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[Abstract] The ongoing Coronavirus disease 19 pandemic has likely changed the world in ways 
not seen in the past. Neutralizing antibody (NAb) assays play an important role in the management 
of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) outbreak. Using these 
tools, we can assess the presence and duration of antibody-mediated protection in naturally 
infected individuals, screen convalescent plasma preparations for donation, test the efficacy of 
immunotherapy, and analyze NAb titers and persistence after vaccination to predict vaccine-
induced protective effects. This review briefly summarizes the various methods used for the 
detection of SARS-CoV-2 NAbs and compares their advantages and disadvantages to facilitate their 
development and clinical application.
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The ongoing Coronavirus disease 19 (COVID-19) 
pandemic may well have changed the world in ways 
not seen in the past. The World Health Organization 
(WHO) recently reported that more than 227 million 
people have been confirmed positive for severe 
acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) infection, and at least 4.6 million deaths 
have been recorded[1]. SARS-CoV-2 represents the 
seventh human coronavirus (HCoV) responsible for 
COVID-19 in humans. The other six types of HCoVs 
have been previously identified. These include HCoV-
NL63 and HCoV-229E, which belong to the Alpha-
coronavirus (α-CoV) genus, HCoV-OC43, HCoV-
HKU1, SARS-CoV, middle east respiratory syndrome 
coronavirus (MERS-CoV), and SARS-CoV-2, which 
belong to the Beta-coronavirus (β-CoV) genus[2]. 
Among these, SARS-CoV-2, SARS-CoV, and MERS-
CoV are considered to be highly pathogenic[3]. Indeed, 
although COVID-19 has a lower mortality rate than 
SARS and MERS, the number of infections and deaths 

from COVID-19 is much higher than that recorded 
for SARS and MERS[4, 5]. SARS-CoV-2 is transmitted 
from person-to-person through respiratory droplets 
and aerosols. However, some studies have shown that 
SARS-CoV-2 can be transmitted through contaminated 
objects or surfaces[6, 7]. Approximately 81% of patients 
with COVID-19 have mild symptoms, while about 
14% have severe symptoms such as dyspnea, high 
respiratory rate, and low oxygen saturation in the 
body’s blood. Another group of patients (approximately 
5%), especially those over 60 years of age or with 
comorbidities, progress to critical conditions. About 
3.4% of patients die from respiratory failure or multi-
organ failure[8, 9]. Thus, there is an urgent need to 
develop effective medical interventions to control the 
COVID-19 pandemic.

1 SARS-COV-2 VIRAL STRUCTURE

SARS-CoV-2 is an enveloped, positive-stranded 
RNA virus[10]. The SARS-CoV-2 genome size is 
approximately 29.8 kbp, making SARS-CoV-2 one 
of the largest RNA viruses[11–16] (fig. 1A). Chan et 
al showed that the genomic sequence similarity of 
SARS-CoV-2 to SARS-CoV and bat SARS-like-CoV 
ZXC21 was 82% and 89%, respectively[17]. The first 
2/3 of the genome contains a set of unstructured genes, 
which code specifically for enzymes associated with 
virus replication. The last 1/3 encodes for a set of 
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Fig. 1 SARS-CoV-2 viral structure model
A: genome structure. B: viral particle of SARS-CoV-2. The 
SARS-CoV-2 genome comprises of 5′ and 3′ untranslated 
region (UTR) and open reading frame (ORF) 1a/b. The 
structural genes present at the 3′ terminus encodes for the 
structural proteins including spike (S), membrane (M), 
nucleocapsid (N), and envelope (E). The accessory genes 
interspaced between the structural genes for accessory 
proteins. C: SARS-CoV-2 spike (S) glycoprotein. The 
S1 subunit contains a N-terminal domain (NTD) and 
receptor-binding domain (RBD). The S2 subunit contains 
the fusion peptide (FP), heptad repeat 1 (HR1), central 
helix (CH), connector domain (CD), heptad repeat 2 
(HR2), and transmembrane domain (TM). Arrow S1/S2 
represent the cleavage site.

four structural proteins: the nucleocapsid (N) protein 
containing the viral RNA and three structural proteins 
of the envelope, including the spike (S) protein, the 
envelope (E) protein, and membrane (M) protein[18] 

(fig. 1B). The S protein is mainly divided into two 
essential subunits: S1 and S2. The S1 subunit contains 
two main functional domains, the N-terminal domain 
(NTD) and the receptor-binding domain (RBD)[19]. The 
S2 subunit contains two repeat sequences heptapeptide 
1 (HR1) and HR2 (fig. 1C). These domains typically 
play an essential role in viral adsorption and invasion 
of host cells. While the NTD and RBD structural 
domains facilitate the binding of S proteins to the 
receptor, the two structural domains of the S2 subunit 
are responsible for membrane fusion[19–21]. In addition, 
in the β-CoV genus, the S2 subunit is relatively more 
conserved, while the S1 subunit consisting of the RBD 
is much less conserved and often immunodominant[22].

2 SARS-COV-2 NEUTRALIZING ANTIBODY

During a viral infection, the host triggers a humoral 
immune response characterized by the production of 
antibodies (Abs), also known as immunoglobulin (Ig). 

The production of Abs is a significant function of the 
immune system, and these Abs are secreted from B cells 
(or B lymphocytes). It is known that initial exposure to an 
antigen (Ag) (exposure can either result from infection 
or by vaccination), leads to the activation of naive B 
cells. These B cells differentiate into the following 
two subgroups: antibody-producing plasma cells, 
which can produce Abs that travel through the blood, 
and memory B cells, which remember the antigen for 
future encounters. These Abs act like an army against 
viral infection. However, only a small subset of the Abs 
produced during viral infection, called neutralizing 
antibodies (NAbs), have the ability to prevent the virus 
from infecting host cells (fig. 2). Correspondingly, 
Abs can be classified into two groups, NAbs and non-
neutralizing binding antibodies. Some studies show 
that the level of Abs in the blood varies considerably 
between individuals and over time after infection[23–27]. 
For example, Tang et al demonstrated that Abs were 
still detectable 6 years after SARS-CoV-1 infection[28]. 
Indeed, the duration and effectiveness of Abs are two 
essential parameters in the fight against the SARS-
CoV-2 pandemic and the development of vaccines. To 
this end, several serological studies have assessed the 
dynamics and duration of Ab production and immunity 
after SARS-CoV-2 infections. The results from these 
studies are not uniform. Some studies suggest that there 
is a rapid decrease in Abs (often below the detection 
limit), while other studies suggest that Ab persistence 
occurs[25, 29–31]. Some studies showed that 20 days after 
the onset of symptoms, the levels of specific IgM and 
IgA against SARS-CoV-2 gradually decreased 3 to 5 
months after infection[23, 32, 33]. Similar declines have 
also been reported in the context of MERS infection[34] 
or other seasonal human coronaviruses, where the 
protective immunity appears to be short-lived[35–37]. 
IgM contributes to the early neutralization response[38]. 
Although IgM is the first line of humoral response, a 
peculiarity of SARS-CoV-2 infection is that all three 
isotypes (IgM, IgA, and IgG) can be detected within 
a narrow time frame upon seroconversion[39–42]. It 
should be noted that all protein components of HCoVs 
are capable of inducing Abs. Before SARS-CoV-2 
appeared, other HCoVs have been shown to elicit 
NAbs[43]. These NAbs probably offer at least some 
degree of protection against re-infection. Several 
studies have shown that the HCoVs protein S is the 
main target protein that stimulates the immune system 
to produce NAbs after infection[44–47]. For this purpose, 
various neutralizing monoclonal Abs against HCoVs 
protein S have been isolated and shown to be effective 
in animal models[48–51]. 

Since the emergence of SARS-CoV-2, the RBD 
domain and the S protein are the main targets of 
humoral immune responses and represent the antigenic 
domain frequently used in most serological assays 
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Fig. 2 Antibodies production process and neutralization
Antibodies are produced by B cells and their progeny. Naïve B cells in peripheral lymphoid tissues recognize antigen but do not 
secrete antibodies, and activation of these cells stimulates their differentiation into antibody-secreting plasma cells and memory 
cells. Neutralization of enveloped viruses blocks viral attachment and entry into target cells.

for COVID-19[18, 52, 53]. Likewise, significant efforts 
have been made to develop vaccines. The main target 
of most of these vaccines is the RBD domain of the 
SARS-CoV-2 S protein to induce NAbs and prevent 
the RBD domain from interacting with the receptor 
angiotensin 2 converting enzyme (ACE2) on the host 
cell[54]. Several vaccines, such as Moderna[55] and 
Pfizer/BioNTech[56], have been shown to be nearly 95% 
effective in their phase 3 clinical trials. Thus, SARS-
CoV-2 NAbs can be produced during natural viral 
infection or vaccination. The S protein also appears to 
be the main target antigen in the development of the 
SARS-CoV-2 vaccines and the design of therapeutic 
products. Li et al first described the linear epitopes 
of the S protein, which were concentrated in two 
regions of the S protein, the C-terminal domain, and a 
region close to the fusion peptide[57]. Surprisingly, the 
RBD region only had three moderate immunogenic 
epitopes[57]. Several studies involving a population 
positive for COVID-19 showed that nearly 90% of the 
NAbs specifically targeted the RBD domain of the S1 
subunit of the S protein[58]. Therefore, among the four 
structural proteins of the SARS-CoV-2 virus, more 
NAbs are produced against the S protein. Furthermore, 
NAbs are essential in viral clearance and are often 
considered key immune products that can be used for 
protection or the development of therapeutic approaches 

against viral diseases. The presence of NAbs is a 
good indicator of protective immunity for most viral 
infections. Similarly, detecting NAbs during SARS-
CoV-2 infection is evidence of protective immunity 
against SARS-CoV-2[59]. In fact, SARS-CoV-2 NAbs 
play an important role in the host’s defense against 
COVID-19 because the NAbs protect individuals from 
SARS-CoV-2 infection[60–62]. NAbs bind and abrogate 
the entry of SARS-CoV-2 S protein into host cells by 
recognizing the relevant ACE2 receptors present in 
host cells[62]. Moreover, Lei et al reported that NAb 
responses during the hospitalization of COVID-19 
patients underscored clinical progression and outcomes, 
which also indicates the important role of NAb in the 
disease[63]. Cao et al showed that monoclonal NAbs 
had a great therapeutic and prophylactic effect in 
human ACE2 transgenic mice infected with SARS-
CoV-2[64]. Therefore, the quantification of SARS-
CoV-2-specific NAbs seems to be essential in order to 
control the COVID-19 pandemic at both medical and 
socioeconomic levels. In addition, detection of NAbs 
against SARS-CoV-2 will help to understand the status 
of protective immune responses in COVID-19 patients 
and in asymptomatic cases[65]. The assays that can 
measure NAbs produced during infection with SARS-
CoV-2 are essential to understanding the pathogenesis 
of SARS-CoV-2 and to better study the response of 
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the human immune system to SARS-CoV-2. Besides, 
a better understanding of the efficacy of NAbs and 
how they bind to target epitopes could be an essential 
pathway in the development of effective vaccines and 
thus improve immunotherapeutic agents. Therefore, in 
evaluating the efficacy of a vaccine, it is essential to 
determine the presence of NAbs and to measure the 
required level of these NAbs to prevent future exposure 
to the virus. With the introduction of a vaccine against 
COVID-19, various Ab tests will be able to learn all of 
this critical information. In fact, exposure to COVID-19 
will be tested against the level of immunity and the 
immunity provided by the vaccine. In the fight against 
the COVID-19 pandemic, measuring SARS-CoV-2 
NAbs is crucial for establishing a good diagnosis, 
for studying serological epidemiology, improving 
clinical management of SARS-CoV-2 infection[66], or 
aiding in the identification of potential Abs donors for 
convalescent plasma therapy[67]. In the present review, 
we briefly summarize the various methods currently 
used for the detection of SARS-CoV-2 NAbs.

3 MAIN DETECTION METHODS OF SARS-CoV-2 
NAbs

Numerous assays have already been established 
to measure the neutralization capacity of Abs[68–71]. 
The viral neutralization test (VNT) is the current gold 
standard for the detection of NAbs. The VNT can be 
the plaque reduction neutralization test (PRNT), the 
pseudotyped viral neutralization test, or the micro-
neutralization test. In fact, for NAbs detection, these 
tests are frequently used as serological methods. 
However, these tests often face several limitations. 
Indeed, their need to use live viruses and biosafety 
level 3 (BSL-3) containment facilities are not suitable 
for routine testing[72], so commercial SARS-CoV-2 
immunoassays need to be evaluated to determine if 
they can provide reliable information about serum 
neutralizing activity. Some of these immunoassays use 
indirect serological methods, such as the enzyme-linked 
immunosorbent assay (ELISA), immunofluorescence 
assay, and immunochromatography. These immunoassays 
use the principle of the Ag-Ab reaction and have 
been established as sero-diagnostic methods for 
SARS-CoV-2 infection. The specificity of these 
assays is relatively high. However, problems such as 
relatively low sensitivity, except for ELISA, and high 
false positive rates are present[73, 74]. Immunoassays 
have several advantages: fast detection speed, easy 
operation, low cost, and easy promotion. However, 
the main limitation of these assays is their inability to 
separate NAbs from non-NAbs. Several VNTs have 
been developed for SARS-CoV-2; some were produced 
using live viruses[75] or pseudotyped viruses expressing 
the S protein of SARS-CoV-2[76–78]. Conventional VNT 

uses live cells expressing ACE2 and live SARS-CoV-2 
virus[41] and must be performed in a BSL-3 laboratory, 
in addition to relying on laborious microscopic 
counting of viral plaques by qualified personnel[79–81]. 
Several VNTs using pseudoviruses[77, 78, 82–85] have been 
developed and evaluated to replace the traditional 
VNT using live virus[86] in order to avoid the need for 
BSL-3 facilities and to speed up laboratory turnaround 
times[87–91]. Although the assays based on pseudovirus 
do not require BSL-3 containments[78], they involve 
complex procedures that can be performed in several 
steps[92]. In these assays, the ability to analyze NAbs 
is closely related to the maturity or titer of the virus as 
well as the type of cell lines and cell conditions used 
in the assay[93]. Thus, if the virus and host cells are not 
under optimal assay conditions, poor reproducibility 
can be generated[93]. In addition, poor correlation 
between the assays is not uncommon[94].
3.1 Plaque Reduction Neutralization Test 

In 1959, Henderson and Taylor developed the 
PRNT to detect arbovirus plaques and to measure the 
neutralization titer of serum Abs. Generally, PRNT is 
accepted as the most specific test among conventional 
serological tests. Although this method remains the 
gold standard for serological testing and determination 
of immune protection[95, 96], it requires working under 
strict biological containment conditions in BSL-3 
laboratories when dealing with highly pathogenic 
CoVs[97]. Moreover, due to its low throughput, PRNT 
is not suitable for serodiagnosis or even large-scale 
vaccine evaluation. As with other CoVs outbreaks 
prior to the COVID-19 pandemic, PRNT has been 
described as a test for the SARS-CoV-2 NAbs[68, 98]. 
PRNT can detect and quantify NAbs, both monoclonal 
Abs and polyclonal Abs, by determining the 
percentage of reduction in the viral activity since the 
viral concentration is generally constant. Alternatively, 
PRNT can be used as an alternative means to determine 
the level of protection by measuring the levels of 
binding of the virus-NAb complex. Under this context, 
NAbs can be served as a surrogate for protection against 
disease[7]. In vaccine efficacy evaluation studies, PRNT 
is used to determine the protective efficacy of vaccine 
candidates by measuring the level of NAbs. 

PRNT is basically designed to allow the formation 
of virus-Ab complexes in vitro and to measure the 
neutralizing effect of plaque formation on virus-
susceptible cells[7]. The virus-Ab complexes are formed 
by mixing SARS-CoV-2 viruses and the samples 
(e.g., serum or plasma) under well-defined incubation 
conditions and times. The virus-Ab complexes are then 
added to virus-susceptible cells, which are then covered 
with semi-solid medium (SSM) and incubated for 3–5 
days, or until the cytopathic effect (CPE) and plaque 
formation are observed. SSM prevents the spread of 
viral progenitors in the medium, resulting in localized 
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areas of CPE (plaques). Plaques are then revealed by 
adding dyes to the overlay or by direct staining of live 
cells after removing the overlay medium. However, 
the previous method increases the visible plaques 
compared to the conventional PRNT method. In 
conventional processes, dyes are usually added at the 
first or second overlay to monitor the development of 
plaques in live cells. Adding dyes after the removal of 
the overlay has many benefits. First, plaques do not 
need to be counted immediately, and chemically fixed 
cells can be stored stably for a long time[7]. Next, the titer 
of NAbs is determined by calculating and comparing 
the number of plaques with a standardized number of 
viruses to calculate the percentage of reduction in total 
viral infectivity. In samples containing SARS-CoV-2 
specific NAbs, the number of plaques will be lower 
than in control wells because NAbs prevent infection 
of host cells. In the absence of specific SARS-CoV-2 
NAbs, the number of plaques will be the same as those 
in control wells. This assay is tedious and laborious and 
requires BSL-3 working conditions. The presence of 
the SARS-CoV-2 virus is crucial in the assay used to 
measure NAbs against SARS-CoV-2[41]. The advantage 
of the PRNT is that it reflects the level of the true live 
virus-NAb complexes. Indeed, the formation of the virus-
NAb complexes plays a central role in the protection 
against infection. During the interaction between viruses 
and NAbs, NAbs can prevent viruses from entering 
cells. Therefore, PRNT, although cumbersome and not 
suitable for routine testing of large samples, remains the 
gold standard for assessing Ab-mediated neutralizing 
activity during SARS-CoV-2 infection.
3.2 Pseudovirus-Based Neutralization Assay

The pseudovirus-based neutralization assay (PBNA) 
has been shown to be more reliable than neutralization 
tests based on real live infectious viruses. Indeed, 
PBNA can be easily performed under BSL-2 conditions 
because pseudotyped viruses (PTVs) can only replicate 
for one cycle after entering cells. In contrast to other 
indirect assays, the PBNA can detect NAbs and 
inhibitors of viral entry and predict their function and 
efficacy. In addition, all PTVs contain reporter genes, 
which are usually expressed after infection to facilitate 
detection. Quantitative detection of NAbs is realized 
by recording data objectively with a luminometer 
(or flow cytometer), which puts PBNA in a high-
throughput assay and makes it easy to standardize. 
However, PBNA can only evaluate NAbs of S protein, 
not other structural or non-structural proteins. Whether 
these proteins can induce NAbs is controversial[99–101]. 

3.2.1 Construction Methods of PTVs Packaging 
Systems     PTVs are viruses without pathogenicity 
and are designed to express the wild-type S protein 
of SARS-CoV-2 or its mutations with a C-terminal 
18 or 19 amino-acid deletion. Specific molecules 
that contribute to signal readouts, such as GFP and 
luciferase, are often co-engineered into PTVs[102]. For 
example, PTVs were established based on vesicular 
stomatitis virus (VSV) to express the S protein[103], as 
well as luciferase or enhanced GFP (eGFP) instead 
of VSV-G in the VSV genome[77, 82, 104]. Typically, 
three types of packaging systems are used to produce 
PTVs: lentiviral vectors (LVs), VSV, and murine 
leukemia virus packaging systems. Due to their 
high efficiency, LVs packaging systems are often 
the first choice to develop most PTVs envelopes. 
LVs were developed from lentiviruses such as feline 
immunodeficiency virus, simian immunodeficiency 
virus, and human immunodeficiency virus type 1 
(HIV-1)[105]. As one of the retrovirus subfamilies, LVs 
share many characteristics with retroviruses, such as 
an RNA genome with the gag, pol, and env genes, 
which encode internal structural proteins (capsid), 
viral enzymes (reverse transcriptase and integrase), 
and envelope glycoproteins, respectively[106]. Among 
LVs, HIV was the first to be developed and are widely 
used in scientific research[107, 108]. LVs carrying the 
HIV-1 backbone is an essential tool that offers several 
advantages compared to other viral vector systems[109]. 
Indeed, they are known to be a suitable promising gene 
delivery vehicle, as they can accommodate a large 
amount of genetic material (8 to 9 kb), which extends 
their application. Indeed, it has been shown that most 
of the genes that are transferred can be cloned into 
LVs[110]. LVs can also infect a wide variety of dividing 
and non-dividing cells and support the long-term 
transgene expression through stable integration into 
the host genome[111–114]. In addition, a wide variety of 
glycoproteins can be used to form PTVs with LVs, 
increasing their utility. Compared to other vectors, LVs 
allow rapid expression of the transgene[115] and exhibit 
minimal immunogenicity and toxicity[116]. Although 
LVs have some great advantages, there are also some 
drawbacks. Indeed, based on HIV-1, recombinant LVs 
require at least three HIV-1 genes (gag, pol, and rev) 
for production (table 1). 
3.2.2 Structure of Lentiviral Vectors     The tropism 
of lentiviruses is determined by the interaction of 
viral surface glycoproteins with receptor molecules 
expressed on the cell surface and can be altered by 

Table 1 Advantages and disadvantages of LVs packaging system
Advantages Disadvantages
Suitable promising gene delivery vehicle

Requiring at least three HIV-1 genes
High levels of transgene’s expression
Infecting a wide variety of dividing and non-dividing cells
Exhibiting minimal immunogenicity and toxicity
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incorporating heterologous glycoproteins derived from 
other enveloped viruses[117]. The technique described 
here is called pseudotyping, which can be used to 
achieve selective entry into specific target cells by 
taking advantage of protein’s heterologous envelope and 
natural tropism. Generally, viral vectors are combined 
from different plasmids, which can be divided into two 
parts. The first part containing the packaging system is 
required for the formation and infectivity of the viral 
particles, and the second part containing the transfer 
vector includes cis-acting sequences sufficient to 
mobilize the viral genome. Advances in LVs production 
have led to the development of replication-incompetent 
LVs, which can be produced easily with minimal 
effort. Replication-incompetent LVs are produced 
by replacing all viral genes in the lentivirus genome 
with a transgene of interest, leaving only the cis-acting 
elements essential for viral packaging. Components 
removed from the viral genome are supplied in trans 
by separate plasmids encoding the viral genes required 
for packaging and envelope pseudotyping. The transfer 
vector containing the transgene of interest and the 
separated helper plasmids is co-transfected into a 
mammalian cell line. The LVs can be harvested and 
purified from the medium. Providing the necessary 
viral genes in separate plasmids greatly reduces the 
possibility of mobilization and producing a competent 
replication virus. This system also provides the ability 
to easily mix and match glycoproteins from alternative 
enveloped viruses to optimize LVs expression levels and 
tropism specifically for the desired application[118, 119].
Several packaging systems are used to create PTVs, 
with lentivirus-based vectors often used[120]. These 
lentiviral PTVs systems, particularly the use of 
vectors derived from HIV-1, have been used to 
investigate novel CoVs and their cell tropisms under 
conventional biosafety conditions[121–124]. HIV-1 based 
vectors are used as examples to describe the structure 
of LVs. Vector safety is a key issue in vector design, 
and given the pathogenicity of the parental virus, in 
the case of HIV-1 based vectors, several biosecurity 
concerns are heightened. The design of HIV-1-based 
vectors has progressed through a number of so-
called generations[125]. There are three generations 
of LVs. The first and second generations of LVs 
consist of three plasmids, while the third consists of 
four[108]. Traditionally, LVs particles are generated 
by co-transfection of three plasmids into HEK 293T 
cell lines[126]. This common procedure of separating 
constructs into three plasmids reduces the possibility 
of recombination into a competent replication virus. 
The three plasmids consist of a packaging plasmid, a 
transfer plasmid, and an envelope encoding plasmid.
3.2.3 First Generation of Recombinant Lentiviral 
Vectors     To reduce the risk of producing replication-
competent lentiviruses, the first generation recombinant 

LVs based on HIV-1 divide the HIV genome into three 
separate plasmids: the packaging plasmid, which 
contains gag and pol sequences, the viral regulatory 
genes tat and rev, and the accessory genes vif, vpr, 
vpu, and nef; an envelope plasmid expressing a viral 
glycoprotein; and a transfer plasmid, which encodes 
proteins necessary for reverse transcription, packaging, 
and integration but not for the expression of the HIV 
protein[127]. This separation of the genomic components 
responsible for packaging viral DNA from the genomic 
components that activate them prevents the packaging 
sequences from incorporating into the viral genome, 
consequently preventing the virus from reproducing 
after infection of a host cell[128].
3.2.4 Second Generation of Recombinant Lentiviral 
Vectors     Despite these safety measures, the first-
generation recombinant LVs still pose a biosecurity 
risk due to the viral accessory proteins vif, vpu, vpr, 
and nef. Although these viral accessory proteins are 
important for HIV replication in primary cells, they 
are not essential for lentiviral function, prompting the 
development of second-generation recombinant LVs 
where they have been eliminated[129]. Thus, second-
generation systems only had 4 (gag, pol, rev, and tat) of 
9 genes in the HIV backbone[130]. Despite these changes, 
the second-generation lentivirus system is not without 
its flaws due to the existence of long terminal repeats 
(LTRs). These LTRs flank the transgene cassette, 
which is integrated into the host genome[131]. However, 
their existence can give rise to potential dangers. 
Recombination events leading to the production of 
replication-competent lentiviruses can allow these 
viruses to replicate like wild-type viruses, as LTRs 
also have a promoter region and a binding site for host 
transcription factors. Integrating LTRs into the host 
genome can activate adjacent cellular genes that may be 
proto-oncogenes[131]. By identifying unnecessary genes 
for the therapeutic gene(s) transfer, second-generation 
packaging systems have been developed where vif, vpr, 
vpu, and nef have been removed[130] with the primary 
objective of dramatically improving the safety profile 
of LVs.
3.2.5 Third Generation of Recombinant Lentiviral 
Vectors     The packaging system of the third generation 
of LVs involves four plasmids, which provide the 
necessary trans action factors, namely gag-pol, rev, 
and an envelope protein, respectively. Third-generation 
recombinant self-inactivating LVs have been 
developed to improve the safety of second-generation 
systems. These third-generation systems have the U3 
region of 3′-LTR deleted. This deletion is then copied 
into the 5′-LTR promoter and enhancer region of the 
integrated genome in reverse transcription, resulting 
in the transcriptional inactivation of the potentially 
packable viral genome in the host cell[132]. Second, the 
packaging plasmid is split into two separate plasmids, 
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incorporating rev and the other incorporating gag and 
pol. The tat and rev genes are necessary for HIV-1 
replication because they regulate viral transcription and 
nuclear export of transcripts[133]. To reduce the risk of 
replication, the formation of competent lentiviruses is 
suppressed in the third-generation packaging plasmid, 
and its function is replaced by a constitutively active 
promoter sequence independent of tat[134].The tat gene 
is essential for viral replication; thus, by its elimination, 
LVs biosafety is further enhanced. Dividing the third-
generation vector system into four separate plasmids 
decreases the chances of formation of replication-
competent HIV-1 type viruses because at least three 
recombination events would be required. However, 
these safety improvements could come at a cost. 
Compared to the second-generation plasmid system, 
virus yield may be lower[135].
3.2.6 Reporter Genes     After creating PTVs and their 
subsequent inoculation into a cell line, it is essential to 
determine whether viral entry and transduction from a 
cell have occurred. Different reporter genes, generally 
located on the transfer plasmid, allow visualization and 
quantification of this event. Luciferase is an enzyme 
commonly used as a reporter gene. After PVTs entry 
and cell transduction, luciferase is produced, allowing 
viral entry to be quantified by lysing cells, releasing 
luciferase, and allowing it to catalyze a chemical 
reaction in which luciferin is converted to oxyluciferin 
with light released as a by-product[136]. The enzymatic 
activity of luciferase can then be measured using 
a luminometer. Green fluorescent protein (GFP) is 
another commonly used reporter gene. GFP fluoresces 
bright green upon exposure to blue light (450–490 nm), 
allowing it to be detected by fluorescent microscopy 
and quantified by manual cell counting or fluorescence-
activated cell sorting[137]. GFP can be expressed by the 
cell without a cytotoxic effect and can be visualized in 
living cells, making it ideal for monitoring the cellular 
entry of PTVs into cell lines.
3.2.7 Quantification of Lentiviral Vectors     Reliable 
methods for quantifying LVs are needed to support 
process development and enable clinical trial material 
quality control. The four broad categories of available 
techniques for virus quantification are (1) determining 
the titer of infectious particles, (2) measuring the 
presence or function of viral proteins, (3) detecting 
the presence of the marker or viral nucleic acid in the 
viral genome, and (4) enumerating the physical viral 
particles, whether labeled or unlabeled[138]. The quantity 
of infectious particles in an LVs preparation reported 
as the number of transduction-competent lentivirus 
particles per mL of virus stock is determined using the 
limiting dilution of the vector, followed by transduction 
of the target cells and measurement of the expression 
of the marker using flow cytometry[139]. The most 
commonly used reporter protein is eGFP, which allows 

straightforward analysis of functional titers by flow 
cytometry. This method, however, does not distinguish 
between single and multiple vector integrations. These 
pseudovirus-based VNTs were developed to avoid the 
use of real live SARS-CoV-2 viruses[78, 82–85,104]. These 
tests only require BSL-1 or -2 facilities[83], which are 
more accessible to biomedical researchers. Although 
the evaluation of NAbs against SARS-CoV-2 in the 
clinical setting is critical[65, 83, 90, 104, 140, 141], the ability to 
perform VNT in BSL-1 or 2 laboratories is preferred. 
When PTVs are incubated with samples containing 
NAbs or molecular inhibitors before cell infection, they 
will be able to block virus entry into cells. The number 
of blocking viruses can be assessed by the reduction of 
chemiluminescence or fluorescent cells, reflecting the 
level of NAbs or molecular inhibitors in the sample. 
The development of PRNTs provides an opportunity 
to pre-screen and restrict PRNT to samples with a high 
probability of obtaining better titers of NAbs.
3.3 Enzyme-Linked Immunosorbent Assay

ELISAs are standard-essential tools in the 
biomedical field. ELISA is a term used to describe any 
solid phase immuno-enzymatic panel test that uses 
enzymatic chemiluminescence to identify the presence 
and concentration of an Ag or Ab in liquid sample. The 
fact that these tests use Ags/Abs labeled with enzymes 
makes it possible to detect specific molecules in the 
samples. Likewise, these tests are characterized by their 
simplicity and economy of operation[142]. The color 
change can be measured using a spectrophotometer 
combined with computer software, which can further 
calculate data and display results. ELISA is a popular 
and routine immunoassay used in many biomedical, 
clinical, and immunological laboratories. According 
to standard procedures, it is also possible to perform 
ELISA on a large scale with a robotic liquid handling 
workstation. Typically, the basic steps of ELISA 
include sequential coating, blocking, washing, signal 
generation, and plate reading. There are four frequently 
used iterations of this assay: indirect, direct, sandwich, 
and competition, with direct being the most commonly 
used. To choose an appropriate ELISA iteration, 
several necessary factors must be considered, such as 
the number of candidate Abs, the Ag of interest, the 
sensitivity range, the binding capacity of solid-phase, 
and even the pH of coating buffer. 

With the current COVID-19 pandemic, several 
ELISAs have been developed and made available 
for the detection and quantification of SARS-CoV-2 
NAbs[90, 143]. Various ELISAs have been developed 
using recombinant RBD protein or ACE2 as the 
coating Ag, and horseradish peroxidase (HRP) labeled 
ACE2 or RBD labeled HRP to produce a detection 
signal. These ELISAs can be performed within a few 
hours in a BSL-1 or 2 containment. Recently, a new, 
simpler, and faster ELISA capable of detecting SARS-
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CoV-2 NAbs based on ACE2-RBD interactions has 
been reported[144]. This assay mimics the virus-host 
interaction in an ELISA and can be performed in a BSL-
2 laboratory within a few hours. Many investigations 
have utilized the ELISA method to study the timeline 
or chronology of Ab responses in COVID-19 patients 
or in vaccinated individuals[145]. To combat the 
SARS-CoV-2 virus, Schöler et al[146] established a 
neutralization test for SARS-CoV-2 using an in-cell 
ELISA approach (icELISA). Indeed, this assay allows 
rapid quantification (<48 h in total, readings in seconds) 
and automation of COVID-19 infection in cell culture, 
using reagents and installations present in most routine 
diagnostic services to evaluate the effectiveness of 
NAbs and antiviral drugs[146].
3.4 Lateral Flow Immunoassay

The lateral flow immunoassay (LFIA) is among 
several well-known immunoassays. This assay is fast 
and practical in terms of use and the acquisition of 
results. LFIA is a qualitative testing device usually 
applied in detection of SARS-CoV-2 Abs within 5–30 
minutes in serum, plasma, whole blood, and other 
fluids[147], can be performed in a professional laboratory 
or by an individual, and are applicable in hospitals, 
emergency rooms, and other patient care settings[148]. 
Therefore, LFIA should be used as a necessary adjunct 
to all available neutralization tests. LFIA, also known 
as a lateral flow immunochromatographic assay, is a 
simple device developed based on the point-of-care 
testing strategy. LFIA can easily detect the presence 
of a specific analyte in body fluids. Structurally, each 
LFIA is based on a variety of hair materials. Each 
segment is overlappingly mounted on a support card 
that spontaneously delivers the liquid sample by 
capillary action. Typically, the sample pad is at the 
proximal end of the assay cartridge that can be soaked 
with sufficient sample. The soaked liquid sample enters 
a second zone, the conjugate pad, which contains a 
dry conjugate that captures the target analytes in the 
migrating liquid sample. The analyte-specific Ab 
or Ag is still used as this bioactive conjugate and is 
covalently linked to colloidal gold as the conjugate 
typically; however, other materials can also be 
applied in place of colloidal gold, such as colored or 
paramagnetic monodisperse latex particles[147, 149]. The 
analyte-conjugate-target particles then flow to the third 
zone, which is made of porous material. A detection bar 
and a control bar are usually immobilized separately, 
with a certain distance between them in this zone. 
The former is designed to capture the analyte, so that 
analyte-binding particles can be enriched. At the same 
time, the latter band is used as a control to ensure that 
the test is working well. When the analyte-conjugate 
particles reach these bands, i.e., where the Ag or Ab 
is immobilized, it captures the complexes. When more 
complexes accumulate on the capture band line, the 

results can be observed directly and visually or with 
a signal detector. Meanwhile, the absorbent pad can 
absorb liquid after excess liquid has passed through 
the capture band. LFIA performance can be affected 
by many factors, such as material, sample viscosity, 
Ab affinity, signal generation system, etc. Due to its 
low cost and high availability, it can be widely used 
to detect and diagnose various Ags and Abs associated 
with any disease. However, although these LFIAs have 
proven convenient for testing and useful in laboratories 
with limited resources, their clinical performance is 
limited and characterized by various sensitivities and 
specificities[150–152]. One meta-analysis showed that 
the combined sensitivity of LFIAs for COVID-19 
was only 66%, far behind the combined sensitivity of 
ELISA, which was 84.3%[153]. In the fight against this 
COVID-19 pandemic, several LFIAs are now available 
on the market. In a recent study, Yun et al reported 
that five LFIAs (Boditech Med, SD Biosensor, PCL, 
Sugentech, and Rapigen) showed reliable performance 
with a percent positive agreement ranging from 84.0% 
to 98.5% on samples tested more than 14 days after 
symptom onset[154]. Li and colleagues designed another 
study to detect the IgM and IgG Abs in blood samples 
of 397 clinically positive and 128 clinically negative 
COVID-19 patients using the IgM/IgG combined Ab 
test. They reported 88.66% sensitivity and 90.63% 
specificity for overall testing. Additionally, they found 
that IgM and IgG Abs were positive in 64.48% of 
patients[155].

4 CONCLUSION

In summary, each neutralization test has advantages 
and disadvantages (fig. 3). ELISAs are widely used 
in commercial tests and can be easily performed in 
routine diagnostic laboratories and can test a large 
number of samples. The two virus neutralization tests 
require cell culture facilities, with PRNT necessitating 
access to BSL-3 facilities. In contrast, the pseudovirus 
neutralization assay can be adapted for high-throughput 
screening without the need for a BSL-3 facility.
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