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The coronavirus disease 2019 (COVID-19) pandemic has progressed over 2 years since its onset causing significant health concerns
all over the world and is currently curtailed by mass vaccination. Immunity acquired against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) can be following either infection or vaccination. However, one can never be sure whether the acquired
immunity is adequate to protect the individual from subsequent infection because of three important factors: individual variations in
humoral response dynamics, waning of protective antibodies over time, and the emergence of immune escape mutants. Therefore, a
test that can accurately differentiate the protected from the vulnerable is the need of the hour. The plaque reduction neutralization
assay is the conventional gold standard test for estimating the titers of neutralizing antibodies that confer protection. However,
it has got several drawbacks, which hinder the practical application of this test for wide-scale usage. Hence, various tests have
been developed to detect protective immunity against SARS-CoV-2 that directly or indirectly assess the presence of neutralizing
antibodies to SARS-CoV-2 in a lower biosafety setting. In this review, the pros and cons of the currently available assays are
elaborated in detail and special focus is put on the scope of the novel split nanoluciferase technology for detecting SARS-CoV-2
neutralizing antibodies.
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Background
Two years of COVID-19 pandemic

The coronavirus disease 2019 (COVID-19) pandemic caused
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) wreaked havoc on a global scale for nearly two years since
its outbreak and continues to do so. During the initial months
of its onset, with no specific or effective antiviral countermea-
sures, the disease propagated in successive waves ravaging
the naive population. Subsequently, due to the gargantuan ef-
forts of mass vaccination, most people have acquired either
post-infection or vaccine-derived immunity against SARS-CoV-2
(National Center for Immunization and Respiratory Diseases
(NCIRD), Division of Viral Diseases, 2020a). By the end of 2021,
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>276 million people were confirmed infected and >8.6 billion
doses of vaccine have been administered (WHO Coronavirus
(COVID-19) Dashboard). While the world is posed to see the light
atthe end of the tunnel as we brace for milder subsequent waves
of infection, many activities such as travel, education, and recre-
ational gatherings, which were either halted or happening virtu-
ally, are slowly resuming to the pre-pandemic ways, relying on
the natural or artificial immunity acquired against SARS-CoV-2
(Dyer, 2021). In this setting, there are three main factors that
influence the protection offered by pre-existing immunity from
subsequent reinfection, namely individual variations in humoral
response dynamics, waning of protective antibodies over time,
and immune escape mutants.

Individual variations in humoral response dynamics
Subsequentto infection orvaccination, the body mounts both
cellular and humoral immune responses against SARS-CoV-2
(National Center for Immunization and Respiratory Diseases
(NCIRD), Division of Viral Diseases, 2020a). Humoral immunity
comprises antibodies that only bind to viral epitopes without
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neutralizing the infectivity of the virion (non-nAbs) and the neu-
tralizing antibodies (nAbs) that are considered protective from
reinfection. While a minor subset of individuals do not serocon-
vert after infection, the majority of those who do (76%—-99%)
show individual variations in antibody levels (Dan et al., 2021;
Wei et al., 2021). Studies have shown that seroconversion fol-
lowing infection is influenced by viral load, disease severity, and
age of the individual (National Center for Immunization and Res-
piratory Diseases (NCIRD), Division of Viral Diseases, 2020a).
Unlike infections, mRNA vaccines have been shown to achieve
consistent seroconversion in all recipients (Jackson et al., 2020;
Walsh et al., 2020). However, elderly people, people with ma-
lignancies orimmune disorders, and those on immunosuppres-
sive therapies produce much lower levels of antibodies upon
seroconversion following infection or vaccination (National Cen-
ter for Immunization and Respiratory Diseases (NCIRD), Divi-
sion of Viral Diseases, 2020a; Gavriatopoulou et al., 2021;
Terpos et al., 2021). Also, mere seroconversion does not re-
flect protective immunity. Chia et al. (2021) have observed that
12% of the convalescents do not possess significant levels of
nAbs despite seroconversion. A similar phenomenon of ‘poor
responders’ has also been reported with vaccination. Lake et al.
(2022) have reported that 25% of vaccine recipients serocon-
vert yet do not generate adequate nAbs after receiving two
doses of vaccine, but only produce nAbs after receiving the
booster dose. Also to be noted is the variation in the protec-
tive efficacy offered by different vaccine types (Khoury et al.,
2021).

Waning of protective antibodies over time

Waning of SARS-CoV-2 nAb levels is a well-documented phe-
nomenon and this has been observed with the nAbs acquired
by either infection or vaccination. Chia et al. (2021) reported
different patterns of nAb waning and documented adequate nAb
levelsin only 61% of the study subjects 6 months afterinfection.
However, subsequent reports show the presence of nAbs in 98%
of the infected individuals after 6 months (Goto et al., 2021).
Long-term follow-up studies have shown that despite showing a
downward trend, adequate levels of nAbs persist in 89%-97%
ofindividuals 1 year afterinfection (Haveri etal., 2021; Epaulard
et al., 2022; Miyakawa et al., 2022). In the case of vaccines,
despite showing a declining trend, nAbs have been reported to
persist at least until 6 months after the second dose of mRNA
vaccines (Pegu et al., 2021). Despite the claim of >90% protec-
tion against infection after 6 months by the mRNA vaccines in
clinical trials, real-world studies have shown lesser rates (54%—
85%) of protection (National Center for Immunization and Res-
piratory Diseases (NCIRD), Division of Viral Diseases, 2020a, b).
The protective efficacy of the ChAdOx1 nCoV-19 vaccine has
been reported to reduce to somewhere between 43% and 62%
after the third month of receiving the second dose (Katikireddi
et al.,, 2022). The presence of detectable levels of vaccine-
induced nAbs in serum has not correlated with the claimed
protective efficacy of vaccines due to the rise ofimmune escape
mutants.

The problem of immune escape mutants

The introduction of vaccines to curtail the rampantly spread-
ing virus and the presence of antibodies from previous infection
have imposed a selection pressure causing the evolution of
immune escape mutants (Krause et al., 2021). These mutants
possess one or more mutations in their spike that prevent their
neutralization by nAbs generated against the olderviral strain by
previous infection orvaccines. The immune escape mutants can
cause reinfections in the previously infected and breakthrough
infection in the vaccinated (Harvey et al., 2021). One of the ear-
liest variants reported to have prominent immune escape was
the Beta variant. However, due to increased transmissibility, the
Delta variant overtook all others and became the predominant
variant in circulation. Studies have shown reduced neutralizing
activity by pre-existing nAbs, 55%—-69% and 68%—79% to Beta
and Delta, respectively, while retaining >90% activity against
the original strain (Haveri et al., 2021; Miyakawa et al., 2022).
The Mu variant was found to be 1.5-2 times as resistant to
neutralization by vaccine and convalescent sera as the Beta
variant (Uriu et al., 2021). The more recent Omicron variant is
said to possess the highesttransmissibilityand immune escape.
Vaccinated sera were reported to show 40-fold reduction of
neutralizing activity against the Omicron variant compared with
only 3-fold reduction against the Beta variant (Cele et al., 2022).

Paradigm shift in the purpose of COVID-19 diagnostics

During the early phase of the pandemic, the priority of diag-
nostics was given to accurate detection of infection and esti-
mation of seroprevalence. Tests that detect SARS-CoV-2 nucleic
acids or antigens and serological tests to detect one or more
antibody types were developed for this purpose (Kevadiya et al.,
2021). Progression of the pandemic ensued in the reduction
of the immune-naive population and increase in the number
of people with acquired immunity. With multiple parameters
influencing protective immunity as discussed earlier, one cannot
be sure whether an infected or vaccinated individual is indeed
protected from the currently circulating variant of SARS-CoV-2.
Hence, in the present scenario, more emphasis should be given
to assays that can detect protective immunity at both individual
and community levels.

Methods to detect protective immunity

Both cell-mediated immunity and humoral immunity are re-
quired to confer protection and the evaluation of the latter
is comparatively easier for practical purposes (Guihot et al.,
2020). The plaque reduction neutralization test (PRNT) has been
the conventional and the gold standard method to evaluate
nAbs in sera to viral infections. However, to address the need
of the hour in the COVID-19 pandemic, several modifications
of the PRNT and other novel methods have been developed
to demonstrate nAbs to SARS-CoV-2. These comprise non-cell
culture-based assays that indirectly identify the presence of
nAbs and cell culture-based assays, which directly demonstrate
nAbs with a similar core principle to that of the PRNT (Bewley
et al., 2021; Lu et al., 2021). Each of these test platforms has
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Table 1 Characteristics of various assays available to detect nAbs to SARS-CoV-2.

Assay type Assay Performance

TAT

Biosafety setting Throughput References

Non-cell culture-based Indirect ELISA  Anti-NP IgG
assays

Low

Anti-RBD/SP 1gG Low

SVNT Low

Cell culture-based PRNT

assays

High

FRNT High

VNT Intermediate

pVNT Intermediate to
high

hivVNT High

Rapid

Rapid

Rapid

Slow

Slow

Intermediate

Slow

Rapid

Low High Perkmann et al. (2021);
Sholukh et al. (2021)

Salazar et al. (2020); Peterhoff
etal. (2021); Rowntree et al.
(2021); Sholukh et al.
(2021);
Dolscheid-Pommerich et al.
(2022)

Meyer et al. (2020); Perera
etal. (2021); Putcharoen
etal. (2021); Taylor et al.
(2021); Valcourt et al.
(2021); von Rhein et al.
(2021)

Lu et al. (2021)

Low High

Low High

High Low

Amanat et al. (2020); Case
etal. (2020); Bewley et al.
(2021)

Muruato et al. (2020); Xie et al.
(2020); Ye et al. (2021)

Kalkeri et al. (2021); Sholukh
etal. (2021); von Rhein et al.
(2021)

Miyakawa et al. (2021)

High Low

High Low

Regular High

Regular High

Assay performance is stratified based on its r-values obtained upon comparison with the gold standard PRNT in various studies cited: high (r > 0.9), intermediate (r = 0.8-0.89), and low (r < 0.79).
TAT is represented as rapid (<5 h), intermediate (5-24 h), and slow (>24 h). Biosafety requirement is classified as high (requiring BSL-3), regular (requiring BSL-2 in a laminar flow cabinet), and low
(can be performed on a tabletop in ambient atmosphere). Throughput is stratified based on the capacity of the assay to run several tests in one set (high) or not (low).

different characteristics about the requirement of biosafety
level 3 (BSL-3) facility, ease of use, cost, and turnaround time
(TAT). These tests also vary in the reliability of detecting nAbs
when compared with the gold standard. An ideal test for use
in the field for mass testing of protective immunity should be
reliable, rapid, user-friendly, and able to be performed with mini-
mal safety precautions. The different options available for SARS-
CoV-2 nAb detection are tabulated in Table 1 and elaborated
subsequently.

Non-cell culture-based assays

Serological detection of anti-RBD and other IgGs. In other viral
infections, such as hepatitis B, demonstration of adequate titers
of antibodies to a specific viral determinant such as the sur-
face antigen is sufficient to denote the presence of neutralizing
immunity (Chaudhari et al., 2008). Since the receptor-binding
domain (RBD) was identified as the viral protein crucial for entry,
it was initially presumed that antibodies against RBD could
directly reflect the neutralizing immunity (Figure 1A). However,
it was subsequently found that all antibodies to the RBD are
not necessarily nAbs (Alsoussi et al., 2020). Also, nAbs that
neutralize the virus by binding to epitopes outside the RBD
are also known to occur in SARS-CoV-2 infections (Chi et al.,
2020). Hence, the mere demonstration of anti-RBD antibodies
could only suggest past/ongoing infection and does not com-
pletely represent protective immunity. Various rapid lateral flow
assays and state-of-the-art enzyme immunoassays, chemilumi-
nescence immunoassays, and microsphere-based fluorescence

assays are commercially available to detect immunoglobulin G
(1gG), other antibody types to RBD, and other specific antigens
with high precision (Kubo et al., 2020; Bray et al., 2021). How-
ever, this high diagnostic accuracy of antibody detection does
not translate to accurate detection of nAbs (Patel et al., 2021).
Sholukh et al. (2021) evaluated the efficacy of IgG detection
ELISA for different antibodies such as anti-nucleocapsid protein
(anti-NP), anti-RBD, and anti-spike protein (anti-SP) in reflect-
ing the presence of nAbs and found that anti-NP IgG was the
least accurate. Perkman et al. (2021) have also pointed out
the inaccuracy of anti-NP IgG’s correlation with the neutralizing
potential. Some studies show that both anti-RBD IgG and anti-SP
IgG fare equally and surprisingly well for this purpose (Peterhoff
et al., 2021; Sholukh et al., 2021; Dolscheid-Pommerich et al.,
2022), while other studies report inferior efficacies (Salazar
et al., 2020; Rowntree et al., 2021). A high proportion of false
positives can be encountered if anti-RBD IgG and anti-SP IgG are
relied on as markers to detect nAbs (Sholukh et al., 2021).

SVNT. During the early months of the pandemic while the bi-
ology of the virus was being gradually unraveled, it was found
that SARS-CoV-2 interacted through its spike protein with the
angiotensin-converting enzyme 2 (ACE2) receptor on target cells
to gain entry (Hoffmann et al., 2020). Tan et al. (2020) specu-
lated that antibodies that bind to the neutralizing epitopes on
spike would prevent the interaction of the spike protein with the
ACE2 receptor. This was the background for the development of
the surrogate virus neutralization test (sVNT) (Tan et al., 2020).
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Figure 1 Non-cell culture-based assays for detection of SARS-CoV-2 nAbs. (A) Indirect ELISA to detect anti-RBD antibodies in sera. Absence of
signal denotes the absence of nAbs. (B) sVNT. This is a competitive ELISA to specifically detect anti-RBD antibodies that prevent RBD binding
to the ACE2 entry receptor. Absence of signal denotes the presence of nAbs. #These are not necessarily non-nAbs. *These are not necessarily

nAbs.

The sVNT is basically a competitive ELISA where the nAbs are
allowed to compete with the RBD to bind with ACE2 (Figure 1B).
Various sVNT kits have been developed for this purpose, which
use either ACE2- (Tan et al., 2020) or RBD-coated wells and
the other corresponding antigen conjugate is mixed with the
serum and added to the wells. nAbs, if present in the test serum,
will compete with RBD to bind with ACE2. This will hamper the
antigen conjugate binding to the stationary antigen, leading to
reduced signal intensity upon addition of the substrate. On the
contrary, the absence of nAbs or the presence of only non-nAbs
would allow the antigen conjugate binding, causing an intense
signal upon substrate addition.

Among the various sVNT kits developed, the cPass" SARS-
CoV-2 Neutralization Antibody Detection Kit developed by
GenScript (The Netherlands) is the most widely evaluated
and commercially available test. Initial evaluations reported
high efficacy of the test with sensitivity >95% and specificity
>99% (Tan et al., 2020). Subsequent studies also reported
the high accuracy of the cPass™ SVNT for detecting nAbs
(Perera et al., 2021; Putcharoen et al., 2021; Taylor et al.,
2021). However, other studies have reported a lower sensitivity
for this assay and stated that the assay fails to detect nAbs
when present at lower levels (Meyer et al., 2020; von Rhein
etal., 2021).

Valcourt et al. (2021) report that cPass™ has high false posi-
tive rates >30% due to the erroneous detection of non-nAbs as
nAbs. As all anti-RBD antibodies are not necessarily neutraliz-
ing (Alsoussi et al., 2020), cPass', which solely relies on RBD

competition, is prone to causing false positives. False positives
could also be encountered in rare instances of autoimmune
disorders and vasculopathies, which produce anti-ACE2 autoan-
tibodies (Takahashi etal., 2010). cPass " can also produce false-
negative results. This is because antibodies to other domains
of the SP outside the RBD such as the N-terminal domain of S1
(Chietal., 2020) and the S2 domain (Duan et al., 2005) can also
possess neutralizing activity. While cPass™ utilizes the ELISA
platform, the 3Flex assay employs the same principle on the
fluorescent microsphere-based platform (Angeloni et al., 2021;
Cameron et al., 2021).

sVNT offers several advantages. It is simple, user-friendly,
does not need a cell culture facility, can be done in a BSL-2
setting, is comparatively inexpensive, and provides results in
3-5 h (Tan et al., 2020). It could also be modified to test dried
blood spots with similar TAT (Sancilio et al., 2021). However, it
is only an indirect method to hint the presence of nAbs. Con-
sidering the fallacies involved in antibody testing, the results of
sVNTs should not be directly relied upon (Abbasi 2021). Hence,
the scope of the sVNTs could be limited to high-throughput
screening of sera eligible for confirmatory PRNT testing (Valcourt
etal., 2021).

Cell culture-based assays with long TAT or the need of BSL-3
facility

Authentic live virus neutralization assays. The PRNT has been
used conventionally to detect virus nAbs and is considered the
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Figure 2 Cell culture-based assays for detection of SARS-CoV-2 nAbs. Assays such as PRNT and FRNT use authentic live SARS-CoV-2 to infect
target cells and check for cytopathic effect (top panel). r'VNT uses recombinant live SARS-CoV-2 incorporated with a genetic element of a
reporter molecule such as NanolLuc or Venus fluorescent protein and reads the output using luminometry or fluorescence intensity analysis
(middle panel). pVNT uses artificially constructed pseudoviruses using lentiviral or vesicular stomatitis viral elements with exterior SARS-
CoV-2 spike and interior NanoLuc reporter gene and reads the output using luminometry (bottom panel). Presence of nAbs diminishes the

output signal in either of these test systems.

gold standard assay for this purpose. This test quantifies viral
load based on plaques caused by the cytopathic effect of the
virus on the cultured cells and provides the nAb levels as 50%
neutralization titer (NT50) (Figure 2, upper panel). A fixed viral
concentration is exposed to sera containing nAbs for a particular
time and this mixture is allowed to infect the target cells. After
incubation, the virus is disinfected and the cells are fixed with
formalin, the cell monolayer is stabilized with agar overlay and
stained with a crystal violet dye, and the formed plaques are
visualized and counted manually.

The PRNT is highly labor intensive and has a TAT >72-96 h.
It has low to medium throughput and is difficult to scale up
(Lu et al., 2021). It requires a lot of manual operation, which
can result in subjective errors during interpretation. Also, some
strains of the virus such as the Delta and Mu do not produce
plaques but cause cell-to-cell fusion instead, which is difficult
to assess by the PRNT (Mlcochova et al., 2021). These and the
other drawbacks of PRNT could be overcome with the focus re-
duction neutralization test (FRNT), also known as the microneu-
tralization assay (MNA). This assay is a slight variation of the
PRNT, especially at the interpretation part. The FRNT/MNA uses
immunostaining to visualize infected foci, which can be counted
using computer-controlled imagers (Figure 2, upper panel). Au-

tomation of interpretation allows assay miniaturization to in-
crease throughput and reduce the reagent volumes used, man-
ual workload, and subjective errors. However, the FRNT/MNA
also has the drawback of requiring a long TAT >48-72 h and
requiring BSL-3 setting (Amanat et al., 2020; Case et al., 2020;
Bewley et al., 2021).

Apart from the drawbacks faced in technical aspects, the live
virus neutralization assays have a major caveat. These tests pro-
vide a definite quantitative measurement of nAb activity against
SARS-CoV-2, butthe correlates of protection of the nAb levels are
unknown (Meyer et al., 2020). Through animal infection studies
(McMahan et al., 2021) and by backtracking the nAb levels
in patients of breakthrough infections (Bergwerk et al., 2021),
nAb levels have been shown to have a direct correlation with
protection. However, the precise levels of nAbs required to exert
definite protection against SARS-CoV-2 infection in the physio-
logical setting are yet to be defined (Kellam and Barclay, 2020).
In addition, detection of nAbs that inhibit viral entry alone does
not reflect the complete picture of antiviral immunity. Other
antibodies that facilitate in vivo immune mechanisms, such as
opsonization and antibody-dependent cellular cytotoxicity, will
be missed if only nAb detection is prioritized (Bournazos and
Ravetch, 2017).
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rVNT. Authentic live virus-based assays depend on traditional
staining or immunostaining to read the output. The interpreta-
tion could be further enhanced and the TAT could be further
reduced by including a reporter gene in the viral genome. Suc-
cessfulviral replication could be assessed and quantified by an-
alyzing the expression of the reporter. Recombinant SARS-CoV-2
engineered to express fluorescent or luminescent reporters en-
ables the performance of live virus neutralization assays that
could be interpreted rapidly (Figure 2, middle panel). By sub-
stituting the viral ORF7a protein of SARS-CoV-2 with fluores-
cent (mNeonGreen or Venus) or luminescent (nanoluciferase,
NanolLuc) reporter genes, a recombinant reporter virus neutral-
ization test (rVNT) can be developed to accurately detect nAbs
(Muruato et al., 2020; Ye et al., 2021). Using a recombinant
SARS-CoV-2 containing NanoLuc gene at ORF7, Xie et al. (2020)
standardized an rVNT assay that could detect nAbs within 5 h.
The efficacy of rVNTs has been shown to correlate very well with
the PRNT, as they employ real virus and automated reading of the
output signals emitted by the reporter simplifies the procedure,
reduces the TAT, and enables quantification. They have a high
throughput but require a BSL-3 facility.

pVNT. Pseudoviruses are constructed over real viruses such
as human immunodeficiency virus (HIV) or vesicular stomatitis
virus (VSV) by ‘pseudotyping’ the surface of these viruses with
the spikes of SARS-CoV-2. These viruses are made replication
incompetent by knocking off one or more of their essential genes
forreplication and replacing with a reporter gene (Schmidt et al.,
2020). Replication-competent VSV/SARS-CoV-2 chimeric virus
with all aspects like VSV except for the spike of SARS-CoV-2 can
also be used for a pseudovirus neutralization test (pVNT) (Case
et al., 2020). Pseudoviruses use the same entry mechanism
as SARS-CoV-2 and release their contents intracellularly. The
reporter gene gets expressed using the target cell transcription
machinery and the output could be interpreted by automated
instruments. Similar to rVNTs, the presence of nAbs will reduce
the output signals (Figure 2, lower panel). Fluorescent reporters
such as green fluorescent protein (Case et al., 2020) or chemilu-
minescent reporters such as firefly luciferase (Nie et al., 2020),
renilla luciferase (Oguntuyo et al., 2021), and NanoLuc (Schmidt
et al., 2020) are used in pseudoviruses.

In terms of TAT, the VSV-based pVNTs fare better over HIV-
based ones as the former replicate quicker than the latter.
Despite this, the pVNTs have a TAT of at least 48 h or more.
Nanoluciferase-based pVNTs have the problem of high back-
ground noise especially in VSV-based systems caused by the
leakage of the reporter from cells due to the cytopathic effect
by VSV. The main fallacy of pseudoviruses is that they do not
ideally represent the biology of the real virus. This is because of
the difference in the density of spikes between the two. A greater
number of spikes per virion might increase the number of nAbs
required to neutralize the virion and vice versa (Schmidt et al.,
2020). However, pVNTs have been shown to correlate well with
the PRNT (Kalkeri et al., 2021; Sholukh et al., 2021; von Rhein
et al., 2021). They can be performed under minimal biosafety

conditions. And the salient advantage of pVNTs is the possibility
of switching the spike of the pseudovirus to match that of any
new mutant. This feature can help in studying the neutralizing
potential of pre-existing nAbs on new mutants of SARS-CoV-2
(Miyakawa et al., 2021).

Cell culture-based neutralization assays with short TAT and
without the need of BSL-3 facility

Split NanolLuc technology. Protein-fragment complementation
assay (PCA) utilizes the principle of two or more nonfunc-
tional bits of a reporter protein interacting to produce a full-
length functional reporter upon reconstitution (Cabantous et al.,
2013; Li et al., 2019). Since their inception in the early 1990s
based on reconstituting ubiquitin fragments (Johnsson and Var-
shavsky, 1994), PCAs rapidly gained popularity as potent tools
for studying protein—protein interactions within living cells for
the purpose of identifying biochemical networks, determining
drug effects, and screening for protein inhibitors. Subsequently,
PCAs were developed over various reporter molecules such
as enzymes, fluorescent proteins, and bioluminescent proteins
(Morell et al., 2009). In recent years, NanoLuc-based assays
gained superiority over other reporterassays due to their smaller
size, higher stability, lower background activity, and prominent
luminescence signal when positive (England et al., 2016). Cap-
italizing on this technology, a NanoLuc-based PCA was devel-
oped by Verhoef et al. (2016), who used NanoLuc split into a
52-amino acid (aa) N-terminal fragment and a 119-aa C-terminal
fragment. However, the NanoLuc binary technology (NanoBiT)
developed by Dixon etal. (2016) gained commercial success and
is popularly known as the HiBiT technology.

The NanoBiIT platform utilizes NanoLuc split into two unequal
subunits, namely the larger 18-kDa polypeptide called the large
bit (LgBiT) and the smaller 1.3-kDa peptide comprising 11-aa
called the small bit (SmBIT) (Dixon et al., 2016). However, since
the SmBIT showed low affinity (K4 > 100 uM) binding to the
LgBit, a novel peptide called the HiBiT with identical proportions
to those of the SmBit was developed to complement the LgBiT.
The HiBIT binds to the LgBiT with high affinity (K4 =0.7 nM) to
produce bright and quantitative luminescence (Schwinn et al.,
2018; Figure 3A).

Split NanoLuc technology has gained much significance in
studies regarding protein—protein interactions and assessing
metabolites involved in cell signaling, molecular biology, and
analytical biochemistry (Azad et al., 2014). Owing to its small
size, the HiBiT could be tagged to any protein without causing
much interference in the interaction of the latter with other
proteins (Ranawakage et al., 2019). Hence, the integrated HiBiT
reporter faithfully represents target biology. Yet another advan-
tage of the HiBiT reporter is that it could be directly integrated
into the genome to express the desired protein. Integration of
the HiBiT tag into the endogenous genetic loci of target proteins
has been shown to perform better than plasmid overexpression
through transfection. And the former also has the advantage of
creating edited cell lines that stably express the HiBiT-tagged
proteins (Schwinn et al., 2020).
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Figure 3 Novel split NanoLuc system for rapid detection of SARS-CoV-2 nAbs. (A) Schematic representation of the principle of the split
NanoLuc system. Binding of HiBiT to LgBiT reconstitutes functional NanoLuc capable of emitting luminescence. (B) hiVLP-SARS2 are VLPs
comprising SARS-CoV-2 spikes on their exterior surface and carry HiBiT-tagged cargo protein within them. (C) Schematic representation of
the hiVNT assay system. Entry of hiVLP-SARS?2 into target cells expressing intracellular LgBiT causes the deposited HiBit cargo to interact with
LgBiT to reconstitute NanoLuc and emit luminescence. Presence of nAbs diminishes the output luminescence.

Virus interaction assays using split NanoLuc technology. Hav-
ing immense potential and pliability to assess protein—protein
interaction, the scope of HiBiT technology could be extended
to study the interaction of viruses with host cells. The initial
steps of viral replication comprise attachment, entry, and re-
lease where viruses use their structural proteins to bind to host
cell-surface proteins, gaining access across the cell membrane,
and releasing their virionic contents into the cytoplasm. Engi-
neered viruses or virus-like particles (VLPs) containing a HiBiT-
tagged protein can deliver this cargo into target cells expressing
intracellular LgBiT to light up the cells upon successful viral
entry. One of the initial studies to use HiBiT technology for viral
entry analysis was done by Sasaki et al. (2018), who used VLP-
comprising West Nile virus structural proteins tagged with HiBiT

to infect LgBiT-expressing target cells. Successful entry of VLPs
into the target cells resulted in the emission of strong lumines-
cence due to the reconstitution of NanoLuc within the infected
cells (Sasaki et al., 2018). Subsequently, the split NanoLuc
technology was exploited for other viruses using a similar or
modified principle (Table 2).

Tapping the potential of the split NanoLuc system-based assays
for detecting SARS-CoV-2 nAbs. The HiBiT-containing VLP neu-
tralization test (hiVNT) system applies the aforementioned prin-
ciple for SARS-CoV-2. This system comprises HiBiT-containing
VLPs that mimic SARS-CoV-2 (hiVLP-SARS2) and target cells
stably expressing LgBiT. The former was generated by cotrans-
fecting two expression vectors: HiBiT-tagged GagPol protein of

Page 7 of 12



Table 2 Use of the split NanoLuc platform for viral studies.

Jeremiah et al., J. Mol. Cell Biol. (2022), 14(4), mjac023

Assay system Virus studied

HiBiT-tagged protein

Intended interaction

LgBiT environment

Purpose

Reference

VLPs containing West Nile virus

HiBiT cargo
SARS-CoV-2
SARS-CoV-2
Recombinant Infectious

viruses bronchitis virus
containing HiBiT
cargo
Bovine leukemia
virus
Oncolytic
adenovirus

Yellow fever virus

HIV-1
Recombinant SARS-CoV-2
protein with
HiBiT tag
SARS-CoV-2

C protein

HIV-1 GagPol

E and M proteins on
VLP surface and N
protein inside the
VLP

S or M protein

Gag, Env, or Tax

T2A

Integrase

RBD

RBD

Viral entry and
release of HiBiT
cargo into cells

Viral entry and
release of HiBiT
cargo into cells

Viral entry and
release of HiBiT
cargo into cells

Viral replication in
target cells

Viral replication in
target cells

Viral replication and
persistence in
target cells

Viral replication in
target cells

Viral replication in
target cells

Binding with ACE2 on
the surface of
target cells

Binding with
anti-RBD antibody

Target cells expressing
intracellular LgBiT

Target cells expressing
intracellular LgBiT

Target cells expressing
intracellular LgBiT

Addition to supernatant
or cell lysates

Addition to supernatant
or cell lysates

Target cells expressing
intracellular LgBiT; in
vivo intraperitoneal
injection into
infected mice

Addition to cell lysates

Addition to supernatant

Addition to supernatant

Addition to assay well

To study flaviviral
replication

SARS-CoV-2 entry
analysis and to
measure nAb levels

To identify SARS-CoV-2
assembly and entry
features

To study coronavirus
replication and
pathogenesis

To identify antiviral
drugs

To study viral biology
and viral persistence
in infected tumor
cells

To identify viral entry
inhibitor drugs and
detect nAbs in
immune sera

Screening for
antiretroviral drugs

To identify drugs that
inhibit the viral
uptake into cells
mediated by binding
to ACE2

Serological detection of
SARS-CoV-2

Sasaki et al. (2018)
Miyakawa et al.
(2020)

Kumar et al. (2021)

Liang et al. (2020)

Murakami et al.
(2020)
Gaspar et al. (2020)

Sanchez-Velazquez
etal. (2020)

0zono et al. (2020)

Lima et al. (2021)

Rezaei et al. (2021)

antibodies

HIV-1 and spike protein of SARS-CoV-2 in HEK293 cells were
collected from the supernatant 48 h after transfection. Thus,
the produced hiVLP-SARS2 had a SARS-CoV-2 spike on their
surface and contained only HiBiT-tagged cargo protein within
them (Figure 3B). Since these hiVLP-SARS2 are devoid of any
genetic element, they can cause a single round of infection and
are incapable of replication. The target cells for hiVLP-SARS2
were generated by transfecting LgBiT expression vectors into
Vero E6/TMPRSS2 cells. These cells possess both ACE2 and
TMPRSS2 on their surface, which are required for SARS-CoV-2
entry. After transfection, the cells that stably expressed LgBiT
were selected with hygromycin. These VLPs could enter the
target cells using their SARS-CoV-2 spike and deliver the HiBiT
into the cytoplasm, where it meets the LgBiT to get reconstituted
into functional NanoLuc emitting luminescence that could be
quantified (Miyakawa et al., 2020).

The hiVNT assay forms a convenient system to assess
the presence of nAbs in sera. The luminescence caused by
NanoLuc reconstitution could be prevented by the nAbs that
inhibit the VLP entry (Figure 3C). Since the reduction of
luminescence intensity is proportional to the amount of nAbs,
the assay could be developed to provide quantitative results

(Miyakawa et al., 2020). Since the hiVNT directly demonstrates
nAbs with its assay principle identical to that of the PRNT, it is
inherently superiorto indirect methods of nAb detection such as
the sVNT and has a higher degree of correlation to the gold stan-
dard PRNT (Miyakawa et al., 2021). The hiVNT also has several
advantages over the gold standard PRNT and the pVNT. Since
the output signal happens by direct reconstitution of NanolLuc
upon hiVLP-SARS?2 entry, there is no need for viral replication
or transcription for generating the signals. Hence, the TAT for
this assay is as short as 3 h, which is the shortest among any
of the currently available cell culture-based assays to directly
demonstrate nAbs. The VLPs are safe to use in BSL-2 settings.
The assay is highly user-friendly as it can be done in a single-
step reagent addition process. In addition, the hiVNT assay gives
high throughput results as it is performed in 96-well plates and
has the scope for further miniaturization into 384- or 1536-well
plate format to furtherincrease the throughput (Miyakawa et al.,
2021).

Apart from the aforementioned advantages, the hiVNT assay
can be reconfigured easily to detect protective immunity to
SARS-CoV-2 mutants. The rise and dissemination of mutants
is inevitable and with the community spread of every variant,
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thereis a pressing need to assess whether pre-existing immunity
would protect from the new variant. This issue becomes even
more crucial if the new variant has the propensity to escape
immunity and cause breakthrough infections. In this scenario,
the hiVNT can serve as an effective way to analyze vaccine
efficacy against new variants. Upon identifying the nucleic acid
sequence of the spike of a new variant, hiVLP-SARS2 could be
quickly constructed to possess the surface spikes of the new
variant. The hiVNT assay was expanded to a panel of seven
variants, with the potential to include more variants as they
emerge (Miyakawa et al., 2021).

The hiVNT employs NanoLuc, which is a highly sensitive re-
porter. Hence, the hiVNT assay could detect much lower lev-
els of nAbs than the PRNT. Since the protective threshold of
nAb levels is unknown, the biological significance of detecting
such low levels of nAbs by hiVNT remains to be found. As the
assay platform is licensed by Promega, the cost of reagents
and consumables is higher than other assays. Also, the au-
tomated detection and quantification of output luminescence
requires an expensive analyzer. Establishing and maintaining
the target cell lines that stably express intracellular LgBiT is
the preliminary requirement for the hiVNT assay. This requires
an established cell culture facility and, hence, the assay could
not be used as a field test. However, in a centralized testing
setting, the hiVNT can be useful in assessing nAbs in test
sera for the estimation of individual protection, assessment
of herd immunity, and the evaluation of efficacies of vaccines
and monoclonal antibodies (mAb cocktails) against established
and emerging SARS-CoV-2 variants at a high throughput and
short TAT.

Conclusions and future perspectives

Experiencing 2 years of the COVID-19 pandemic, a majority of
the world’s population have achieved some form of immunity
against SARS-CoV-2. However, due to the interplay of several
factors that decide protection, the immune status of a person
against the currently circulating variant of SARS-CoV-2 could be
confirmed only with a proper test. Although the exact correlates
forthe threshold of protective nAb levels are currently unknown,
the presence of higher levels of nAbs could be taken as positive
evidence for protection against severe disease (National Center
for Immunization and Respiratory Diseases (NCIRD), Division of
Viral Diseases, 2020a; Bergwerk et al., 2021; McMahan et al.,
2021).

A test that accurately detects nAb levels could help in iden-
tifying protected individuals who can resume pre-pandemic
activities. The test can also demarcate people with inade-
quate protection to provide them with booster vaccination. It
has been shown that booster vaccination helps to increase
antibody levels in vaccine nonresponders who generate in-
adequate protective humoral response (Lake et al., 2022).
Also, boosters offer protection against immune escape variants
(Garcia-Beltran et al., 2022). For example, elderly people who
generate inadequate humoral response or in whom the nAbs

wane rapidly can be identified and targeted for booster admin-
istration. On the other hand, younger individuals who have ade-
quate protective immunity need not be prioritized for boosters,
thereby rationing the resources to people in need. Since vac-
cines are known to cause adverse reactions in the younger popu-
lation, unnecessary administration in the protected individuals
can be avoided (Kaneta et al., 2022). Yet, another factor to be
considered is the possibility to scale up the assay to perform
community-wide testing. If this could be done, the assay can be
used in epidemiological analysis for assessing herd immunity
in a population. This can help in political decision-making to
institute appropriate preventive and control measures.

Various tests are available for detecting neutralizing immunity
to SARS-CoV-2. The non-cell culture-based assays such as the
sVNT have the advantage of high throughput and ability to scale
up to community-wide use in the field setting. However, they
have the inherent drawback of reduced accuracy due to the
intricacies involved in serological diagnosis. On the other hand,
cell culture-based assays have a higher degree of accuracy but
require facilities with higher biosafety levels or at least require
a clean facility that can handle cell cultures. Taken together
along with the TAT factor, the hiVNT appears advantageous over
other assays. It can be scaled up for high throughput and easily
redesigned to evaluate immunity against a new variant as and
when it arises.

Each of the available methods to detect nAbs has its pros and
cons and it depends on the health authorities to select the ap-
propriate test that suits the need. As the nAb detection tests vary
in their principle, the quantification data provided by the tests
can show both inter-assay and batch-to-batch variations. With
accumulating data, uniform criteria to obtain a standardized
comparison of the different methods must be established. And
most importantly, the nAb levels corresponding to the correlates
of protection are the need of the hour. Taken together, all these
measures can play an important role in reducing the occurrence
of reinfections and vaccine-breakthrough infections as we move
forward toward the end of the pandemic.
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