficacy of an rAd26 and rAd5 vector-based heterologous
prime-boost COVID-19 vaccine: An interim analysis of a randomised controlled phase 3 trial in Russia. Lancet 2021, 397, 671–681.
[CrossRef]

23. Salleh, M.Z.; Norazmi, M.N.; Deris, Z.Z. Immunogenicity mechanism of mRNA vaccines and their limitations in promoting
adaptive protection against SARS-CoV-2. PeerJ 2022, 10, e13083. [CrossRef]

24. Fraiman, J.; Erviti, J.; Jones, M.; Greenland, S.; Whelan, P.; Kaplan, R.M.; Doshi, P. Serious adverse events of special interest
following mRNA COVID-19 vaccination in randomized trials in adults. Vaccine 2022, 40, 5798–5805. [CrossRef]

25. Peng, X.L.; Cheng, J.S.; Gong, H.L.; Yuan, M.D.; Zhao, X.H.; Li, Z.; Wei, D.X. Advances in the design and development of
SARS-CoV-2 vaccines. Mil. Med. Res. 2021, 8, 67. [CrossRef]

26. Vanaparthy, R.; Mohan, G.; Vasireddy, D.; Atluri, P. Review of COVID-19 viral vector-based vaccines and COVID-19 variants.
Infez. Med. 2021, 29, 328–338. [CrossRef]

27. Heath, P.T.; Galiza, E.P.; Baxter, D.N.; Boffito, M.; Browne, D.; Burns, F.; Chadwick, D.R.; Clark, R.; Cosgrove, C.; Galloway, J.; et al.
Safety and Efficacy of NVX-CoV2373 COVID-19 Vaccine. N. Engl. J. Med. 2021, 385, 1172–1183. [CrossRef]

28. Wynia, M.K.; Beaty, L.E.; Bennett, T.D.; Carlson, N.E.; Davis, C.B.; Kwan, B.M.; Mayer, D.A.; Ong, T.C.; Russell, S.; Steele, J.D.;
et al. Real-World Evidence of Neutralizing Monoclonal Antibodies for Preventing Hospitalization and Mortality in COVID-19
Outpatients. Chest 2023, 163, 1061–1070. [CrossRef]

29. Hwang, Y.C.; Lu, R.M.; Su, S.C.; Chiang, P.Y.; Ko, S.H.; Ke, F.Y.; Liang, K.H.; Hsieh, T.Y.; Wu, H.C. Monoclonal antibodies for
COVID-19 therapy and SARS-CoV-2 detection. J. Biomed. Sci. 2022, 29, 1. [CrossRef]

https://doi.org/10.1016/j.bj.2020.10.008
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.3390/diagnostics10060434
https://doi.org/10.1016/j.prp.2021.153443
https://doi.org/10.1002/prot.25967
https://doi.org/10.3390/vaccines9121376
https://www.ncbi.nlm.nih.gov/pubmed/34960121
https://doi.org/10.1080/08830185.2021.1929205
https://www.ncbi.nlm.nih.gov/pubmed/34494500
https://doi.org/10.1016/j.jviromet.2021.114173
https://www.ncbi.nlm.nih.gov/pubmed/33930473
https://doi.org/10.3390/diagnostics11040678
https://www.ncbi.nlm.nih.gov/pubmed/33918840
https://doi.org/10.1016/j.ijtb.2020.07.034
https://www.ncbi.nlm.nih.gov/pubmed/33308664
https://doi.org/10.1016/j.ijid.2020.10.008
https://www.ncbi.nlm.nih.gov/pubmed/33039612
https://doi.org/10.1038/s41586-020-2196-x
https://www.ncbi.nlm.nih.gov/pubmed/32235945
https://doi.org/10.3389/fmolb.2021.682405
https://www.ncbi.nlm.nih.gov/pubmed/34368226
https://doi.org/10.1016/j.cmi.2021.05.001
https://doi.org/10.1080/14760584.2023.2211153
https://doi.org/10.1016/j.cmi.2021.10.005
https://doi.org/10.1016/S0140-6736(21)00234-8
https://doi.org/10.7717/peerj.13083
https://doi.org/10.1016/j.vaccine.2022.08.036
https://doi.org/10.1186/s40779-021-00360-1
https://doi.org/10.53854/liim-2903-3
https://doi.org/10.1056/NEJMoa2107659
https://doi.org/10.1016/j.chest.2022.10.020
https://doi.org/10.1186/s12929-021-00784-w


Vaccines 2024, 12, 459 35 of 46

30. Rotundo, S.; Vecchio, E.; Abatino, A.; Giordano, C.; Mancuso, S.; Tassone, M.T.; Costa, C.; Russo, A.; Trecarichi, E.M.; Cuda, G.;
et al. Spike-specific T-cell responses in patients with COVID-19 successfully treated with neutralizing monoclonal antibodies
against SARS-CoV-2. Int. J. Infect. Dis. 2022, 124, 55–64. [CrossRef]

31. Farshadpour, F.; Taherkhani, R. Antibody-Dependent Enhancement and the Critical Pattern of COVID-19: Possibilities and
Considerations. Med. Princ. Pract. 2021, 30, 422–429. [CrossRef]

32. Yip, M.S.; Leung, H.L.; Li, P.H.; Cheung, C.Y.; Dutry, I.; Li, D.; Daeron, M.; Bruzzone, R.; Peiris, J.S.; Jaume, M. Antibody-
dependent enhancement of SARS coronavirus infection and its role in the pathogenesis of SARS. Hong Kong Med. J. 2016, 22,
25–31. [CrossRef]

33. Pantaleo, G.; Correia, B.; Fenwick, C.; Joo, V.S.; Perez, L. Antibodies to combat viral infections: Development strategies and
progress. Nat. Rev. Drug Discov. 2022, 21, 676–696. [CrossRef]

34. Satarker, S.; Nampoothiri, M. Structural Proteins in Severe Acute Respiratory Syndrome Coronavirus-2. Arch. Med. Res. 2020, 51,
482–491. [CrossRef]

35. Yadav, R.; Chaudhary, J.K.; Jain, N.; Chaudhary, P.K.; Khanra, S.; Dhamija, P.; Sharma, A.; Kumar, A.; Handu, S. Role of Structural
and Non-Structural Proteins and Therapeutic Targets of SARS-CoV-2 for COVID-19. Cells 2021, 10, 821. [CrossRef]

36. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
2020, 181, 271–280.e278. [CrossRef]

37. Ziegler, C.G.K.; Allon, S.J.; Nyquist, S.K.; Mbano, I.M.; Miao, V.N.; Tzouanas, C.N.; Cao, Y.; Yousif, A.S.; Bals, J.; Hauser, B.M.;
et al. SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial Cells and Is Detected in Specific
Cell Subsets across Tissues. Cell 2020, 181, 1016–1035.e19. [CrossRef]

38. Dispinseri, S.; Secchi, M.; Pirillo, M.F.; Tolazzi, M.; Borghi, M.; Brigatti, C.; De Angelis, M.L.; Baratella, M.; Bazzigaluppi, E.;
Venturi, G.; et al. Neutralizing antibody responses to SARS-CoV-2 in symptomatic COVID-19 is persistent and critical for survival.
Nat. Commun. 2021, 12, 2670. [CrossRef]

39. West, R.; Kobokovich, A.; Connell, N.; Gronvall, G.K. COVID-19 Antibody Tests: A Valuable Public Health Tool with Limited
Relevance to Individuals. Trends Microbiol. 2021, 29, 214–223. [CrossRef]

40. Carnicelli, A.; Fiori, B.; Ricci, R.; Piano, A.; Bonadia, N.; Taddei, E.; Fantoni, M.; Murri, R.; Cingolani, A.; Barillaro, C.; et al.
Characteristic of IgA and IgG antibody response to SARS-CoV-2 infection in an Italian referral COVID-19 Hospital. Intern. Emerg.
Med. 2022, 17, 53–64. [CrossRef]

41. Lynch, K.L.; Whitman, J.D.; Lacanienta, N.P.; Beckerdite, E.W.; Kastner, S.A.; Shy, B.R.; Goldgof, G.M.; Levine, A.G.; Bapat, S.P.;
Stramer, S.L.; et al. Magnitude and Kinetics of Anti-Severe Acute Respiratory Syndrome Coronavirus 2 Antibody Responses and
Their Relationship to Disease Severity. Clin. Infect. Dis. 2021, 72, 301–308. [CrossRef]

42. Rijkers, G.; Murk, J.L.; Wintermans, B.; van Looy, B.; van den Berge, M.; Veenemans, J.; Stohr, J.; Reusken, C.; van der Pol, P.;
Reimerink, J. Differences in Antibody Kinetics and Functionality between Severe and Mild Severe Acute Respiratory Syndrome
Coronavirus 2 Infections. J. Infect. Dis. 2020, 222, 1265–1269. [CrossRef]

43. Padoan, A.; Sciacovelli, L.; Basso, D.; Negrini, D.; Zuin, S.; Cosma, C.; Faggian, D.; Matricardi, P.; Plebani, M. IgA-Ab response
to spike glycoprotein of SARS-CoV-2 in patients with COVID-19: A longitudinal study. Clin. Chim. Acta 2020, 507, 164–166.
[CrossRef]

44. Sun, B.; Feng, Y.; Mo, X.; Zheng, P.; Wang, Q.; Li, P.; Peng, P.; Liu, X.; Chen, Z.; Huang, H.; et al. Kinetics of SARS-CoV-2 specific
IgM and IgG responses in COVID-19 patients. Emerg. Microbes Infect. 2020, 9, 940–948. [CrossRef]

45. Xiao, T.; Wang, Y.; Yuan, J.; Ye, H.; Wei, L.; Liao, X.; Wang, H.; Qian, S.; Wang, Z.; Liu, L.; et al. Early Viral Clearance and Antibody
Kinetics of COVID-19 among Asymptomatic Carriers. Front. Med. 2021, 8, 595773. [CrossRef]

46. Zhao, J.; Yuan, Q.; Wang, H.; Liu, W.; Liao, X.; Su, Y.; Wang, X.; Yuan, J.; Li, T.; Li, J.; et al. Antibody Responses to SARS-CoV-2 in
Patients with Novel Coronavirus Disease 2019. Clin. Infect. Dis. 2020, 71, 2027–2034. [CrossRef]

47. Iyer, A.S.; Jones, F.K.; Nodoushani, A.; Kelly, M.; Becker, M.; Slater, D.; Mills, R.; Teng, E.; Kamruzzaman, M.; Garcia-Beltran,
W.F.; et al. Persistence and decay of human antibody responses to the receptor binding domain of SARS-CoV-2 spike protein in
COVID-19 patients. Sci. Immunol. 2020, 5, eabe0367. [CrossRef]

48. Yongchen, Z.; Shen, H.; Wang, X.; Shi, X.; Li, Y.; Yan, J.; Chen, Y.; Gu, B. Different longitudinal patterns of nucleic acid and
serology testing results based on disease severity of COVID-19 patients. Emerg. Microbes Infect. 2020, 9, 833–836. [CrossRef]

49. Kim, Y.; Bae, J.Y.; Kwon, K.; Chang, H.H.; Lee, W.K.; Park, H.; Kim, J.; Choi, I.; Park, M.S.; Kim, S.W. Kinetics of neutralizing
antibodies against SARS-CoV-2 infection according to sex, age, and disease severity. Sci. Rep. 2022, 12, 13491. [CrossRef]

50. Long, Q.X.; Liu, B.Z.; Deng, H.J.; Wu, G.C.; Deng, K.; Chen, Y.K.; Liao, P.; Qiu, J.F.; Lin, Y.; Cai, X.F.; et al. Antibody responses to
SARS-CoV-2 in patients with COVID-19. Nat. Med. 2020, 26, 845–848. [CrossRef]

51. Naqvi, A.A.T.; Fatima, K.; Mohammad, T.; Fatima, U.; Singh, I.K.; Singh, A.; Atif, S.M.; Hariprasad, G.; Hasan, G.M.; Hassan, M.I.
Insights into SARS-CoV-2 genome, structure, evolution, pathogenesis and therapies: Structural genomics approach. Biochim.
Biophys. Acta Mol. Basis Dis. 2020, 1866, 165878. [CrossRef]

52. Chang, C.K.; Sue, S.C.; Yu, T.H.; Hsieh, C.M.; Tsai, C.K.; Chiang, Y.C.; Lee, S.J.; Hsiao, H.H.; Wu, W.J.; Chang, W.L.; et al. Modular
organization of SARS coronavirus nucleocapsid protein. J. Biomed. Sci. 2006, 13, 59–72. [CrossRef]

53. Li, F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu. Rev. Virol. 2016, 3, 237–261. [CrossRef]
54. Khailany, R.A.; Safdar, M.; Ozaslan, M. Genomic characterization of a novel SARS-CoV-2. Gene Rep. 2020, 19, 100682. [CrossRef]

https://doi.org/10.1016/j.ijid.2022.09.016
https://doi.org/10.1159/000516693
https://doi.org/10.1186/1753-6561-5-S1-P80
https://doi.org/10.1038/s41573-022-00495-3
https://doi.org/10.1016/j.arcmed.2020.05.012
https://doi.org/10.3390/cells10040821
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.04.035
https://doi.org/10.1038/s41467-021-22958-8
https://doi.org/10.1016/j.tim.2020.11.002
https://doi.org/10.1007/s11739-021-02750-8
https://doi.org/10.1093/cid/ciaa979
https://doi.org/10.1093/infdis/jiaa463
https://doi.org/10.1016/j.cca.2020.04.026
https://doi.org/10.1080/22221751.2020.1762515
https://doi.org/10.3389/fmed.2021.595773
https://doi.org/10.1093/cid/ciaa344
https://doi.org/10.1126/sciimmunol.abe0367
https://doi.org/10.1080/22221751.2020.1756699
https://doi.org/10.1038/s41598-022-17605-1
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1016/j.bbadis.2020.165878
https://doi.org/10.1007/s11373-005-9035-9
https://doi.org/10.1146/annurev-virology-110615-042301
https://doi.org/10.1016/j.genrep.2020.100682


Vaccines 2024, 12, 459 36 of 46

55. Ching, L.; Chang, S.P.; Nerurkar, V.R. COVID-19 Special Column: Principles Behind the Technology for Detecting SARS-CoV-2,
the Cause of COVID-19. Hawaii J. Health Soc. Welf. 2020, 79, 136–142.

56. Robbiani, D.F.; Gaebler, C.; Muecksch, F.; Lorenzi, J.C.C.; Wang, Z.; Cho, A.; Agudelo, M.; Barnes, C.O.; Gazumyan, A.; Finkin, S.;
et al. Convergent antibody responses to SARS-CoV-2 in convalescent individuals. Nature 2020, 584, 437–442. [CrossRef]

57. Brouwer, P.J.M.; Caniels, T.G.; van der Straten, K.; Snitselaar, J.L.; Aldon, Y.; Bangaru, S.; Torres, J.L.; Okba, N.M.A.; Claireaux, M.;
Kerster, G.; et al. Potent neutralizing antibodies from COVID-19 patients define multiple targets of vulnerability. Science 2020, 369,
643–650. [CrossRef]

58. Rogers, T.F.; Zhao, F.; Huang, D.; Beutler, N.; Burns, A.; He, W.T.; Limbo, O.; Smith, C.; Song, G.; Woehl, J.; et al. Isolation of potent
SARS-CoV-2 neutralizing antibodies and protection from disease in a small animal model. Science 2020, 369, 956–963. [CrossRef]

59. Zost, S.J.; Gilchuk, P.; Case, J.B.; Binshtein, E.; Chen, R.E.; Nkolola, J.P.; Schafer, A.; Reidy, J.X.; Trivette, A.; Nargi, R.S.; et al.
Potently neutralizing and protective human antibodies against SARS-CoV-2. Nature 2020, 584, 443–449. [CrossRef]

60. Wibmer, C.K.; Ayres, F.; Hermanus, T.; Madzivhandila, M.; Kgagudi, P.; Oosthuysen, B.; Lambson, B.E.; de Oliveira, T.; Vermeulen,
M.; van der Berg, K.; et al. SARS-CoV-2 501Y.V2 escapes neutralization by South African COVID-19 donor plasma. Nat Med. 2021,
27, 622–625. [CrossRef] [PubMed]

61. Kuri-Cervantes, L.; Pampena, M.B.; Meng, W.; Rosenfeld, A.M.; Ittner, C.A.G.; Weisman, A.R.; Agyekum, R.S.; Mathew, D.; Baxter,
A.E.; Vella, L.A.; et al. Comprehensive mapping of immune perturbations associated with severe COVID-19. Sci. Immunol. 2020,
5, eabd7114. [CrossRef]

62. Tian, Y.; Carpp, L.N.; Miller, H.E.R.; Zager, M.; Newell, E.W.; Gottardo, R. Single-cell immunology of SARS-CoV-2 infection. Nat.
Biotechnol. 2022, 40, 30–41. [CrossRef]

63. Xia, H.; Cao, Z.; Xie, X.; Zhang, X.; Chen, J.Y.; Wang, H.; Menachery, V.D.; Rajsbaum, R.; Shi, P.Y. Evasion of Type I Interferon by
SARS-CoV-2. Cell Rep. 2020, 33, 108234. [CrossRef]

64. Chu, H.; Chan, J.F.; Wang, Y.; Yuen, T.T.; Chai, Y.; Hou, Y.; Shuai, H.; Yang, D.; Hu, B.; Huang, X.; et al. Comparative Replication
and Immune Activation Profiles of SARS-CoV-2 and SARS-CoV in Human Lungs: An Ex Vivo Study with Implications for the
Pathogenesis of COVID-19. Clin. Infect. Dis. 2020, 71, 1400–1409. [CrossRef]

65. Mazzoni, A.; Salvati, L.; Maggi, L.; Annunziato, F.; Cosmi, L. Hallmarks of immune response in COVID-19: Exploring dysregula-
tion and exhaustion. Semin. Immunol. 2021, 55, 101508. [CrossRef]

66. Darif, D.; Hammi, I.; Kihel, A.; El Idrissi Saik, I.; Guessous, F.; Akarid, K. The pro-inflammatory cytokines in COVID-19
pathogenesis: What goes wrong? Microb. Pathog. 2021, 153, 104799. [CrossRef]

67. Rosa, S.S.; Prazeres, D.M.F.; Azevedo, A.M.; Marques, M.P.C. mRNA vaccines manufacturing: Challenges and bottlenecks.
Vaccine 2021, 39, 2190–2200. [CrossRef]

68. Pardi, N.; Hogan, M.J.; Weissman, D. Recent advances in mRNA vaccine technology. Curr. Opin. Immunol. 2020, 65, 14–20.
[CrossRef]

69. Sakurai, F.; Tachibana, M.; Mizuguchi, H. Adenovirus vector-based vaccine for infectious diseases. Drug Metab. Pharmacokinet.
2022, 42, 100432. [CrossRef]

70. Bos, R.; Rutten, L.; van der Lubbe, J.E.M.; Bakkers, M.J.G.; Hardenberg, G.; Wegmann, F.; Zuijdgeest, D.; de Wilde, A.H.;
Koornneef, A.; Verwilligen, A.; et al. Ad26 vector-based COVID-19 vaccine encoding a prefusion-stabilized SARS-CoV-2 Spike
immunogen induces potent humoral and cellular immune responses. NPJ Vaccines 2020, 5, 91. [CrossRef]

71. Stertman, L.; Palm, A.E.; Zarnegar, B.; Carow, B.; Lunderius Andersson, C.; Magnusson, S.E.; Carnrot, C.; Shinde, V.; Smith, G.;
Glenn, G.; et al. The Matrix-M adjuvant: A critical component of vaccines for the 21st century. Hum. Vaccines Immunother. 2023,
19, 2189885. [CrossRef]

72. Ella, R.; Vadrevu, K.M.; Jogdand, H.; Prasad, S.; Reddy, S.; Sarangi, V.; Ganneru, B.; Sapkal, G.; Yadav, P.; Abraham, P.; et al. Safety
and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBV152: A double-blind, randomised, phase 1 trial. Lancet Infect. Dis.
2021, 21, 637–646. [CrossRef]

73. McMenamin, M.E.; Nealon, J.; Lin, Y.; Wong, J.Y.; Cheung, J.K.; Lau, E.H.Y.; Wu, P.; Leung, G.M.; Cowling, B.J. Vaccine
effectiveness of one, two, and three doses of BNT162b2 and CoronaVac against COVID-19 in Hong Kong: A population-based
observational study. Lancet Infect. Dis. 2022, 22, 1435–1443. [CrossRef]

74. Teijaro, J.R.; Farber, D.L. COVID-19 vaccines: Modes of immune activation and future challenges. Nat. Rev. Immunol. 2021, 21,
195–197. [CrossRef]

75. Netea, M.G.; Ziogas, A.; Benn, C.S.; Giamarellos-Bourboulis, E.J.; Joosten, L.A.B.; Arditi, M.; Chumakov, K.; van Crevel, R.; Gallo,
R.; Aaby, P.; et al. The role of trained immunity in COVID-19: Lessons for the next pandemic. Cell Host Microbe 2023, 31, 890–901.
[CrossRef]

76. O’Neill, L.A.J.; Netea, M.G. BCG-induced trained immunity: Can it offer protection against COVID-19? Nat. Rev. Immunol. 2020,
20, 335–337. [CrossRef]

77. Chumakov, K.; Avidan, M.S.; Benn, C.S.; Bertozzi, S.M.; Blatt, L.; Chang, A.Y.; Jamison, D.T.; Khader, S.A.; Kottilil, S.; Netea, M.G.;
et al. Old vaccines for new infections: Exploiting innate immunity to control COVID-19 and prevent future pandemics. Proc. Natl.
Acad. Sci. USA 2021, 118, e2101718118. [CrossRef]

78. Pang, J.; Wang, M.X.; Ang, I.Y.H.; Tan, S.H.X.; Lewis, R.F.; Chen, J.I.; Gutierrez, R.A.; Gwee, S.X.W.; Chua, P.E.Y.; Yang, Q.; et al.
Potential Rapid Diagnostics, Vaccine and Therapeutics for 2019 Novel Coronavirus (2019-nCoV): A Systematic Review. J. Clin.
Med. 2020, 9, 623. [CrossRef]

https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1038/s41586-020-2548-6
https://doi.org/10.1038/s41591-021-01285-x
https://www.ncbi.nlm.nih.gov/pubmed/33654292
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1038/s41587-021-01131-y
https://doi.org/10.1016/j.celrep.2020.108234
https://doi.org/10.1093/cid/ciaa410
https://doi.org/10.1016/j.smim.2021.101508
https://doi.org/10.1016/j.micpath.2021.104799
https://doi.org/10.1016/j.vaccine.2021.03.038
https://doi.org/10.1016/j.coi.2020.01.008
https://doi.org/10.1016/j.dmpk.2021.100432
https://doi.org/10.1038/s41541-020-00243-x
https://doi.org/10.1080/21645515.2023.2189885
https://doi.org/10.1016/S1473-3099(20)30942-7
https://doi.org/10.1016/S1473-3099(22)00345-0
https://doi.org/10.1038/s41577-021-00526-x
https://doi.org/10.1016/j.chom.2023.05.004
https://doi.org/10.1038/s41577-020-0337-y
https://doi.org/10.1073/pnas.2101718118
https://doi.org/10.3390/jcm9030623


Vaccines 2024, 12, 459 37 of 46

79. Tang, Y.W.; Schmitz, J.E.; Persing, D.H.; Stratton, C.W. Laboratory Diagnosis of COVID-19: Current Issues and Challenges. J. Clin.
Microbiol. 2020, 58, e00512-20. [CrossRef]

80. Mohit, E.; Rostami, Z.; Vahidi, H. A comparative review of immunoassays for COVID-19 detection. Expert Rev. Clin. Immunol.
2021, 17, 573–599. [CrossRef]

81. Ravi, N.; Cortade, D.L.; Ng, E.; Wang, S.X. Diagnostics for SARS-CoV-2 detection: A comprehensive review of the FDA-EUA
COVID-19 testing landscape. Biosens. Bioelectron. 2020, 165, 112454. [CrossRef]

82. Prazuck, T.; Colin, M.; Giache, S.; Gubavu, C.; Seve, A.; Rzepecki, V.; Chevereau-Choquet, M.; Kiani, C.; Rodot, V.; Lionnet, E.;
et al. Evaluation of performance of two SARS-CoV-2 Rapid IgM-IgG combined antibody tests on capillary whole blood samples
from the fingertip. PLoS ONE 2020, 15, e0237694. [CrossRef]

83. Gan, S.D.; Patel, K.R. Enzyme immunoassay and enzyme-linked immunosorbent assay. J. Investig. Dermatol. 2013, 133, e12.
[CrossRef] [PubMed]

84. Martinez-Barnetche, J.; Carnalla, M.; Gaspar-Castillo, C.; Basto-Abreu, A.; Lizardi, R.; Antonio, R.A.; Martinez, I.L.; Escamilla,
A.C.; Ramirez, O.T.; Palomares, L.A.; et al. Comparable diagnostic accuracy of SARS-CoV-2 Spike RBD and N-specific IgG tests to
determine pre-vaccination nation-wide baseline seroprevalence in Mexico. Sci. Rep. 2022, 12, 18014. [CrossRef] [PubMed]

85. Xu, M.; Wang, D.; Wang, H.; Zhang, X.; Liang, T.; Dai, J.; Li, M.; Zhang, J.; Zhang, K.; Xu, D.; et al. COVID-19 diagnostic testing:
Technology perspective. Clin. Transl. Med. 2020, 10, e158. [CrossRef]

86. Yuce, M.; Filiztekin, E.; Ozkaya, K.G. COVID-19 diagnosis—A review of current methods. Biosens. Bioelectron. 2021, 172, 112752.
[CrossRef]

87. Ong, D.S.Y.; de Man, S.J.; Lindeboom, F.A.; Koeleman, J.G.M. Comparison of diagnostic accuracies of rapid serological tests and
ELISA to molecular diagnostics in patients with suspected coronavirus disease 2019 presenting to the hospital. Clin. Microbiol.
Infect. 2020, 26, 1094.e7–1094.e10. [CrossRef]

88. Marlet, J.; Petillon, C.; Ragot, E.; Abou El Fattah, Y.; Guillon, A.; Marchand Adam, S.; Lemaignen, A.; Bernard, L.; Desoubeaux, G.;
Blasco, H.; et al. Clinical performance of four immunoassays for antibodies to SARS-CoV-2, including a prospective analysis for
the diagnosis of COVID-19 in a real-life routine care setting. J. Clin. Virol. 2020, 132, 104633. [CrossRef] [PubMed]

89. Beavis, K.G.; Matushek, S.M.; Abeleda, A.P.F.; Bethel, C.; Hunt, C.; Gillen, S.; Moran, A.; Tesic, V. Evaluation of the EUROIMMUN
Anti-SARS-CoV-2 ELISA Assay for detection of IgA and IgG antibodies. J. Clin. Virol. 2020, 129, 104468. [CrossRef]

90. Bond, K.A.; Williams, E.; Nicholson, S.; Lim, S.; Johnson, D.; Cox, B.; Putland, M.; Gardiner, E.; Tippett, E.; Graham, M.; et al.
Longitudinal evaluation of laboratory-based serological assays for SARS-CoV-2 antibody detection. Pathology 2021, 53, 773–779.
[CrossRef]

91. Tuaillon, E.; Bollore, K.; Pisoni, A.; Debiesse, S.; Renault, C.; Marie, S.; Groc, S.; Niels, C.; Pansu, N.; Dupuy, A.M.; et al. Detection
of SARS-CoV-2 antibodies using commercial assays and seroconversion patterns in hospitalized patients. J. Infect. 2020, 81,
e39–e45. [CrossRef]

92. Van Elslande, J.; Houben, E.; Depypere, M.; Brackenier, A.; Desmet, S.; Andre, E.; Van Ranst, M.; Lagrou, K.; Vermeersch, P.
Diagnostic performance of seven rapid IgG/IgM antibody tests and the Euroimmun IgA/IgG ELISA in COVID-19 patients. Clin.
Microbiol. Infect. 2020, 26, 1082–1087. [CrossRef]

93. Shen, B.; Zheng, Y.; Zhang, X.; Zhang, W.; Wang, D.; Jin, J.; Lin, R.; Zhang, Y.; Zhu, G.; Zhu, H.; et al. Clinical evaluation of a rapid
colloidal gold immunochromatography assay for SARS-Cov-2 IgM/IgG. Am. J. Transl. Res. 2020, 12, 1348–1354. [PubMed]

94. Wan, Y.; Li, Z.; Wang, K.; Li, T.; Liao, P. Performance verification of anti-SARS-CoV-2-specific antibody detection by using four
chemiluminescence immunoassay systems. Ann. Clin. Biochem. 2020, 57, 429–434. [CrossRef] [PubMed]

95. Bonelli, F.; Sarasini, A.; Zierold, C.; Calleri, M.; Bonetti, A.; Vismara, C.; Blocki, F.A.; Pallavicini, L.; Chinali, A.; Campisi, D.;
et al. Clinical and Analytical Performance of an Automated Serological Test That Identifies S1/S2-Neutralizing IgG in COVID-19
Patients Semiquantitatively. J. Clin. Microbiol. 2020, 58, e01224-20. [CrossRef]

96. Herroelen, P.H.; Martens, G.A.; De Smet, D.; Swaerts, K.; Decavele, A.S. Humoral Immune Response to SARS-CoV-2. Am. J. Clin.
Pathol. 2020, 154, 610–619. [CrossRef]

97. Plebani, M.; Padoan, A.; Negrini, D.; Carpinteri, B.; Sciacovelli, L. Diagnostic performances and thresholds: The key to
harmonization in serological SARS-CoV-2 assays? Clin. Chim. Acta 2020, 509, 1–7. [CrossRef] [PubMed]

98. Schnurra, C.; Reiners, N.; Biemann, R.; Kaiser, T.; Trawinski, H.; Jassoy, C. Comparison of the diagnostic sensitivity of SARS-CoV-2
nucleoprotein and glycoprotein-based antibody tests. J. Clin. Virol. 2020, 129, 104544. [CrossRef] [PubMed]

99. Chew, K.L.; Tan, S.S.; Saw, S.; Pajarillaga, A.; Zaine, S.; Khoo, C.; Wang, W.; Tambyah, P.; Jureen, R.; Sethi, S.K. Clinical evaluation
of serological IgG antibody response on the Abbott Architect for established SARS-CoV-2 infection. Clin. Microbiol. Infect. 2020,
26, 1256.e9–1256.e11. [CrossRef]

100. Bryan, A.; Pepper, G.; Wener, M.H.; Fink, S.L.; Morishima, C.; Chaudhary, A.; Jerome, K.R.; Mathias, P.C.; Greninger, A.L.
Performance Characteristics of the Abbott Architect SARS-CoV-2 IgG Assay and Seroprevalence in Boise, Idaho. J. Clin. Microbiol.
2020, 58, e00941-20. [CrossRef]

101. Nakano, Y.; Kurano, M.; Morita, Y.; Shimura, T.; Yokoyama, R.; Qian, C.; Xia, F.; He, F.; Kishi, Y.; Okada, J.; et al. Time course of
the sensitivity and specificity of anti-SARS-CoV-2 IgM and IgG antibodies for symptomatic COVID-19 in Japan. Sci. Rep. 2021, 11,
2776. [CrossRef] [PubMed]

https://doi.org/10.1128/JCM.00512-20
https://doi.org/10.1080/1744666X.2021.1908886
https://doi.org/10.1016/j.bios.2020.112454
https://doi.org/10.1371/journal.pone.0237694
https://doi.org/10.1038/jid.2013.287
https://www.ncbi.nlm.nih.gov/pubmed/23949770
https://doi.org/10.1038/s41598-022-22146-8
https://www.ncbi.nlm.nih.gov/pubmed/36289305
https://doi.org/10.1002/ctm2.158
https://doi.org/10.1016/j.bios.2020.112752
https://doi.org/10.1016/j.cmi.2020.05.028
https://doi.org/10.1016/j.jcv.2020.104633
https://www.ncbi.nlm.nih.gov/pubmed/32927357
https://doi.org/10.1016/j.jcv.2020.104468
https://doi.org/10.1016/j.pathol.2021.05.093
https://doi.org/10.1016/j.jinf.2020.05.077
https://doi.org/10.1016/j.cmi.2020.05.023
https://www.ncbi.nlm.nih.gov/pubmed/32355546
https://doi.org/10.1177/0004563220963847
https://www.ncbi.nlm.nih.gov/pubmed/32961061
https://doi.org/10.1128/JCM.01224-20
https://doi.org/10.1093/ajcp/aqaa140
https://doi.org/10.1016/j.cca.2020.05.050
https://www.ncbi.nlm.nih.gov/pubmed/32485157
https://doi.org/10.1016/j.jcv.2020.104544
https://www.ncbi.nlm.nih.gov/pubmed/32663788
https://doi.org/10.1016/j.cmi.2020.05.036
https://doi.org/10.1128/JCM.00941-20
https://doi.org/10.1038/s41598-021-82428-5
https://www.ncbi.nlm.nih.gov/pubmed/33531605


Vaccines 2024, 12, 459 38 of 46

102. Lippi, G.; Salvagno, G.L.; Pegoraro, M.; Militello, V.; Caloi, C.; Peretti, A.; Gaino, S.; Bassi, A.; Bovo, C.; Lo Cascio, G. Assessment of
immune response to SARS-CoV-2 with fully automated MAGLUMI 2019-nCoV IgG and IgM chemiluminescence immunoassays.
Clin. Chem. Lab. Med. 2020, 58, 1156–1159. [CrossRef] [PubMed]

103. Dinnes, J.; Sharma, P.; Berhane, S.; van Wyk, S.S.; Nyaaba, N.; Domen, J.; Taylor, M.; Cunningham, J.; Davenport, C.; Dittrich, S.;
et al. Rapid, point-of-care antigen tests for diagnosis of SARS-CoV-2 infection. Cochrane Database Syst. Rev. 2022, 7, CD013705.
[CrossRef] [PubMed]

104. Mirica, A.C.; Stan, D.; Chelcea, I.C.; Mihailescu, C.M.; Ofiteru, A.; Bocancia-Mateescu, L.A. Latest Trends in Lateral Flow
Immunoassay (LFIA) Detection Labels and Conjugation Process. Front. Bioeng. Biotechnol. 2022, 10, 922772. [CrossRef] [PubMed]

105. Koczula, K.M.; Gallotta, A. Lateral flow assays. Essays Biochem. 2016, 60, 111–120. [CrossRef] [PubMed]
106. Moyano, A.; Serrano-Pertierra, E.; Salvador, M.; Martinez-Garcia, J.C.; Rivas, M.; Blanco-Lopez, M.C. Magnetic Lateral Flow

Immunoassays. Diagnostics 2020, 10, 288. [CrossRef] [PubMed]
107. Chen, X.; Miao, X.; Ma, T.; Leng, Y.; Hao, L.; Duan, H.; Yuan, J.; Li, Y.; Huang, X.; Xiong, Y. Gold Nanobeads with Enhanced

Absorbance for Improved Sensitivity in Competitive Lateral Flow Immunoassays. Foods 2021, 10, 1488. [CrossRef] [PubMed]
108. Owen, S.I.; Williams, C.T.; Garrod, G.; Fraser, A.J.; Menzies, S.; Baldwin, L.; Brown, L.; Byrne, R.L.; Collins, A.M.; Cubas-Atienzar,

A.I.; et al. Twelve lateral flow immunoassays (LFAs) to detect SARS-CoV-2 antibodies. J. Infect. 2022, 84, 355–360. [CrossRef]
[PubMed]

109. Wang, S.; Sakhatskyy, P.; Chou, T.H.; Lu, S. Assays for the assessment of neutralizing antibody activities against Severe Acute
Respiratory Syndrome (SARS) associated coronavirus (SCV). J. Immunol. Methods 2005, 301, 21–30. [CrossRef]

110. Mendoza, E.J.; Manguiat, K.; Wood, H.; Drebot, M. Two Detailed Plaque Assay Protocols for the Quantification of Infectious
SARS-CoV-2. Curr. Protoc. Microbiol. 2020, 57, ecpmc105. [CrossRef]

111. Kohmer, N.; Westhaus, S.; Ruhl, C.; Ciesek, S.; Rabenau, H.F. Clinical performance of different SARS-CoV-2 IgG antibody tests. J.
Med. Virol. 2020, 92, 2243–2247. [CrossRef] [PubMed]

112. Manenti, A.; Maggetti, M.; Casa, E.; Martinuzzi, D.; Torelli, A.; Trombetta, C.M.; Marchi, S.; Montomoli, E. Evaluation of
SARS-CoV-2 neutralizing antibodies using a CPE-based colorimetric live virus micro-neutralization assay in human serum
samples. J. Med. Virol. 2020, 92, 2096–2104. [CrossRef] [PubMed]

113. Perera, R.A.; Mok, C.K.; Tsang, O.T.; Lv, H.; Ko, R.L.; Wu, N.C.; Yuan, M.; Leung, W.S.; Chan, J.M.; Chik, T.S.; et al. Serological
assays for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), March 2020. Eurosurveillance 2020, 25, 2000421.
[CrossRef] [PubMed]

114. Nie, J.; Li, Q.; Wu, J.; Zhao, C.; Hao, H.; Liu, H.; Zhang, L.; Nie, L.; Qin, H.; Wang, M.; et al. Establishment and validation of a
pseudovirus neutralization assay for SARS-CoV-2. Emerg. Microbes Infect. 2020, 9, 680–686. [CrossRef] [PubMed]

115. Tan, C.W.; Chia, W.N.; Qin, X.; Liu, P.; Chen, M.I.; Tiu, C.; Hu, Z.; Chen, V.C.; Young, B.E.; Sia, W.R.; et al. A SARS-CoV-2 surrogate
virus neutralization test based on antibody-mediated blockage of ACE2-spike protein-protein interaction. Nat. Biotechnol. 2020,
38, 1073–1078. [CrossRef] [PubMed]

116. Samson, R.; Navale, G.R.; Dharne, M.S. Biosensors: Frontiers in rapid detection of COVID-19. 3 Biotech. 2020, 10, 385. [CrossRef]
[PubMed]

117. Drobysh, M.; Ramanaviciene, A.; Viter, R.; Chen, C.F.; Samukaite-Bubniene, U.; Ratautaite, V.; Ramanavicius, A. Biosensors for
the Determination of SARS-CoV-2 Virus and Diagnosis of COVID-19 Infection. Int. J. Mol. Sci. 2022, 23, 666. [CrossRef] [PubMed]

118. Seo, G.; Lee, G.; Kim, M.J.; Baek, S.H.; Choi, M.; Ku, K.B.; Lee, C.S.; Jun, S.; Park, D.; Kim, H.G.; et al. Rapid Detection of COVID-19
Causative Virus (SARS-CoV-2) in Human Nasopharyngeal Swab Specimens Using Field-Effect Transistor-Based Biosensor. ACS
Nano 2020, 14, 5135–5142. [CrossRef] [PubMed]

119. Ngo, H.T.; Wang, H.N.; Fales, A.M.; Vo-Dinh, T. Plasmonic SERS biosensing nanochips for DNA detection. Anal. Bioanal. Chem.
2016, 408, 1773–1781. [CrossRef]

120. Soler, M.; Huertas, C.S.; Lechuga, L.M. Label-free plasmonic biosensors for point-of-care diagnostics: A review. Expert Rev. Mol.
Diagn. 2019, 19, 71–81. [CrossRef]

121. Hattab, D.; Amer, M.F.A.; Al-Alami, Z.M.; Bakhtiar, A. SARS-CoV-2 journey: From alpha variant to omicron and its sub-variants.
Infection 2024, 1–20. [CrossRef] [PubMed]

122. Liu, W.; Huang, Z.; Xiao, J.; Wu, Y.; Xia, N.; Yuan, Q. Evolution of the SARS-CoV-2 Omicron Variants: Genetic Impact on Viral
Fitness. Viruses 2024, 16, 184. [CrossRef] [PubMed]

123. Sah, R.; Rais, M.A.; Mohanty, A.; Chopra, H.; Chandran, D.; Bin Emran, T.; Dhama, K. Omicron (B.1.1.529) variant and its
subvariants and lineages may lead to another COVID-19 wave in the world?–An overview of current evidence and counteracting
strategies. Int. J. Surg. Open 2023, 55, 100625. [CrossRef] [PubMed]

124. Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.
COVID-19 Genomics UK (COG-UK) Consortium; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev.
Microbiol. 2021, 19, 409–424. [CrossRef]

125. Chen, R.E.; Zhang, X.; Case, J.B.; Winkler, E.S.; Liu, Y.; VanBlargan, L.A.; Liu, J.; Errico, J.M.; Xie, X.; Suryadevara, N.; et al.
Resistance of SARS-CoV-2 variants to neutralization by monoclonal and serum-derived polyclonal antibodies. Nat. Med. 2021, 27,
717–726. [CrossRef]

https://doi.org/10.1515/cclm-2020-0473
https://www.ncbi.nlm.nih.gov/pubmed/32301750
https://doi.org/10.1002/14651858.CD013705.pub3
https://www.ncbi.nlm.nih.gov/pubmed/35866452
https://doi.org/10.3389/fbioe.2022.922772
https://www.ncbi.nlm.nih.gov/pubmed/35774059
https://doi.org/10.1042/EBC20150012
https://www.ncbi.nlm.nih.gov/pubmed/27365041
https://doi.org/10.3390/diagnostics10050288
https://www.ncbi.nlm.nih.gov/pubmed/32397264
https://doi.org/10.3390/foods10071488
https://www.ncbi.nlm.nih.gov/pubmed/34198969
https://doi.org/10.1016/j.jinf.2021.12.007
https://www.ncbi.nlm.nih.gov/pubmed/34906597
https://doi.org/10.1016/j.jim.2005.03.008
https://doi.org/10.1002/cpmc.105
https://doi.org/10.1002/jmv.26145
https://www.ncbi.nlm.nih.gov/pubmed/32510168
https://doi.org/10.1002/jmv.25986
https://www.ncbi.nlm.nih.gov/pubmed/32383254
https://doi.org/10.2807/1560-7917.ES.2020.25.16.2000421
https://www.ncbi.nlm.nih.gov/pubmed/32347204
https://doi.org/10.1080/22221751.2020.1743767
https://www.ncbi.nlm.nih.gov/pubmed/32207377
https://doi.org/10.1038/s41587-020-0631-z
https://www.ncbi.nlm.nih.gov/pubmed/32704169
https://doi.org/10.1007/s13205-020-02369-0
https://www.ncbi.nlm.nih.gov/pubmed/32818132
https://doi.org/10.3390/ijms23020666
https://www.ncbi.nlm.nih.gov/pubmed/35054850
https://doi.org/10.1021/acsnano.0c02823
https://www.ncbi.nlm.nih.gov/pubmed/32293168
https://doi.org/10.1007/s00216-015-9121-4
https://doi.org/10.1080/14737159.2019.1554435
https://doi.org/10.1007/s15010-024-02223-y
https://www.ncbi.nlm.nih.gov/pubmed/38554253
https://doi.org/10.3390/v16020184
https://www.ncbi.nlm.nih.gov/pubmed/38399960
https://doi.org/10.1016/j.ijso.2023.100625
https://www.ncbi.nlm.nih.gov/pubmed/37255735
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41591-021-01294-w


Vaccines 2024, 12, 459 39 of 46

126. Xie, X.; Liu, Y.; Liu, J.; Zhang, X.; Zou, J.; Fontes-Garfias, C.R.; Xia, H.; Swanson, K.A.; Cutler, M.; Cooper, D.; et al. Neutralization
of SARS-CoV-2 spike 69/70 deletion, E484K and N501Y variants by BNT162b2 vaccine-elicited sera. Nat. Med. 2021, 27, 620–621.
[CrossRef]

127. Deng, X.; Garcia-Knight, M.A.; Khalid, M.M.; Servellita, V.; Wang, C.; Morris, M.K.; Sotomayor-Gonzalez, A.; Glasner, D.R.;
Reyes, K.R.; Gliwa, A.S.; et al. Transmission, infectivity, and neutralization of a spike L452R SARS-CoV-2 variant. Cell 2021, 184,
3426–3437.e8. [CrossRef]

128. Favresse, J.; Gillot, C.; Cabo, J.; David, C.; Dogne, J.M.; Douxfils, J. Neutralizing antibody response to XBB.1.5, BA.2.86, FL.1.5.1
and JN.1 six months after the BNT162b2 bivalent booster. Int. J. Infect. Dis. 2024, 143, 107028. [CrossRef] [PubMed]

129. Miller, J.; Hachmann, N.P.; Collier, A.Y.; Lasrado, N.; Mazurek, C.R.; Patio, R.C.; Powers, O.; Surve, N.; Theiler, J.; Korber, B.;
et al. Substantial Neutralization Escape by SARS-CoV-2 Omicron Variants BQ.1.1 and XBB.1. N. Engl. J. Med. 2023, 388, 662–664.
[CrossRef]

130. Wang, Q.; Iketani, S.; Li, Z.; Liu, L.; Guo, Y.; Huang, Y.; Bowen, A.D.; Liu, M.; Wang, M.; Yu, J.; et al. Alarming antibody evasion
properties of rising SARS-CoV-2 BQ and XBB subvariants. Cell 2023, 186, 279–286.e8. [CrossRef]

131. Uraki, R.; Kiso, M.; Iwatsuki-Horimoto, K.; Yamayoshi, S.; Ito, M.; Chiba, S.; Sakai-Tagawa, Y.; Imai, M.; Kashima, Y.; Koga, M.;
et al. Characterization of a SARS-CoV-2 EG.5.1 clinical isolate in vitro and in vivo. Cell Rep. 2023, 42, 113580. [CrossRef]

132. Looi, M.K. COVID-19: Scientists sound alarm over new BA.2.86 “Pirola” variant. BMJ 2023, 382, 1964. [CrossRef]
133. Yang, S.; Yu, Y.; Jian, F.; Song, W.; Yisimayi, A.; Chen, X.; Xu, Y.; Wang, P.; Wang, J.; Yu, L.; et al. Antigenicity and infectivity

characterisation of SARS-CoV-2 BA.2.86. Lancet Infect. Dis. 2023, 23, e457–e459. [CrossRef]
134. Qu, P.; Xu, K.; Faraone, J.N.; Goodarzi, N.; Zheng, Y.M.; Carlin, C.; Bednash, J.S.; Horowitz, J.C.; Mallampalli, R.K.; Saif, L.J.; et al.

Immune evasion, infectivity, and fusogenicity of SARS-CoV-2 BA.2.86 and FLip variants. Cell 2024, 187, 585–595.e6. [CrossRef]
135. Thakur, S.; Sasi, S.; Pillai, S.G.; Nag, A.; Shukla, D.; Singhal, R.; Phalke, S.; Velu, G.S.K. SARS-CoV-2 Mutations and Their Impact

on Diagnostics, Therapeutics and Vaccines. Front. Med. 2022, 9, 815389. [CrossRef]
136. Ascoli, C.A. Could mutations of SARS-CoV-2 suppress diagnostic detection? Nat. Biotechnol. 2021, 39, 274–275. [CrossRef]

[PubMed]
137. Weishampel, Z.A.; Young, J.; Fischl, M.; Fischer, R.J.; Donkor, I.O.; Riopelle, J.C.; Schulz, J.E.; Port, J.R.; Saturday, T.A.; van

Doremalen, N.; et al. OraSure InteliSwabTM Rapid Antigen Test Performance with the SARS-CoV-2 Variants of Concern—Alpha,
Beta, Gamma, Delta, and Omicron. Viruses 2022, 14, 543. [CrossRef] [PubMed]

138. Keam, S.; Megawati, D.; Patel, S.K.; Tiwari, R.; Dhama, K.; Harapan, H. Immunopathology and immunotherapeutic strategies in
severe acute respiratory syndrome coronavirus 2 infection. Rev. Med. Virol. 2020, 30, e2123. [CrossRef] [PubMed]

139. Shanmugaraj, B.; Siriwattananon, K.; Wangkanont, K.; Phoolcharoen, W. Perspectives on monoclonal antibody therapy as
potential therapeutic intervention for Coronavirus disease-19 (COVID-19). Asian Pac. J. Allergy Immunol. 2020, 38, 10–18.
[CrossRef]

140. Ren, Z.; Shen, C.; Peng, J. Status and Developing Strategies for Neutralizing Monoclonal Antibody Therapy in the Omicron Era of
COVID-19. Viruses 2023, 15, 1297. [CrossRef]

141. Focosi, D.; McConnell, S.; Casadevall, A.; Cappello, E.; Valdiserra, G.; Tuccori, M. Monoclonal antibody therapies against
SARS-CoV-2. Lancet Infect. Dis. 2022, 22, e311–e326. [CrossRef] [PubMed]

142. Liew, M.N.Y.; Kua, K.P.; Lee, S.W.H.; Wong, K.K. SARS-CoV-2 neutralizing antibody bebtelovimab–a systematic scoping review
and meta-analysis. Front. Immunol. 2023, 14, 1100263. [CrossRef] [PubMed]

143. Bruel, T.; Hadjadj, J.; Maes, P.; Planas, D.; Seve, A.; Staropoli, I.; Guivel-Benhassine, F.; Porrot, F.; Bolland, W.H.; Nguyen, Y.; et al.
Serum neutralization of SARS-CoV-2 Omicron sublineages BA.1 and BA.2 in patients receiving monoclonal antibodies. Nat. Med.
2022, 28, 1297–1302. [CrossRef] [PubMed]

144. Yamasoba, D.; Kosugi, Y.; Kimura, I.; Fujita, S.; Uriu, K.; Ito, J.; Sato, K. Genotype to Phenotype Japan (G2P-Japan) Consortium.
Neutralisation sensitivity of SARS-CoV-2 omicron subvariants to therapeutic monoclonal antibodies. Lancet Infect. Dis. 2022, 22,
942–943. [CrossRef] [PubMed]

145. Takashita, E.; Kinoshita, N.; Yamayoshi, S.; Sakai-Tagawa, Y.; Fujisaki, S.; Ito, M.; Iwatsuki-Horimoto, K.; Halfmann, P.; Watanabe,
S.; Maeda, K.; et al. Efficacy of Antiviral Agents against the SARS-CoV-2 Omicron Subvariant BA.2. N. Engl. J. Med. 2022, 386,
1475–1477. [CrossRef]

146. Pochtovyi, A.A.; Kustova, D.D.; Siniavin, A.E.; Dolzhikova, I.V.; Shidlovskaya, E.V.; Shpakova, O.G.; Vasilchenko, L.A.;
Glavatskaya, A.A.; Kuznetsova, N.A.; Iliukhina, A.A.; et al. In Vitro Efficacy of Antivirals and Monoclonal Antibodies against
SARS-CoV-2 Omicron Lineages XBB.1.9.1, XBB.1.9.3, XBB.1.5, XBB.1.16, XBB.2.4, BQ.1.1.45, CH.1.1, and CL.1. Vaccines 2023, 11,
1533. [CrossRef] [PubMed]

147. Gidari, A.; Sabbatini, S.; Bastianelli, S.; Pierucci, S.; Busti, C.; Svizzeretto, E.; Tommasi, A.; Pallotto, C.; Schiaroli, E.; Francisci, D.
Tixagevimab/Cilgavimab: Still a Valid Prophylaxis against COVID-19 New Variants? Viruses 2024, 16, 354. [CrossRef] [PubMed]

148. Liu, C.; Das, R.; Dijokaite-Guraliuc, A.; Zhou, D.; Mentzer, A.J.; Supasa, P.; Selvaraj, M.; Duyvesteyn, H.M.E.; Ritter, T.G.;
Temperton, N.; et al. Emerging variants develop total escape from potent monoclonal antibodies induced by BA.4/5 infection.
Nat. Commun. 2024, 15, 3284. [CrossRef] [PubMed]

149. Ramirez, G.A.; Gerosa, M.; Bellocchi, C.; Arroyo-Sanchez, D.; Asperti, C.; Argolini, L.M.; Gallina, G.; Cornalba, M.; Scotti, I.;
Suardi, I.; et al. Efficacy and Safety of Anti-SARS-CoV-2 Antiviral Agents and Monoclonal Antibodies in Patients with SLE: A
Case-Control Study. Biomolecules 2023, 13, 1273. [CrossRef]

https://doi.org/10.1038/s41591-021-01270-4
https://doi.org/10.1016/j.cell.2021.04.025
https://doi.org/10.1016/j.ijid.2024.107028
https://www.ncbi.nlm.nih.gov/pubmed/38583825
https://doi.org/10.1056/NEJMc2214314
https://doi.org/10.1016/j.cell.2022.12.018
https://doi.org/10.1016/j.celrep.2023.113580
https://doi.org/10.1136/bmj.p1964
https://doi.org/10.1016/S1473-3099(23)00573-X
https://doi.org/10.1016/j.cell.2023.12.026
https://doi.org/10.3389/fmed.2022.815389
https://doi.org/10.1038/s41587-021-00845-3
https://www.ncbi.nlm.nih.gov/pubmed/33603204
https://doi.org/10.3390/v14030543
https://www.ncbi.nlm.nih.gov/pubmed/35336950
https://doi.org/10.1002/rmv.2123
https://www.ncbi.nlm.nih.gov/pubmed/32648313
https://doi.org/10.12932/AP-200220-0773
https://doi.org/10.3390/v15061297
https://doi.org/10.1016/S1473-3099(22)00311-5
https://www.ncbi.nlm.nih.gov/pubmed/35803289
https://doi.org/10.3389/fimmu.2023.1100263
https://www.ncbi.nlm.nih.gov/pubmed/37701439
https://doi.org/10.1038/s41591-022-01792-5
https://www.ncbi.nlm.nih.gov/pubmed/35322239
https://doi.org/10.1016/S1473-3099(22)00365-6
https://www.ncbi.nlm.nih.gov/pubmed/35690075
https://doi.org/10.1056/NEJMc2201933
https://doi.org/10.3390/vaccines11101533
https://www.ncbi.nlm.nih.gov/pubmed/37896937
https://doi.org/10.3390/v16030354
https://www.ncbi.nlm.nih.gov/pubmed/38543720
https://doi.org/10.1038/s41467-024-47393-3
https://www.ncbi.nlm.nih.gov/pubmed/38627386
https://doi.org/10.3390/biom13091273


Vaccines 2024, 12, 459 40 of 46

150. Shrestha, L.B.; Tedla, N.; Bull, R.A. Broadly-Neutralizing Antibodies against Emerging SARS-CoV-2 Variants. Front. Immunol.
2021, 12, 752003. [CrossRef]

151. Widyasari, K.; Kim, J. A Review of the Currently Available Antibody Therapy for the Treatment of Coronavirus Disease 2019
(COVID-19). Antibodies 2023, 12, 5. [CrossRef] [PubMed]

152. Schultze, J.L.; Aschenbrenner, A.C. COVID-19 and the human innate immune system. Cell 2021, 184, 1671–1692. [CrossRef]
[PubMed]

153. Hsu, R.J.; Yu, W.C.; Peng, G.R.; Ye, C.H.; Hu, S.; Chong, P.C.T.; Yap, K.Y.; Lee, J.Y.C.; Lin, W.C.; Yu, S.H. The Role of Cytokines
and Chemokines in Severe Acute Respiratory Syndrome Coronavirus 2 Infections. Front. Immunol. 2022, 13, 832394. [CrossRef]
[PubMed]

154. Jiang, C.; Wang, Y.; Hu, M.; Wen, L.; Wen, C.; Wang, Y.; Zhu, W.; Tai, S.; Jiang, Z.; Xiao, K.; et al. Antibody seroconversion in
asymptomatic and symptomatic patients infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin.
Transl. Immunol. 2020, 9, e1182. [CrossRef] [PubMed]

155. Fajgenbaum, D.C.; June, C.H. Cytokine Storm. N. Engl. J. Med. 2020, 383, 2255–2273. [CrossRef]
156. Sette, A.; Crotty, S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 2021, 184, 861–880. [CrossRef] [PubMed]
157. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected

with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
158. Jafarzadeh, A.; Chauhan, P.; Saha, B.; Jafarzadeh, S.; Nemati, M. Contribution of monocytes and macrophages to the local tissue

inflammation and cytokine storm in COVID-19: Lessons from SARS and MERS, and potential therapeutic interventions. Life Sci.
2020, 257, 118102. [CrossRef]

159. Zhou, R.; To, K.K.; Wong, Y.C.; Liu, L.; Zhou, B.; Li, X.; Huang, H.; Mo, Y.; Luk, T.Y.; Lau, T.T.; et al. Acute SARS-CoV-2 Infection
Impairs Dendritic Cell and T Cell Responses. Immunity 2020, 53, 864–877.e5. [CrossRef]

160. Yokota, S.; Miyamae, T.; Kuroiwa, Y.; Nishioka, K. Novel Coronavirus Disease 2019 (COVID-19) and Cytokine Storms for More
Effective Treatments from an Inflammatory Pathophysiology. J. Clin. Med. 2021, 10, 801. [CrossRef]

161. Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.;
Sehrawat, T.S.; et al. Post-acute COVID-19 syndrome. Nat. Med. 2021, 27, 601–615. [CrossRef]

162. RECOVERY Collaborative Group. Dexamethasone in Hospitalized Patients with COVID-19. N. Engl. J. Med. 2021, 384, 693–704.
[CrossRef] [PubMed]

163. Haurum, J.S. Recombinant polyclonal antibodies: The next generation of antibody therapeutics? Drug Discov. Today 2006, 11,
655–660. [CrossRef] [PubMed]

164. Ali, M.G.; Zhang, Z.; Gao, Q.; Pan, M.; Rowan, E.G.; Zhang, J. Recent advances in therapeutic applications of neutralizing
antibodies for virus infections: An overview. Immunol. Res. 2020, 68, 325–339. [CrossRef] [PubMed]

165. Casadevall, A.; Pirofski, L.A. The convalescent sera option for containing COVID-19. J. Clin. Investig. 2020, 130, 1545–1548.
[CrossRef] [PubMed]

166. Cheng, Y.; Wong, R.; Soo, Y.O.; Wong, W.S.; Lee, C.K.; Ng, M.H.; Chan, P.; Wong, K.C.; Leung, C.B.; Cheng, G. Use of convalescent
plasma therapy in SARS patients in Hong Kong. Eur. J. Clin. Microbiol. Infect. Dis. 2005, 24, 44–46. [CrossRef] [PubMed]

167. Hung, I.F.; To, K.K.; Lee, C.K.; Lee, K.L.; Chan, K.; Yan, W.W.; Liu, R.; Watt, C.L.; Chan, W.M.; Lai, K.Y.; et al. Convalescent plasma
treatment reduced mortality in patients with severe pandemic influenza A (H1N1) 2009 virus infection. Clin. Infect. Dis. 2011, 52,
447–456. [CrossRef]

168. Sahr, F.; Ansumana, R.; Massaquoi, T.A.; Idriss, B.R.; Sesay, F.R.; Lamin, J.M.; Baker, S.; Nicol, S.; Conton, B.; Johnson, W.; et al.
Evaluation of convalescent whole blood for treating Ebola Virus Disease in Freetown, Sierra Leone. J. Infect. 2017, 74, 302–309.
[CrossRef]

169. Kumar, S.; Sharma, V.; Priya, K. Battle against COVID-19: Efficacy of Convalescent Plasma as an emergency therapy. Am. J. Emerg.
Med. 2021, 41, 244–246. [CrossRef]

170. Chen, L.; Xiong, J.; Bao, L.; Shi, Y. Convalescent plasma as a potential therapy for COVID-19. Lancet Infect. Dis. 2020, 20, 398–400.
[CrossRef]

171. Li, L.; Zhang, W.; Hu, Y.; Tong, X.; Zheng, S.; Yang, J.; Kong, Y.; Ren, L.; Wei, Q.; Mei, H.; et al. Effect of Convalescent Plasma
Therapy on Time to Clinical Improvement in Patients with Severe and Life-threatening COVID-19: A Randomized Clinical Trial.
JAMA 2020, 324, 460–470. [CrossRef] [PubMed]

172. Misset, B.; Piagnerelli, M.; Hoste, E.; Dardenne, N.; Grimaldi, D.; Michaux, I.; De Waele, E.; Dumoulin, A.; Jorens, P.G.; van der
Hauwaert, E.; et al. Convalescent Plasma for COVID-19-Induced ARDS in Mechanically Ventilated Patients. N. Engl. J. Med. 2023,
389, 1590–1600. [CrossRef] [PubMed]

173. Arvin, A.M.; Fink, K.; Schmid, M.A.; Cathcart, A.; Spreafico, R.; Havenar-Daughton, C.; Lanzavecchia, A.; Corti, D.; Virgin, H.W.
A perspective on potential antibody-dependent enhancement of SARS-CoV-2. Nature 2020, 584, 353–363. [CrossRef] [PubMed]

174. Ali, S.; Uddin, S.M.; Ali, A.; Anjum, F.; Ali, R.; Shalim, E.; Khan, M.; Ahmed, I.; Muhaymin, S.M.; Bukhari, U.; et al. Production of
hyperimmune anti-SARS-CoV-2 intravenous immunoglobulin from pooled COVID-19 convalescent plasma. Immunotherapy 2021,
13, 397–407. [CrossRef] [PubMed]

175. Perricone, C.; Triggianese, P.; Bursi, R.; Cafaro, G.; Bartoloni, E.; Chimenti, M.S.; Gerli, R.; Perricone, R. Intravenous Immunoglob-
ulins at the Crossroad of Autoimmunity and Viral Infections. Microorganisms 2021, 9, 121. [CrossRef] [PubMed]

https://doi.org/10.3389/fimmu.2021.752003
https://doi.org/10.3390/antib12010005
https://www.ncbi.nlm.nih.gov/pubmed/36648889
https://doi.org/10.1016/j.cell.2021.02.029
https://www.ncbi.nlm.nih.gov/pubmed/33743212
https://doi.org/10.3389/fimmu.2022.832394
https://www.ncbi.nlm.nih.gov/pubmed/35464491
https://doi.org/10.1002/cti2.1182
https://www.ncbi.nlm.nih.gov/pubmed/33005417
https://doi.org/10.1056/NEJMra2026131
https://doi.org/10.1016/j.cell.2021.01.007
https://www.ncbi.nlm.nih.gov/pubmed/33497610
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.lfs.2020.118102
https://doi.org/10.1016/j.immuni.2020.07.026
https://doi.org/10.3390/jcm10040801
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1056/NEJMoa2021436
https://www.ncbi.nlm.nih.gov/pubmed/32678530
https://doi.org/10.1016/j.drudis.2006.05.009
https://www.ncbi.nlm.nih.gov/pubmed/16793535
https://doi.org/10.1007/s12026-020-09159-z
https://www.ncbi.nlm.nih.gov/pubmed/33161557
https://doi.org/10.1172/JCI138003
https://www.ncbi.nlm.nih.gov/pubmed/32167489
https://doi.org/10.1007/s10096-004-1271-9
https://www.ncbi.nlm.nih.gov/pubmed/15616839
https://doi.org/10.1093/cid/ciq106
https://doi.org/10.1016/j.jinf.2016.11.009
https://doi.org/10.1016/j.ajem.2020.05.101
https://doi.org/10.1016/S1473-3099(20)30141-9
https://doi.org/10.1001/jama.2020.10044
https://www.ncbi.nlm.nih.gov/pubmed/32492084
https://doi.org/10.1056/NEJMoa2209502
https://www.ncbi.nlm.nih.gov/pubmed/37889107
https://doi.org/10.1038/s41586-020-2538-8
https://www.ncbi.nlm.nih.gov/pubmed/32659783
https://doi.org/10.2217/imt-2020-0263
https://www.ncbi.nlm.nih.gov/pubmed/33557591
https://doi.org/10.3390/microorganisms9010121
https://www.ncbi.nlm.nih.gov/pubmed/33430200


Vaccines 2024, 12, 459 41 of 46

176. Keller, M.A.; Stiehm, E.R. Passive immunity in prevention and treatment of infectious diseases. Clin. Microbiol. Rev. 2000, 13,
602–614. [CrossRef]

177. Maor, Y.; Shinar, E.; Izak, M.; Rahav, G.; Brosh-Nissimov, T.; Kessler, A.; Rahimi-Levene, N.; Benin-Goren, O.; Cohen, D.; Zohar,
I.; et al. A Randomized Controlled Study Assessing Convalescent Immunoglobulins vs Convalescent Plasma for Hospitalized
Patients with Coronavirus 2019. Clin. Infect. Dis. 2023, 77, 964–971. [CrossRef] [PubMed]

178. Yu, D.; Li, Y.F.; Liang, H.; Wu, J.Z.; Hu, Y.; Peng, Y.; Li, T.J.; Hou, J.F.; Huang, W.J.; Guan, L.D.; et al. Potent Anti-SARS-CoV-2
Efficacy of COVID-19 Hyperimmune Globulin from Vaccine-Immunized Plasma. Adv. Sci. 2022, 9, e2104333. [CrossRef]

179. Zahra, F.T.; Bellusci, L.; Grubbs, G.; Golding, H.; Khurana, S. Neutralisation of circulating SARS-CoV-2 delta and omicron variants
by convalescent plasma and SARS-CoV-2 hyperimmune intravenous human immunoglobulins for treatment of COVID-19. Ann.
Rheum. Dis. 2022, 81, 1044–1045. [CrossRef]

180. Bachmann, M.F.; Mohsen, M.O.; Zha, L.; Vogel, M.; Speiser, D.E. SARS-CoV-2 structural features may explain limited neutralizing-
antibody responses. NPJ Vaccines 2021, 6, 2. [CrossRef]

181. Abebe, E.C.; Dejenie, T.A. Protective roles and protective mechanisms of neutralizing antibodies against SARS-CoV-2 infection
and their potential clinical implications. Front. Immunol. 2023, 14, 1055457. [CrossRef] [PubMed]

182. Castro Dopico, X.; Ols, S.; Lore, K.; Karlsson Hedestam, G.B. Immunity to SARS-CoV-2 induced by infection or vaccination. J.
Intern. Med. 2022, 291, 32–50. [CrossRef] [PubMed]

183. Gruell, H.; Vanshylla, K.; Weber, T.; Barnes, C.O.; Kreer, C.; Klein, F. Antibody-mediated neutralization of SARS-CoV-2. Immunity
2022, 55, 925–944. [CrossRef] [PubMed]

184. Galipeau, Y.; Greig, M.; Liu, G.; Driedger, M.; Langlois, M.A. Humoral Responses and Serological Assays in SARS-CoV-2
Infections. Front. Immunol. 2020, 11, 610688. [CrossRef] [PubMed]

185. Garcia-Beltran, W.F.; Lam, E.C.; Astudillo, M.G.; Yang, D.; Miller, T.E.; Feldman, J.; Hauser, B.M.; Caradonna, T.M.; Clayton,
K.L.; Nitido, A.D.; et al. COVID-19-neutralizing antibodies predict disease severity and survival. Cell 2021, 184, 476–488.e11.
[CrossRef] [PubMed]

186. Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.; Davenport,
M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat. Med.
2021, 27, 1205–1211. [CrossRef] [PubMed]

187. Cromer, D.; Steain, M.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Kent, S.J.; Triccas, J.A.; Khoury, D.S.; Davenport, M.P.
Neutralising antibody titres as predictors of protection against SARS-CoV-2 variants and the impact of boosting: A meta-analysis.
Lancet Microbe 2022, 3, e52–e61. [CrossRef] [PubMed]

188. Cromer, D.; Steain, M.; Reynaldi, A.; Schlub, T.E.; Khan, S.R.; Sasson, S.C.; Kent, S.J.; Khoury, D.S.; Davenport, M.P. Predicting
vaccine effectiveness against severe COVID-19 over time and against variants: A meta-analysis. Nat. Commun. 2023, 14, 1633.
[CrossRef] [PubMed]

189. Perry, J.; Osman, S.; Wright, J.; Richard-Greenblatt, M.; Buchan, S.A.; Sadarangani, M.; Bolotin, S. Does a humoral correlate of
protection exist for SARS-CoV-2? A systematic review. PLoS ONE 2022, 17, e0266852. [CrossRef] [PubMed]

190. Zhou, G.; Zhao, Q. Perspectives on therapeutic neutralizing antibodies against the Novel Coronavirus SARS-CoV-2. Int. J. Biol.
Sci. 2020, 16, 1718–1723. [CrossRef]

191. Li, H.; Ma, Q.; Ren, J.; Guo, W.; Feng, K.; Li, Z.; Huang, T.; Cai, Y.D. Immune responses of different COVID-19 vaccination
strategies by analyzing single-cell RNA sequencing data from multiple tissues using machine learning methods. Front. Genet.
2023, 14, 1157305. [CrossRef]

192. Jeyanathan, M.; Afkhami, S.; Smaill, F.; Miller, M.S.; Lichty, B.D.; Xing, Z. Immunological considerations for COVID-19 vaccine
strategies. Nat. Rev. Immunol. 2020, 20, 615–632. [CrossRef]

193. Martinez-Flores, D.; Zepeda-Cervantes, J.; Cruz-Resendiz, A.; Aguirre-Sampieri, S.; Sampieri, A.; Vaca, L. SARS-CoV-2 Vaccines
Based on the Spike Glycoprotein and Implications of New Viral Variants. Front. Immunol. 2021, 12, 701501. [CrossRef]

194. Kyriakidis, N.C.; Lopez-Cortes, A.; Gonzalez, E.V.; Grimaldos, A.B.; Prado, E.O. SARS-CoV-2 vaccines strategies: A comprehensive
review of phase 3 candidates. NPJ Vaccines 2021, 6, 28. [CrossRef]

195. Chakraborty, C.; Bhattacharya, M.; Dhama, K. SARS-CoV-2 Vaccines, Vaccine Development Technologies, and Significant Efforts
in Vaccine Development during the Pandemic: The Lessons Learned Might Help to Fight against the Next Pandemic. Vaccines
2023, 11, 682. [CrossRef]

196. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef] [PubMed]

197. Sadoff, J.; Gray, G.; Vandebosch, A.; Cardenas, V.; Shukarev, G.; Grinsztejn, B.; Goepfert, P.A.; Truyers, C.; Fennema, H.; Spiessens,
B.; et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against COVID-19. N. Engl. J. Med. 2021, 384, 2187–2201.
[CrossRef] [PubMed]

198. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef] [PubMed]

199. Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.; Bhorat,
Q.E.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of four
randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111. [CrossRef]

https://doi.org/10.1128/CMR.13.4.602
https://doi.org/10.1093/cid/ciad305
https://www.ncbi.nlm.nih.gov/pubmed/37220751
https://doi.org/10.1002/advs.202104333
https://doi.org/10.1136/annrheumdis-2022-222115
https://doi.org/10.1038/s41541-020-00264-6
https://doi.org/10.3389/fimmu.2023.1055457
https://www.ncbi.nlm.nih.gov/pubmed/36742320
https://doi.org/10.1111/joim.13372
https://www.ncbi.nlm.nih.gov/pubmed/34352148
https://doi.org/10.1016/j.immuni.2022.05.005
https://www.ncbi.nlm.nih.gov/pubmed/35623355
https://doi.org/10.3389/fimmu.2020.610688
https://www.ncbi.nlm.nih.gov/pubmed/33391281
https://doi.org/10.1016/j.cell.2020.12.015
https://www.ncbi.nlm.nih.gov/pubmed/33412089
https://doi.org/10.1038/s41591-021-01377-8
https://www.ncbi.nlm.nih.gov/pubmed/34002089
https://doi.org/10.1016/S2666-5247(21)00267-6
https://www.ncbi.nlm.nih.gov/pubmed/34806056
https://doi.org/10.1038/s41467-023-37176-7
https://www.ncbi.nlm.nih.gov/pubmed/36964146
https://doi.org/10.1371/journal.pone.0266852
https://www.ncbi.nlm.nih.gov/pubmed/35395052
https://doi.org/10.7150/ijbs.45123
https://doi.org/10.3389/fgene.2023.1157305
https://doi.org/10.1038/s41577-020-00434-6
https://doi.org/10.3389/fimmu.2021.701501
https://doi.org/10.1038/s41541-021-00292-w
https://doi.org/10.3390/vaccines11030682
https://doi.org/10.1056/NEJMoa2035389
https://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.1056/NEJMoa2101544
https://www.ncbi.nlm.nih.gov/pubmed/33882225
https://doi.org/10.1056/NEJMoa2034577
https://www.ncbi.nlm.nih.gov/pubmed/33301246
https://doi.org/10.1016/S0140-6736(20)32661-1


Vaccines 2024, 12, 459 42 of 46

200. Bates, T.A.; McBride, S.K.; Leier, H.C.; Guzman, G.; Lyski, Z.L.; Schoen, D.; Winders, B.; Lee, J.Y.; Lee, D.X.; Messer, W.B.; et al.
Vaccination before or after SARS-CoV-2 infection leads to robust humoral response and antibodies that effectively neutralize
variants. Sci. Immunol. 2022, 7, eabn8014. [CrossRef]

201. Zaeck, L.M.; GeurtsvanKessel, C.H.; de Vries, R.D. COVID-19 vaccine effectiveness and evolving variants: Understanding the
immunological footprint. Lancet Respir. Med. 2023, 11, 395–396. [CrossRef] [PubMed]

202. Voysey, M.; Costa Clemens, S.A.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.;
Bhorat, Q.E.; et al. Single-dose administration and the influence of the timing of the booster dose on immunogenicity and efficacy
of ChAdOx1 nCoV-19 (AZD1222) vaccine: A pooled analysis of four randomised trials. Lancet 2021, 397, 881–891. [CrossRef]

203. Feng, S.; Phillips, D.J.; White, T.; Sayal, H.; Aley, P.K.; Bibi, S.; Dold, C.; Fuskova, M.; Gilbert, S.C.; Hirsch, I.; et al. Correlates of
protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat. Med. 2021, 27, 2032–2040. [CrossRef]

204. Gilbert, P.B.; Montefiori, D.C.; McDermott, A.B.; Fong, Y.; Benkeser, D.; Deng, W.; Zhou, H.; Houchens, C.R.; Martins, K.;
Jayashankar, L.; et al. Immune correlates analysis of the mRNA-1273 COVID-19 vaccine efficacy clinical trial. Science 2022, 375,
43–50. [CrossRef]

205. Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.M.;
et al. COVID-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 2022, 386, 1532–1546. [CrossRef]
[PubMed]

206. Goldblatt, D.; Alter, G.; Crotty, S.; Plotkin, S.A. Correlates of protection against SARS-CoV-2 infection and COVID-19 disease.
Immunol. Rev. 2022, 310, 6–26. [CrossRef]

207. Earle, K.A.; Ambrosino, D.M.; Fiore-Gartland, A.; Goldblatt, D.; Gilbert, P.B.; Siber, G.R.; Dull, P.; Plotkin, S.A. Evidence for
antibody as a protective correlate for COVID-19 vaccines. Vaccine 2021, 39, 4423–4428. [CrossRef]

208. Follmann, D.; O’Brien, M.P.; Fintzi, J.; Fay, M.P.; Montefiori, D.; Mateja, A.; Herman, G.A.; Hooper, A.T.; Turner, K.C.; Chan,
K.C.; et al. Examining protective effects of SARS-CoV-2 neutralizing antibodies after vaccination or monoclonal antibody
administration. Nat. Commun. 2023, 14, 3605. [CrossRef]

209. Roltgen, K.; Boyd, S.D. Antibody and B cell responses to SARS-CoV-2 infection and vaccination. Cell Host Microbe 2021, 29,
1063–1075. [CrossRef] [PubMed]

210. Chandrashekar, A.; Yu, J.; McMahan, K.; Jacob-Dolan, C.; Liu, J.; He, X.; Hope, D.; Anioke, T.; Barrett, J.; Chung, B.; et al. Vaccine
protection against the SARS-CoV-2 Omicron variant in macaques. Cell 2022, 185, 1549–1555.e11. [CrossRef]

211. Liu, J.; Yu, J.; McMahan, K.; Jacob-Dolan, C.; He, X.; Giffin, V.; Wu, C.; Sciacca, M.; Powers, O.; Nampanya, F.; et al. CD8 T cells
contribute to vaccine protection against SARS-CoV-2 in macaques. Sci. Immunol. 2022, 7, eabq7647. [CrossRef] [PubMed]

212. Menni, C.; Valdes, A.M.; Polidori, L.; Antonelli, M.; Penamakuri, S.; Nogal, A.; Louca, P.; May, A.; Figueiredo, J.C.; Hu, C.;
et al. Symptom prevalence, duration, and risk of hospital admission in individuals infected with SARS-CoV-2 during periods
of omicron and delta variant dominance: A prospective observational study from the ZOE COVID Study. Lancet 2022, 399,
1618–1624. [CrossRef] [PubMed]

213. Zhang, L.; Jackson, C.B.; Mou, H.; Ojha, A.; Peng, H.; Quinlan, B.D.; Rangarajan, E.S.; Pan, A.; Vanderheiden, A.; Suthar, M.S.;
et al. SARS-CoV-2 spike-protein D614G mutation increases virion spike density and infectivity. Nat. Commun. 2020, 11, 6013.
[CrossRef] [PubMed]

214. Ozono, S.; Zhang, Y.; Ode, H.; Sano, K.; Tan, T.S.; Imai, K.; Miyoshi, K.; Kishigami, S.; Ueno, T.; Iwatani, Y.; et al. SARS-CoV-2
D614G spike mutation increases entry efficiency with enhanced ACE2-binding affinity. Nat. Commun. 2021, 12, 848. [CrossRef]
[PubMed]

215. Starr, T.N.; Greaney, A.J.; Hilton, S.K.; Ellis, D.; Crawford, K.H.D.; Dingens, A.S.; Navarro, M.J.; Bowen, J.E.; Tortorici, M.A.;
Walls, A.C.; et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints on Folding and ACE2
Binding. Cell 2020, 182, 1295–1310.e20. [CrossRef] [PubMed]

216. Sabino, E.C.; Buss, L.F.; Carvalho, M.P.S.; Prete, C.A., Jr.; Crispim, M.A.E.; Fraiji, N.A.; Pereira, R.H.M.; Parag, K.V.; da Silva
Peixoto, P.; Kraemer, M.U.G.; et al. Resurgence of COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet 2021, 397,
452–455. [CrossRef] [PubMed]

217. Campbell, F.; Archer, B.; Laurenson-Schafer, H.; Jinnai, Y.; Konings, F.; Batra, N.; Pavlin, B.; Vandemaele, K.; Van Kerkhove, M.D.;
Jombart, T.; et al. Increased transmissibility and global spread of SARS-CoV-2 variants of concern as at June 2021. Eurosurveillance
2021, 26, 2100509. [CrossRef] [PubMed]

218. Emary, K.R.W.; Golubchik, T.; Aley, P.K.; Ariani, C.V.; Angus, B.; Bibi, S.; Blane, B.; Bonsall, D.; Cicconi, P.; Charlton, S.; et al.
Efficacy of ChAdOx1 nCoV-19 (AZD1222) vaccine against SARS-CoV-2 variant of concern 202012/01 (B.1.1.7): An exploratory
analysis of a randomised controlled trial. Lancet 2021, 397, 1351–1362. [CrossRef] [PubMed]

219. Sadoff, J.; Gray, G.; Vandebosch, A.; Cardenas, V.; Shukarev, G.; Grinsztejn, B.; Goepfert, P.A.; Truyers, C.; Van Dromme, I.;
Spiessens, B.; et al. Final Analysis of Efficacy and Safety of Single-Dose Ad26.COV2.S. N. Engl. J. Med. 2022, 386, 847–860.
[CrossRef]

220. Shao, W.; Chen, X.; Zheng, C.; Liu, H.; Wang, G.; Zhang, B.; Li, Z.; Zhang, W. Effectiveness of COVID-19 vaccines against
SARS-CoV-2 variants of concern in real-world: A literature review and meta-analysis. Emerg. Microbes Infect. 2022, 11, 2383–2392.
[CrossRef]

https://doi.org/10.1126/sciimmunol.abn8014
https://doi.org/10.1016/S2213-2600(23)00140-6
https://www.ncbi.nlm.nih.gov/pubmed/37080227
https://doi.org/10.1016/S0140-6736(21)00432-3
https://doi.org/10.1038/s41591-021-01540-1
https://doi.org/10.1126/science.abm3425
https://doi.org/10.1056/NEJMoa2119451
https://www.ncbi.nlm.nih.gov/pubmed/35249272
https://doi.org/10.1111/imr.13091
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1038/s41467-023-39292-w
https://doi.org/10.1016/j.chom.2021.06.009
https://www.ncbi.nlm.nih.gov/pubmed/34174992
https://doi.org/10.1016/j.cell.2022.03.024
https://doi.org/10.1126/sciimmunol.abq7647
https://www.ncbi.nlm.nih.gov/pubmed/35943359
https://doi.org/10.1016/S0140-6736(22)00327-0
https://www.ncbi.nlm.nih.gov/pubmed/35397851
https://doi.org/10.1038/s41467-020-19808-4
https://www.ncbi.nlm.nih.gov/pubmed/33243994
https://doi.org/10.1038/s41467-021-21118-2
https://www.ncbi.nlm.nih.gov/pubmed/33558493
https://doi.org/10.1016/j.cell.2020.08.012
https://www.ncbi.nlm.nih.gov/pubmed/32841599
https://doi.org/10.1016/S0140-6736(21)00183-5
https://www.ncbi.nlm.nih.gov/pubmed/33515491
https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509
https://www.ncbi.nlm.nih.gov/pubmed/34142653
https://doi.org/10.1016/S0140-6736(21)00628-0
https://www.ncbi.nlm.nih.gov/pubmed/33798499
https://doi.org/10.1056/NEJMoa2117608
https://doi.org/10.1080/22221751.2022.2122582


Vaccines 2024, 12, 459 43 of 46

221. Davis-Gardner, M.E.; Lai, L.; Wali, B.; Samaha, H.; Solis, D.; Lee, M.; Porter-Morrison, A.; Hentenaar, I.T.; Yamamoto, F.; Godbole,
S.; et al. Neutralization against BA.2.75.2, BQ.1.1, and XBB from mRNA Bivalent Booster. N. Engl. J. Med. 2023, 388, 183–185.
[CrossRef] [PubMed]

222. Winokur, P.; Gayed, J.; Fitz-Patrick, D.; Thomas, S.J.; Diya, O.; Lockhart, S.; Xu, X.; Zhang, Y.; Bangad, V.; Schwartz, H.I.; et al.
Bivalent Omicron BA.1-Adapted BNT162b2 Booster in Adults Older than 55 Years. N. Engl. J. Med. 2023, 388, 214–227. [CrossRef]
[PubMed]

223. Lin, D.Y.; Xu, Y.; Gu, Y.; Zeng, D.; Wheeler, B.; Young, H.; Sunny, S.K.; Moore, Z. Effectiveness of Bivalent Boosters against Severe
Omicron Infection. N. Engl. J. Med. 2023, 388, 764–766. [CrossRef] [PubMed]

224. Mateo-Urdiales, A.; Sacco, C.; Fotakis, E.A.; Del Manso, M.; Bella, A.; Riccardo, F.; Bressi, M.; Rota, M.C.; Petrone, D.; Siddu, A.;
et al. Relative effectiveness of monovalent and bivalent mRNA boosters in preventing severe COVID-19 due to omicron BA.5
infection up to 4 months post-administration in people aged 60 years or older in Italy: A retrospective matched cohort study.
Lancet Infect. Dis. 2023, 23, 1349–1359. [CrossRef] [PubMed]

225. Trombetta, C.M.; Piccini, G.; Pierleoni, G.; Leonardi, M.; Dapporto, F.; Marchi, S.; Andreano, E.; Paciello, I.; Benincasa, L.;
Lovreglio, P.; et al. Immune response to SARS-CoV-2 Omicron variant in patients and vaccinees following homologous and
heterologous vaccinations. Commun. Biol. 2022, 5, 903. [CrossRef] [PubMed]

226. Uriu, K.; Ito, J.; Zahradnik, J.; Fujita, S.; Kosugi, Y.; Schreiber, G. Genotype to Phenotype Japan (G2P-Japan) Consortium; Sato, K.
Enhanced transmissibility, infectivity, and immune resistance of the SARS-CoV-2 omicron XBB.1.5 variant. Lancet Infect. Dis. 2023,
23, 280–281. [CrossRef] [PubMed]

227. Reinholm, A.; Maljanen, S.; Jalkanen, P.; Altan, E.; Tauriainen, S.; Belik, M.; Skon, M.; Haveri, A.; Osterlund, P.; Iakubovskaia, A.;
et al. Neutralizing antibodies after the third COVID-19 vaccination in healthcare workers with or without breakthrough infection.
Commun. Med. 2024, 4, 28. [CrossRef] [PubMed]

228. Agrawal, A.S.; Tao, X.; Algaissi, A.; Garron, T.; Narayanan, K.; Peng, B.H.; Couch, R.B.; Tseng, C.T. Immunization with inactivated
Middle East Respiratory Syndrome coronavirus vaccine leads to lung immunopathology on challenge with live virus. Hum.
Vaccines Immunother. 2016, 12, 2351–2356. [CrossRef] [PubMed]

229. Stettler, K.; Beltramello, M.; Espinosa, D.A.; Graham, V.; Cassotta, A.; Bianchi, S.; Vanzetta, F.; Minola, A.; Jaconi, S.; Mele, F.; et al.
Specificity, cross-reactivity, and function of antibodies elicited by Zika virus infection. Science 2016, 353, 823–826. [CrossRef]

230. Liu, L.; Wei, Q.; Lin, Q.; Fang, J.; Wang, H.; Kwok, H.; Tang, H.; Nishiura, K.; Peng, J.; Tan, Z.; et al. Anti-spike IgG causes severe
acute lung injury by skewing macrophage responses during acute SARS-CoV infection. JCI Insight 2019, 4, e123158. [CrossRef]

231. Ziganshina, M.M.; Shilova, N.V.; Khalturina, E.O.; Dolgushina, N.V.; Borisevich, S.V.; Yarotskaya, E.L.; Bovin, N.V.; Sukhikh, G.T.
Antibody-Dependent Enhancement with a Focus on SARS-CoV-2 and Anti-Glycan Antibodies. Viruses 2023, 15, 1584. [CrossRef]
[PubMed]

232. Lee, W.S.; Wheatley, A.K.; Kent, S.J.; DeKosky, B.J. Antibody-dependent enhancement and SARS-CoV-2 vaccines and therapies.
Nat. Microbiol. 2020, 5, 1185–1191. [CrossRef] [PubMed]

233. Tetro, J.A. Is COVID-19 receiving ADE from other coronaviruses? Microbes Infect. 2020, 22, 72–73. [CrossRef] [PubMed]
234. Wang, S.; Wang, J.; Yu, X.; Jiang, W.; Chen, S.; Wang, R.; Wang, M.; Jiao, S.; Yang, Y.; Wang, W.; et al. Antibody-dependent

enhancement (ADE) of SARS-CoV-2 pseudoviral infection requires FcgammaRIIB and virus-antibody complex with bivalent
interaction. Commun. Biol. 2022, 5, 262. [CrossRef]

235. Hohdatsu, T.; Yamada, M.; Tominaga, R.; Makino, K.; Kida, K.; Koyama, H. Antibody-dependent enhancement of feline infectious
peritonitis virus infection in feline alveolar macrophages and human monocyte cell line U937 by serum of cats experimentally or
naturally infected with feline coronavirus. J. Vet. Med. Sci. 1998, 60, 49–55. [CrossRef] [PubMed]

236. Jaume, M.; Yip, M.S.; Cheung, C.Y.; Leung, H.L.; Li, P.H.; Kien, F.; Dutry, I.; Callendret, B.; Escriou, N.; Altmeyer, R.; et al.
Anti-severe acute respiratory syndrome coronavirus spike antibodies trigger infection of human immune cells via a pH- and
cysteine protease-independent FcgammaR pathway. J. Virol. 2011, 85, 10582–10597. [CrossRef] [PubMed]

237. Kam, Y.W.; Kien, F.; Roberts, A.; Cheung, Y.C.; Lamirande, E.W.; Vogel, L.; Chu, S.L.; Tse, J.; Guarner, J.; Zaki, S.R.; et al.
Antibodies against trimeric S glycoprotein protect hamsters against SARS-CoV challenge despite their capacity to mediate
FcgammaRII-dependent entry into B cells in vitro. Vaccine 2007, 25, 729–740. [CrossRef]

238. Rijkers, G.T.; van Overveld, F.J. The “original antigenic sin” and its relevance for SARS-CoV-2 (COVID-19) vaccination. Clin.
Immunol. Commun. 2021, 1, 13–16. [CrossRef]

239. Zhou, Z.; Barrett, J.; He, X. Immune Imprinting and Implications for COVID-19. Vaccines 2023, 11, 875. [CrossRef]
240. Roltgen, K.; Nielsen, S.C.A.; Silva, O.; Younes, S.F.; Zaslavsky, M.; Costales, C.; Yang, F.; Wirz, O.F.; Solis, D.; Hoh, R.A.;

et al. Immune imprinting, breadth of variant recognition, and germinal center response in human SARS-CoV-2 infection and
vaccination. Cell 2022, 185, 1025–1040.e14. [CrossRef]

241. Pusnik, J.; Zorn, J.; Monzon-Posadas, W.O.; Peters, K.; Osypchuk, E.; Blaschke, S.; Streeck, H. Vaccination impairs de novo
immune response to omicron breakthrough infection, a precondition for the original antigenic sin. Nat. Commun. 2024, 15, 3102.
[CrossRef] [PubMed]

242. Korompoki, E.; Gavriatopoulou, M.; Hicklen, R.S.; Ntanasis-Stathopoulos, I.; Kastritis, E.; Fotiou, D.; Stamatelopoulos, K.; Terpos,
E.; Kotanidou, A.; Hagberg, C.A.; et al. Epidemiology and organ specific sequelae of post-acute COVID19: A narrative review. J.
Infect. 2021, 83, 1–16. [CrossRef] [PubMed]

243. Mehandru, S.; Merad, M. Pathological sequelae of long-haul COVID. Nat. Immunol. 2022, 23, 194–202. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMc2214293
https://www.ncbi.nlm.nih.gov/pubmed/36546661
https://doi.org/10.1056/NEJMoa2213082
https://www.ncbi.nlm.nih.gov/pubmed/36652353
https://doi.org/10.1056/NEJMc2215471
https://www.ncbi.nlm.nih.gov/pubmed/36734847
https://doi.org/10.1016/S1473-3099(23)00374-2
https://www.ncbi.nlm.nih.gov/pubmed/37478877
https://doi.org/10.1038/s42003-022-03849-0
https://www.ncbi.nlm.nih.gov/pubmed/36056181
https://doi.org/10.1016/S1473-3099(23)00051-8
https://www.ncbi.nlm.nih.gov/pubmed/36736338
https://doi.org/10.1038/s43856-024-00457-3
https://www.ncbi.nlm.nih.gov/pubmed/38396065
https://doi.org/10.1080/21645515.2016.1177688
https://www.ncbi.nlm.nih.gov/pubmed/27269431
https://doi.org/10.1126/science.aaf8505
https://doi.org/10.1172/jci.insight.123158
https://doi.org/10.3390/v15071584
https://www.ncbi.nlm.nih.gov/pubmed/37515270
https://doi.org/10.1038/s41564-020-00789-5
https://www.ncbi.nlm.nih.gov/pubmed/32908214
https://doi.org/10.1016/j.micinf.2020.02.006
https://www.ncbi.nlm.nih.gov/pubmed/32092539
https://doi.org/10.1038/s42003-022-03207-0
https://doi.org/10.1292/jvms.60.49
https://www.ncbi.nlm.nih.gov/pubmed/9492360
https://doi.org/10.1128/JVI.00671-11
https://www.ncbi.nlm.nih.gov/pubmed/21775467
https://doi.org/10.1016/j.vaccine.2006.08.011
https://doi.org/10.1016/j.clicom.2021.10.001
https://doi.org/10.3390/vaccines11040875
https://doi.org/10.1016/j.cell.2022.01.018
https://doi.org/10.1038/s41467-024-47451-w
https://www.ncbi.nlm.nih.gov/pubmed/38600072
https://doi.org/10.1016/j.jinf.2021.05.004
https://www.ncbi.nlm.nih.gov/pubmed/33992686
https://doi.org/10.1038/s41590-021-01104-y
https://www.ncbi.nlm.nih.gov/pubmed/35105985


Vaccines 2024, 12, 459 44 of 46

244. Shimohata, T. Neuro-COVID-19. Clin. Exp. Neuroimmunol. 2022, 13, 17–23. [CrossRef] [PubMed]
245. Azkur, A.K.; Akdis, M.; Azkur, D.; Sokolowska, M.; van de Veen, W.; Bruggen, M.C.; O’Mahony, L.; Gao, Y.; Nadeau, K.;

Akdis, C.A. Immune response to SARS-CoV-2 and mechanisms of immunopathological changes in COVID-19. Allergy 2020, 75,
1564–1581. [CrossRef] [PubMed]

246. Tay, M.Z.; Poh, C.M.; Renia, L.; MacAry, P.A.; Ng, L.F.P. The trinity of COVID-19: Immunity, inflammation and intervention. Nat.
Rev. Immunol. 2020, 20, 363–374. [CrossRef] [PubMed]

247. Sewell, H.F.; Agius, R.M.; Stewart, M.; Kendrick, D. Cellular immune responses to COVID-19. BMJ 2020, 370, m3018. [CrossRef]
[PubMed]

248. Augustin, M.; Schommers, P.; Stecher, M.; Dewald, F.; Gieselmann, L.; Gruell, H.; Horn, C.; Vanshylla, K.; Cristanziano, V.D.;
Osebold, L.; et al. Post-COVID syndrome in non-hospitalised patients with COVID-19: A longitudinal prospective cohort study.
Lancet Reg. Health Eur. 2021, 6, 100122. [CrossRef]

249. Rank, A.; Tzortzini, A.; Kling, E.; Schmid, C.; Claus, R.; Loll, E.; Burger, R.; Rommele, C.; Dhillon, C.; Muller, K.; et al. One
Year after Mild COVID-19: The Majority of Patients Maintain Specific Immunity, But One in Four Still Suffer from Long-Term
Symptoms. J. Clin. Med. 2021, 10, 3305. [CrossRef]

250. Gil-Etayo, F.J.; Suarez-Fernandez, P.; Cabrera-Marante, O.; Arroyo, D.; Garcinuno, S.; Naranjo, L.; Pleguezuelo, D.E.; Allende,
L.M.; Mancebo, E.; Lalueza, A.; et al. T-Helper Cell Subset Response Is a Determining Factor in COVID-19 Progression. Front. Cell
Infect. Microbiol. 2021, 11, 624483. [CrossRef]

251. Paniz-Mondolfi, A.E.; Ramirez, J.D.; Delgado-Noguera, L.A.; Rodriguez-Morales, A.J.; Sordillo, E.M. COVID-19 and helminth
infection: Beyond the Th1/Th2 paradigm. PLoS Negl. Trop. Dis. 2021, 15, e0009402. [CrossRef] [PubMed]

252. Huang, S.; Fishell, G. In SARS-CoV-2, astrocytes are in it for the long haul. Proc. Natl. Acad. Sci. USA 2022, 119, e2209130119.
[CrossRef] [PubMed]

253. Hirzel, C.; Grandgirard, D.; Surial, B.; Wider, M.F.; Leppert, D.; Kuhle, J.; Walti, L.N.; Schefold, J.C.; Spinetti, T.; Suter-Riniker, F.;
et al. Neuro-axonal injury in COVID-19: The role of systemic inflammation and SARS-CoV-2 specific immune response. Ther.
Adv. Neurol. Disord. 2022, 15, 17562864221080528. [CrossRef] [PubMed]

254. Zou, L.; Dai, L.; Zhang, Y.; Fu, W.; Gao, Y.; Zhang, Z.; Zhang, Z. Clinical Characteristics and Risk Factors for Disease Severity and
Death in Patients with Coronavirus Disease 2019 in Wuhan, China. Front. Med. 2020, 7, 532. [CrossRef] [PubMed]

255. Cheng, Q.; Yang, Y.; Gao, J. Infectivity of human coronavirus in the brain. EBioMedicine 2020, 56, 102799. [CrossRef] [PubMed]
256. Ellul, M.A.; Benjamin, L.; Singh, B.; Lant, S.; Michael, B.D.; Easton, A.; Kneen, R.; Defres, S.; Sejvar, J.; Solomon, T. Neurological

associations of COVID-19. Lancet Neurol. 2020, 19, 767–783. [CrossRef] [PubMed]
257. Espindola, O.M.; Siqueira, M.; Soares, C.N.; Lima, M.; Leite, A.; Araujo, A.Q.C.; Brandao, C.O.; Silva, M.T.T. Patients with

COVID-19 and neurological manifestations show undetectable SARS-CoV-2 RNA levels in the cerebrospinal fluid. Int. J. Infect.
Dis. 2020, 96, 567–569. [CrossRef] [PubMed]

258. Heming, M.; Li, X.; Rauber, S.; Mausberg, A.K.; Borsch, A.L.; Hartlehnert, M.; Singhal, A.; Lu, I.N.; Fleischer, M.; Szepanowski, F.;
et al. Neurological Manifestations of COVID-19 Feature T Cell Exhaustion and Dedifferentiated Monocytes in Cerebrospinal
Fluid. Immunity 2021, 54, 164–175.e6. [CrossRef]

259. Remsik, J.; Wilcox, J.A.; Babady, N.E.; McMillen, T.A.; Vachha, B.A.; Halpern, N.A.; Dhawan, V.; Rosenblum, M.; Iacobuzio-
Donahue, C.A.; Avila, E.K.; et al. Inflammatory Leptomeningeal Cytokines Mediate COVID-19 Neurologic Symptoms in Cancer
Patients. Cancer Cell 2021, 39, 276–283.e3. [CrossRef]

260. Perrin, P.; Collongues, N.; Baloglu, S.; Bedo, D.; Bassand, X.; Lavaux, T.; Gautier-Vargas, G.; Keller, N.; Kremer, S.; Fafi-Kremer,
S.; et al. Cytokine release syndrome-associated encephalopathy in patients with COVID-19. Eur. J. Neurol. 2021, 28, 248–258.
[CrossRef]

261. Charnley, M.; Islam, S.; Bindra, G.K.; Engwirda, J.; Ratcliffe, J.; Zhou, J.; Mezzenga, R.; Hulett, M.D.; Han, K.; Berryman, J.T.;
et al. Neurotoxic amyloidogenic peptides in the proteome of SARS-COV2: Potential implications for neurological symptoms in
COVID-19. Nat. Commun. 2022, 13, 3387. [CrossRef] [PubMed]

262. Nystrom, S.; Hammarstrom, P. Amyloidogenesis of SARS-CoV-2 Spike Protein. J. Am. Chem. Soc. 2022, 144, 8945–8950. [CrossRef]
[PubMed]

263. Stein, S.R.; Ramelli, S.C.; Grazioli, A.; Chung, J.Y.; Singh, M.; Yinda, C.K.; Winkler, C.W.; Sun, J.; Dickey, J.M.; Ylaya, K.; et al.
SARS-CoV-2 infection and persistence in the human body and brain at autopsy. Nature 2022, 612, 758–763. [CrossRef] [PubMed]

264. Taquet, M.; Sillett, R.; Zhu, L.; Mendel, J.; Camplisson, I.; Dercon, Q.; Harrison, P.J. Neurological and psychiatric risk trajectories
after SARS-CoV-2 infection: An analysis of 2-year retrospective cohort studies including 1,284,437 patients. Lancet Psychiatry 2022,
9, 815–827. [CrossRef] [PubMed]

265. Idrees, D.; Kumar, V. SARS-CoV-2 spike protein interactions with amyloidogenic proteins: Potential clues to neurodegeneration.
Biochem. Biophys. Res. Commun. 2021, 554, 94–98. [CrossRef] [PubMed]

266. Klein, J.; Wood, J.; Jaycox, J.R.; Dhodapkar, R.M.; Lu, P.; Gehlhausen, J.R.; Tabachnikova, A.; Greene, K.; Tabacof, L.; Malik,
A.A.; et al. Distinguishing features of long COVID identified through immune profiling. Nature 2023, 623, 139–148. [CrossRef]
[PubMed]

267. Emeribe, A.U.; Abdullahi, I.N.; Shuwa, H.A.; Uzairue, L.; Musa, S.; Anka, A.U.; Adekola, H.A.; Bello, Z.M.; Rogo, L.D.; Aliyu, D.;
et al. Humoral immunological kinetics of severe acute respiratory syndrome coronavirus 2 infection and diagnostic performance
of serological assays for coronavirus disease 2019: An analysis of global reports. Int Health 2022, 14, 18–52. [CrossRef] [PubMed]

https://doi.org/10.1111/cen3.12676
https://www.ncbi.nlm.nih.gov/pubmed/34899999
https://doi.org/10.1111/all.14364
https://www.ncbi.nlm.nih.gov/pubmed/32396996
https://doi.org/10.1038/s41577-020-0311-8
https://www.ncbi.nlm.nih.gov/pubmed/32346093
https://doi.org/10.1136/bmj.m3018
https://www.ncbi.nlm.nih.gov/pubmed/32737031
https://doi.org/10.1016/j.lanepe.2021.100122
https://doi.org/10.3390/jcm10153305
https://doi.org/10.3389/fcimb.2021.624483
https://doi.org/10.1371/journal.pntd.0009402
https://www.ncbi.nlm.nih.gov/pubmed/34029332
https://doi.org/10.1073/pnas.2209130119
https://www.ncbi.nlm.nih.gov/pubmed/35858460
https://doi.org/10.1177/17562864221080528
https://www.ncbi.nlm.nih.gov/pubmed/35299779
https://doi.org/10.3389/fmed.2020.00532
https://www.ncbi.nlm.nih.gov/pubmed/32903644
https://doi.org/10.1016/j.ebiom.2020.102799
https://www.ncbi.nlm.nih.gov/pubmed/32474399
https://doi.org/10.1016/S1474-4422(20)30221-0
https://www.ncbi.nlm.nih.gov/pubmed/32622375
https://doi.org/10.1016/j.ijid.2020.05.123
https://www.ncbi.nlm.nih.gov/pubmed/32505878
https://doi.org/10.1016/j.immuni.2020.12.011
https://doi.org/10.1016/j.ccell.2021.01.007
https://doi.org/10.1111/ene.14491
https://doi.org/10.1038/s41467-022-30932-1
https://www.ncbi.nlm.nih.gov/pubmed/35697699
https://doi.org/10.1021/jacs.2c03925
https://www.ncbi.nlm.nih.gov/pubmed/35579205
https://doi.org/10.1038/s41586-022-05542-y
https://www.ncbi.nlm.nih.gov/pubmed/36517603
https://doi.org/10.1016/S2215-0366(22)00260-7
https://www.ncbi.nlm.nih.gov/pubmed/35987197
https://doi.org/10.1016/j.bbrc.2021.03.100
https://www.ncbi.nlm.nih.gov/pubmed/33789211
https://doi.org/10.1038/s41586-023-06651-y
https://www.ncbi.nlm.nih.gov/pubmed/37748514
https://doi.org/10.1093/inthealth/ihab005
https://www.ncbi.nlm.nih.gov/pubmed/33620427


Vaccines 2024, 12, 459 45 of 46

268. Corti, D.; Purcell, L.A.; Snell, G.; Veesler, D. Tackling COVID-19 with neutralizing monoclonal antibodies. Cell 2021, 184,
3086–3108. [CrossRef] [PubMed]

269. Uraki, R.; Ito, M.; Kiso, M.; Yamayoshi, S.; Iwatsuki-Horimoto, K.; Furusawa, Y.; Sakai-Tagawa, Y.; Imai, M.; Koga, M.; Yamamoto,
S.; et al. Antiviral and bivalent vaccine efficacy against an omicron XBB.1.5 isolate. Lancet Infect. Dis. 2023, 23, 402–403. [CrossRef]

270. Cameroni, E.; Bowen, J.E.; Rosen, L.E.; Saliba, C.; Zepeda, S.K.; Culap, K.; Pinto, D.; VanBlargan, L.A.; De Marco, A.; di Iulio, J.;
et al. Broadly neutralizing antibodies overcome SARS-CoV-2 Omicron antigenic shift. Nature 2022, 602, 664–670. [CrossRef]

271. Planas, D.; Saunders, N.; Maes, P.; Guivel-Benhassine, F.; Planchais, C.; Buchrieser, J.; Bolland, W.H.; Porrot, F.; Staropoli, I.;
Lemoine, F.; et al. Considerable escape of SARS-CoV-2 Omicron to antibody neutralization. Nature 2022, 602, 671–675. [CrossRef]
[PubMed]

272. VanBlargan, L.A.; Errico, J.M.; Halfmann, P.J.; Zost, S.J.; Crowe, J.E., Jr.; Purcell, L.A.; Kawaoka, Y.; Corti, D.; Fremont, D.H.;
Diamond, M.S. An infectious SARS-CoV-2 B.1.1.529 Omicron virus escapes neutralization by therapeutic monoclonal antibodies.
Nat. Med. 2022, 28, 490–495. [CrossRef] [PubMed]

273. Wang, P.; Nair, M.S.; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M.; Yu, J.; Zhang, B.; Kwong, P.D.; et al. Antibody resistance of
SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 2021, 593, 130–135. [CrossRef] [PubMed]

274. Arora, P.; Kempf, A.; Nehlmeier, I.; Schulz, S.R.; Jack, H.M.; Pohlmann, S.; Hoffmann, M. Omicron sublineage BQ.1.1 resistance to
monoclonal antibodies. Lancet Infect. Dis. 2023, 23, 22–23. [CrossRef] [PubMed]

275. Drysdale, M.; Berktas, M.; Gibbons, D.C.; Rolland, C.; Lavoie, L.; Lloyd, E.J. Real-world effectiveness of sotrovimab for the
treatment of SARS-CoV-2 infection during Omicron BA.2 and BA.5 subvariant predominance: A systematic literature review.
Infection 2024, 1–23. [CrossRef] [PubMed]

276. Baum, A.; Fulton, B.O.; Wloga, E.; Copin, R.; Pascal, K.E.; Russo, V.; Giordano, S.; Lanza, K.; Negron, N.; Ni, M.; et al. Antibody
cocktail to SARS-CoV-2 spike protein prevents rapid mutational escape seen with individual antibodies. Science 2020, 369,
1014–1018. [CrossRef] [PubMed]

277. Gottlieb, R.L.; Nirula, A.; Chen, P.; Boscia, J.; Heller, B.; Morris, J.; Huhn, G.; Cardona, J.; Mocherla, B.; Stosor, V.; et al. Effect of
Bamlanivimab as Monotherapy or in Combination with Etesevimab on Viral Load in Patients with Mild to Moderate COVID-19:
A Randomized Clinical Trial. JAMA 2021, 325, 632–644. [CrossRef]

278. Ku, Z.; Xie, X.; Lin, J.; Gao, P.; Wu, B.; El Sahili, A.; Su, H.; Liu, Y.; Ye, X.; Tan, E.Y.; et al. Engineering SARS-CoV-2 specific cocktail
antibodies into a bispecific format improves neutralizing potency and breadth. Nat. Commun. 2022, 13, 5552. [CrossRef] [PubMed]

279. Ma, H.; Zhang, X.; Zheng, P.; Dube, P.H.; Zeng, W.; Chen, S.; Cheng, Q.; Yang, Y.; Wu, Y.; Zhou, J.; et al. Hetero-bivalent
nanobodies provide broad-spectrum protection against SARS-CoV-2 variants of concern including Omicron. Cell Res. 2022, 32,
831–842. [CrossRef] [PubMed]

280. Misasi, J.; Wei, R.R.; Wang, L.; Pegu, A.; Wei, C.J.; Oloniniyi, O.K.; Zhou, T.; Moliva, J.I.; Zhao, B.; Choe, M.; et al. A multispecific
antibody prevents immune escape and confers pan-SARS-CoV-2 neutralization. bioRxiv 2022. [CrossRef]

281. Buckland, M.S.; Galloway, J.B.; Fhogartaigh, C.N.; Meredith, L.; Provine, N.M.; Bloor, S.; Ogbe, A.; Zelek, W.M.; Smielewska, A.;
Yakovleva, A.; et al. Treatment of COVID-19 with remdesivir in the absence of humoral immunity: A case report. Nat. Commun.
2020, 11, 6385. [CrossRef] [PubMed]

282. Pirzada, R.H.; Haseeb, M.; Batool, M.; Kim, M.; Choi, S. Remdesivir and Ledipasvir among the FDA-Approved Antiviral Drugs
Have Potential to Inhibit SARS-CoV-2 Replication. Cells 2021, 10, 1052. [CrossRef] [PubMed]

283. Fischer, W.A., II; Eron, J.J., Jr.; Holman, W.; Cohen, M.S.; Fang, L.; Szewczyk, L.J.; Sheahan, T.P.; Baric, R.; Mollan, K.R.; Wolfe,
C.R.; et al. A phase 2a clinical trial of molnupiravir in patients with COVID-19 shows accelerated SARS-CoV-2 RNA clearance
and elimination of infectious virus. Sci. Transl. Med. 2022, 14, eabl7430. [CrossRef] [PubMed]

284. Vangeel, L.; Chiu, W.; De Jonghe, S.; Maes, P.; Slechten, B.; Raymenants, J.; Andre, E.; Leyssen, P.; Neyts, J.; Jochmans, D.
Remdesivir, Molnupiravir and Nirmatrelvir remain active against SARS-CoV-2 Omicron and other variants of concern. Antivir.
Res. 2022, 198, 105252. [CrossRef]

285. Toussi, S.S.; Hammond, J.L.; Gerstenberger, B.S.; Anderson, A.S. Therapeutics for COVID-19. Nat. Microbiol. 2023, 8, 771–786.
[CrossRef]

286. Papini, C.; Ullah, I.; Ranjan, A.P.; Zhang, S.; Wu, Q.; Spasov, K.A.; Zhang, C.; Mothes, W.; Crawford, J.M.; Lindenbach, B.D.; et al.
Proof-of-concept studies with a computationally designed Mpro inhibitor as a synergistic combination regimen alternative to
Paxlovid. Proc. Natl. Acad. Sci. USA 2024, 121, e2320713121. [CrossRef]

287. Mikulska, M.; Sepulcri, C.; Dentone, C.; Magne, F.; Balletto, E.; Baldi, F.; Labate, L.; Russo, C.; Mirabella, M.; Magnasco, L.; et al.
Triple Combination Therapy with 2 Antivirals and Monoclonal Antibodies for Persistent or Relapsed Severe Acute Respiratory
Syndrome Coronavirus 2 Infection in Immunocompromised Patients. Clin. Infect. Dis. 2023, 77, 280–286. [CrossRef]

288. Focosi, D.; Casadevall, A.; Franchini, M.; Maggi, F. Sotrovimab: A Review of Its Efficacy against SARS-CoV-2 Variants. Viruses
2024, 16, 217. [CrossRef]

289. Zarei, M.; Bose, D.; Nouri-Vaskeh, M.; Tajiknia, V.; Zand, R.; Ghasemi, M. Long-term side effects and lingering symptoms post
COVID-19 recovery. Rev. Med. Virol. 2022, 32, e2289. [CrossRef]

290. Ai, J.; Zhang, H.; Zhang, Y.; Lin, K.; Zhang, Y.; Wu, J.; Wan, Y.; Huang, Y.; Song, J.; Fu, Z.; et al. Omicron variant showed lower
neutralizing sensitivity than other SARS-CoV-2 variants to immune sera elicited by vaccines after boost. Emerg. Microbes Infect.
2022, 11, 337–343. [CrossRef]

https://doi.org/10.1016/j.cell.2021.05.005
https://www.ncbi.nlm.nih.gov/pubmed/34087172
https://doi.org/10.1016/S1473-3099(23)00070-1
https://doi.org/10.1038/s41586-021-04386-2
https://doi.org/10.1038/s41586-021-04389-z
https://www.ncbi.nlm.nih.gov/pubmed/35016199
https://doi.org/10.1038/s41591-021-01678-y
https://www.ncbi.nlm.nih.gov/pubmed/35046573
https://doi.org/10.1038/s41586-021-03398-2
https://www.ncbi.nlm.nih.gov/pubmed/33684923
https://doi.org/10.1016/S1473-3099(22)00733-2
https://www.ncbi.nlm.nih.gov/pubmed/36410372
https://doi.org/10.1007/s15010-023-02098-5
https://www.ncbi.nlm.nih.gov/pubmed/37776474
https://doi.org/10.1126/science.abd0831
https://www.ncbi.nlm.nih.gov/pubmed/32540904
https://doi.org/10.1001/jama.2021.0202
https://doi.org/10.1038/s41467-022-33284-y
https://www.ncbi.nlm.nih.gov/pubmed/36138032
https://doi.org/10.1038/s41422-022-00700-3
https://www.ncbi.nlm.nih.gov/pubmed/35906408
https://doi.org/10.1101/2022.07.29.502029
https://doi.org/10.1038/s41467-020-19761-2
https://www.ncbi.nlm.nih.gov/pubmed/33318491
https://doi.org/10.3390/cells10051052
https://www.ncbi.nlm.nih.gov/pubmed/33946869
https://doi.org/10.1126/scitranslmed.abl7430
https://www.ncbi.nlm.nih.gov/pubmed/34941423
https://doi.org/10.1016/j.antiviral.2022.105252
https://doi.org/10.1038/s41564-023-01356-4
https://doi.org/10.1073/pnas.2320713121
https://doi.org/10.1093/cid/ciad181
https://doi.org/10.3390/v16020217
https://doi.org/10.1002/rmv.2289
https://doi.org/10.1080/22221751.2021.2022440


Vaccines 2024, 12, 459 46 of 46

291. Sandor, A.M.; Sturdivant, M.S.; Ting, J.P.Y. Influenza Virus and SARS-CoV-2 Vaccines. J. Immunol. 2021, 206, 2509–2520. [CrossRef]
[PubMed]

292. Verheul, M.K.; Nijhof, K.H.; de Zeeuw-Brouwer, M.L.; Duijm, G.; Ten Hulscher, H.; de Rond, L.; Beckers, L.; Eggink, D.; van Tol,
S.; Reimerink, J.; et al. Booster Immunization Improves Memory B Cell Responses in Older Adults Unresponsive to Primary
SARS-CoV-2 Immunization. Vaccines 2023, 11, 1196. [CrossRef] [PubMed]

293. Pilapitiya, D.; Wheatley, A.K.; Tan, H.X. Mucosal vaccines for SARS-CoV-2: Triumph of hope over experience. EBioMedicine 2023,
92, 104585. [CrossRef] [PubMed]

294. Yuen, C.K.; Wong, W.M.; Mak, L.F.; Lam, J.Y.; Cheung, L.Y.; Cheung, D.T.; Ng, Y.Y.; Lee, A.C.; Zhong, N.; Yuen, K.Y.; et al. An
interferon-integrated mucosal vaccine provides pan-sarbecovirus protection in small animal models. Nat. Commun. 2023, 14, 6762.
[CrossRef] [PubMed]

295. Li, L.; Wei, Y.; Yang, H.; Yan, J.; Li, X.; Li, Z.; Zhao, Y.; Liang, H.; Wang, H. Advances in Next-Generation Coronavirus Vaccines in
Response to Future Virus Evolution. Vaccines 2022, 10, 2035. [CrossRef] [PubMed]

296. Bonam, S.R.; Hu, H. Next-Generation Vaccines against COVID-19 Variants: Beyond the Spike Protein. Zoonoses 2023, 3. [CrossRef]
297. Arevalo-Romero, J.A.; Chingate-Lopez, S.M.; Camacho, B.A.; Almeciga-Diaz, C.J.; Ramirez-Segura, C.A. Next-generation

treatments: Immunotherapy and advanced therapies for COVID-19. Heliyon 2024, 10, e26423. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4049/jimmunol.2001287
https://www.ncbi.nlm.nih.gov/pubmed/34021048
https://doi.org/10.3390/vaccines11071196
https://www.ncbi.nlm.nih.gov/pubmed/37515012
https://doi.org/10.1016/j.ebiom.2023.104585
https://www.ncbi.nlm.nih.gov/pubmed/37146404
https://doi.org/10.1038/s41467-023-42349-5
https://www.ncbi.nlm.nih.gov/pubmed/37875475
https://doi.org/10.3390/vaccines10122035
https://www.ncbi.nlm.nih.gov/pubmed/36560445
https://doi.org/10.15212/ZOONOSES-2023-0003
https://doi.org/10.1016/j.heliyon.2024.e26423

	Introduction 
	Antibody Response against SARS-CoV-2: Overview and Its Kinetics 
	Profiling of Neutralizing Humoral Responses 
	Immune Response following SARS-CoV-2 Infection and Vaccinations 
	Antibodies as Diagnostic Tools for SARS-CoV-2 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	WANTAI SARS-CoV-2 Ab ELISA 
	EUROIMMUN Anti-SARS-CoV-2 ELISA Assay 

	Gold Immunochromatographic Assay (GICA) 
	Chemiluminescence Immunoassay (CLIA) 
	LIAISON SARS-CoV-2 S1/S2 IgG 
	Atellica IM SARS-CoV-2 Total (COV2T) 
	Abbott ARCHITECT SARS-CoV-2 IgG Immunoassay 
	Yhlo Biotech iFlash 1800 
	MAGLUMI 2019-nCoV IgM/IgG 

	Lateral Flow Immunoassay (LFIA)/Rapid Diagnostic Tests (RDTs) 
	Neutralization Assay 
	Biosensor-Based Technologies 

	SARS-CoV-2 Variants of Concern (VOCs) and Their Impact on Diagnostics 
	Antibodies as Therapeutic Agents against SARS-CoV-2: An Overview 
	Monoclonal Antibody-Based Therapies 
	Anti-Cytokine Antibodies 
	Polyclonal Antibody Therapies 
	Convalescent Plasma Therapy (CPT) 
	Hyperimmune Globulins (HIGs) 


	SARS-CoV-2-Neutralizing Antibodies and Their Potential Role in Vaccine Development 
	Protective Roles of Neutralizing Antibodies against SARS-CoV-2 Infection 
	SARS-CoV-2 Vaccine Efficacies and Specific Immune Responses 
	Antibodies as Predictive Biomarkers for Vaccine Efficacy 
	SARS-CoV-2 Variants of Concern (VOCs) and Their Impact on Vaccine Efficacy 

	Key Challenges and Limitations of Antibody-Based Approaches 
	Risks of Antibody-Dependent Enhancement (ADE) for SARS-CoV-2 Antibodies and Their Implications 
	Original Antigenic Sin Effect Restricts Vaccine Efficacy against SARS-CoV-2 VOCs 
	Long COVID or Post-COVID Conditions 

	Discussion and Future Perspectives 
	References

