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ABSTRACT Measuring SARS-CoV-2 neutralizing antibodies after vaccination or natu-
ral infection remains a priority in the ongoing COVID-19 pandemic to determine im-
munity, especially against newly emerging variants. The gold standard for assessing
antibody-mediated immunity against SARS-CoV-2 are cell-based live virus neutraliza-
tion assays. These assays usually take several days, thereby limiting test capacities
and the availability of rapid results. In this study, therefore, we developed a faster
live virus assay, which detects neutralizing antibodies through the early measure-
ment of antibody-mediated intracellular virus reduction by SARS-CoV-2 gRT-PCR. In
our assay, Vero E6 cells are infected with virus isolates preincubated with patient
sera and controls. After 24 h, the intracellular viral load is determined by qRT-PCR
using a standard curve to calculate percent neutralization. Utilizing COVID-19 convales-
cent-phase sera, we show that our novel assay generates results with high sensitivity
and specificity as we detected antiviral activity for all tested convalescent-phase sera,
but no antiviral activity in prepandemic sera. The assay showed a strong correlation
with a conventional virus neutralization assay (rs = 0.8910), a receptor-binding domain
ELISA (r; = 0.8485), and a surrogate neutralization assay (rs = 0.8373), proving that
quantifying intracellular viral RNA can be used to measure seroneutralization. Our assay
can be adapted easily to new variants, as demonstrated by our cross-neutralization
experiments. This characteristic is key for rapidly determining immunity against newly
emerging variants. Taken together, the novel assay presented here reduces turnaround
time significantly while making use of a highly standardized and sensitive SARS-CoV-2
qRT-PCR method as a readout.

KEYWORDS SARS-CoV-2, COVID-19, neutralization assay, neutralizing antibodies,
surrogate neutralization assay, cross-neutralization

he first case of coronavirus disease 2019 (COVID-19) was reported in December 2019

(1), and the following pandemic has so far resulted in a total of 332,617,707 confirmed
cases and 5,551,314 deaths as of January 20, 2022 (2). Two years after the emergence of
COVID-19, variants of concern, including Delta and Omicron, are driving new waves of
infection worldwide (3), challenging current vaccination strategies (4-6), naturally acquired
immunity (7, 8) and antibody-based therapies (9). High levels of neutralizing antibodies
(nABs) are recognized as a correlate of protection (10). Serological assays, therefore, remain
an essential tool to investigate immune protection in order to validate and optimize vac-
cines, therapies, and public health measures. These analyses are time critical as rapid adap-
tation can positively affect viral transmission and clinical management.

Although rapid ELISA-based methods exist (11), they are usually designed for one
single virus variant, and most importantly, they only determine the ability of antibodies
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to bind to viral structures and do not measure functional antiviral responses. Several
modified ELISA techniques have been developed recently (12-14) that detect antibod-
ies that interfere in the interaction between the viral receptor binding domain (RBD) and
the human host receptor, human angiotensin-converting enzyme-2. Although these
assays provide functional information, they are restricted to measuring antibodies
against the RBD domain and, consequently, do not include all types of nABs (15-20).

Fast SARS-CoV-2 pseudovirus neutralization assays normally use a vesicular stomati-
tis virus backbone with their own surface protein replaced by the SARS-CoV-2 spike
glycoprotein. As a result, this pseudovirus will bind the human SARS-CoV-2 receptor
and viral entry is subsequently measured by a reporter protein (21-23). Nevertheless,
the folding, cleavage, and density of spike proteins might differ between pseudovirus
particles and the native virus (24-26), which could influence neutralization titers. It
should be further noted that pseudovirus-based assays detect nABs that bind to spike
protein epitopes and cannot detect antibodies targeting other viral proteins (27).

Live SARS-CoV-2 virus neutralization assays (VNAs), therefore, remain the gold
standard for nAB titer assessment as they (i) measure antibodies suppressing infection
and (ii) quantify the whole spectrum of nABs (27-29). Most importantly, in contrast to
all surrogate assays mentioned, live SARS-CoV-2 assays do not need adaptation to
newly emerging variants, reducing the response time to new virus strains. However, a
major drawback of standard live SARS-CoV-2 neutralization assays is the incubation
time required, which ranges between 3 and 5 days (27, 28, 30, 31). Therefore, these
assays do not support a rapid and large-scale screening.

In order to meet the current high demand and circumvent challenges of current
fast assays, we developed a rapid live SARS-CoV-2 VNA, which can be performed with
all variants without adaptation. The assay relies on the infection of target cells and
detection of viral RNA by quantitative RT-PCR (qRT-PCR) after 24 h, massively reducing
the time to test result. Using a qRT-PCR based read-out also provides the major benefit
of a routinely applied, highly sensitive method usually available in standard diagnostic
and research laboratories without the need for special equipment or expertise.

MATERIALS AND METHODS

Vero E6 cells. Vero E6 (ATCC CRL-1586) cells were purchased from the American Type Culture
Collection (ATCC; Bethesda, MD) and maintained in minimum essential medium (MEM, ThermoFisher
Scientific, Austria) supplemented with 10% fetal calf serum (FCS, ThermoFisher Scientific, Austria) at
37°C with 5% CO,.

Virus strains. The parental strain was obtained from a clinical case in Germany diagnosed after
returning from China (European Virus Archive Global #026V-03883, isolate BetaCoV/Munich/BavPat1/
2020). Variants of SARS-CoV-2 were isolated from respiratory swab samples from patients with PCR posi-
tive tests at the Medical University of Innsbruck (Beta, B1.351, isolate C24.1, GISAID ID EPI_ISL_1123262)
and the Medical University of Graz (Alpha, B.1.1.7). Virus propagation was performed on Vero E6 cells.
Cells were infected and supernatant was harvested 72 h after infection, clarified by 0.2 um filtration, and
frozen at —80°C. All work with virus isolates was performed in a Class Il Biosafety Cabinet under biosaf-
ety level 3 conditions at the Institute of Hygiene, Microbiology and Environmental Medicine, Medical
University of Graz.

Immunoplaque assay. Immunoplaque assay was used to quantify virus particles in our virus stocks.
Plaque-forming units were determined by immunoplaque assay, as described previously (32), with minor
modifications. Briefly, confluent monolayers of Vero E6 cells in a 48-well plate were infected with 200 uL
virus inoculum and incubated at 37 C for 1 h. Wells were washed twice with 200 uL MEM medium and
overlaid with 1.5% carboxymethylcellulose in MEM. Cells were incubated at 37°C in 5% CO, for 3 days
before fixing with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min at room tempera-
ture. The fixative was removed and wells were washed twice with PBS. Cells were then permeabilized
with 0.1% Triton X-100 (Merck, Austria) in PBS for 10 min. The permeabilization buffer was removed and
cells were washed with PBS. Cells were incubated with 3% H,O, in methanol and subsequently washed
with PBS. The primary antibody (anti-nucleoprotein, 40143-R019, SinoBiological) was added and cells
incubated for 1 h at room temperature. After washing the cells three times with PBS, a secondary anti-
body (anti-rabbit, Agilent Technology, Dako, Austria) was added and incubated for 30 min. Cells were
washed three times with PBS and incubated with chromogen (Agilent Technology, Dako, Austria) for
1 min. Plaques were observed by microscopy.

Human sera. The 69 convalescent-phase sera used in this study (Convalescent Cohort [5003_20])
were obtained from nonhospitalized volunteers (median age = 42 years; range: 21-80) with confirmed
COVID-19 infections between March 2020 and January 2021 (11, 33). For cross-neutralization against the
Alpha and Beta variants, we exclusively used sera before the emergence of the Alpha and Beta variants
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in Austria (COVID-19 diagnosis before November 2020). The cohort’s characteristics were published pre-
viously by Kral et al. (33). Serum collection and experiments were conducted under protocols reviewed
and approved by the Ethical Review Committee of the Medical University of Graz (33-195 ex 20/21).
Fourteen days post PCR positivity was selected as the cutoff since the majority of infected individuals
show seroconversion at 14 days postinfection (34-37). Twenty non-COVID-19 sera, collected prior to the
emergence of COVID-19, were used as negative controls. In order to test for cross-reactivity, a total of 20
prepandemic sera with antibodies against endemic coronaviruses (229, HKU1, OC43, NL-63), as
detected by ProcartaPlex Human Coronavirus Ig Total 11-Plex Panel (Invitrogen, Thermo Fisher
Scientific, MA, USA) (38), were tested in the RT-VNA. All sera were heat-inactivated at 56°C for 30 min
prior to use.

ELISA and surrogate neutralization assay. Sixty-nine convalescent-phase sera from the COVID-19
convalescent cohort (5003_20) were analyzed by the SARS-CoV-2-NeutraLISA (Euroimmun AG, Liibeck,
Germany) to quantify immunoglobulin (Ig), which blocks RBD:angiotensin-converting enzyme-2 interac-
tion. Total anti-RBD Ig of the same sera was previously quantified by the Elecsys Anti-SARS-CoV-2S ELISA
(Roche Diagnostics GmbH, Mannheim, Germany) during a study, which monitored the immune response
of 326 COVID-19 recovered individuals (33). Published Elecsys Anti-SARS-CoV-2S ELISA antibody concen-
tration values of the 69 sera (33) were correlated with neutralization titers of our novel neutralization
assay obtained in this study.

qRT-PCR-based virus neutralization assay. Twenty-four hours prior to infection, 200 uL of Vero E6
cells (12,000/well) in MEM with 10% FCS were seeded in 96-well plates (Greiner, Austria) and incubated
at 37°C and 5% CO,. On the following day, heat-inactivated sera were 2-fold serially diluted (1:5-
1:20,480) in MEM (without FCS), and 50 uL of the corresponding serum were preincubated with 6 ulL of
the SARS-CoV-2 strain indicated for 1 h at 37°C. After 1 h, MEM medium was added to reach a final vol-
ume of 100 ulL. At least four wells of Vero E6 cells were infected with 100 uL of the same serum/virus
mixture at a multiplicity of infection (MOI) 0.0025, as determined by immunoplaque assay, and incu-
bated at 37°C in 5% CO, for 1 h. Cells were washed twice with 100 uL MEM and incubated in 200 ulL
fresh MEM plus FCS at 37°C in 5% CO, for 24 h. After one washing step with 200 uL MEM, cells were
lysed with 200 uL eMAG-Puffer (bioMérieux, Austria) for 10 min, which ensures virus inactivation.
Therefore, all subsequent steps could be performed under biosafety level 2 conditions. The RNA was iso-
lated with OptiPure viral kit (TANBead, Austria) in a Maelstrom 9600 nucleic acid extractor using 10 uL of
the respective sample. The qRT-PCR was performed using the RidaGene SARS-CoV-2 Kit (R-Biopharm,
Austria). To determine the viral load in the tested samples, a standard curve was generated. For this
genomic, SARS-CoV-2 RNA (VR-1986D, ATCC) at a concentration of 95 ng/mL was used in 1:10 dilutions.
The reduction in viral load (%) compared to an immunoglobulin-depleted serum control (serum minus
1gA/IgM/IgG human, Merck, Austria) was calculated for each serum concentration. The neutralization ti-
ter (NT,,) was defined as the serum dilution for which 80-99% viral load reduction was observed. For
analyzing interassay variability, we used the WHO international standard for anti-SARS-CoV-2 immuno-
globulin (39) in the same way as described for human serum (dilution 1:5 —1:10,240).

Determination of the median tissue culture infectious dose (TCID,,). TCID,,-based assays were
conducted, as described previously (28), with minor modifications. SARS-CoV-2 isolates were preincubated
with 2-fold serially diluted serum or an immunoglobulin-depleted control at MOl = 0.0025, as determined
by immunoplaque assay, for 1 h at 37°C (50 uL serum and 6 ul virus). After 1 h, MEM medium without
FCS was added to reach a final volume of 100 uL. An amount of 100 uL of each serum/virus mixture was
added to four wells of Vero E6 cells, which were seeded at a cell density of 12,000 cells/well in 96-well
plates 24 h prior to infection. Cells were washed twice with 100 uL MEM 1 h after infection and supplied
with 200 wL fresh MEM plus FCS for further incubation. After 72 h at 37°C, the cytopathic effect was deter-
mined under a light microscope. The NT,, reflects the serum dilution at which cytopathic wells are
reduced by 50% compared to a 100% viral load control (immunoglobulin-depleted serum).

Statistical analysis and graphic display. The association between the different antibody assays
was investigated by means of a Spearman correlation. Statistical significance for differences between
groups was calculated by Friedman'’s test to compare three paired groups. A P value of =0.05 was con-
sidered significant. Analyses were conducted using default parameters in GraphPad Prism (version 9).
Graphs were drawn with GraphPad Prism (version 9).

RESULTS

The qRT-PCR-based rapid live SARS-CoV-2 neutralization assay correlates with
the standard TCID,, neutralization assay. We established a rapid live virus assay with
a gRT-PCR-based readout (RT-VNA) applicable for SARS-CoV-2 variants to overcome
the challenges of current VNAs. During RT-VNA validation, a NT,, defined as a viral
load reduction of 80-99% proved to correlate strongly with titers determined by the
conventional TCIDs,-based (28) neutralization (Spearman correlation coefficient rg of
0.8910 [P < 0.0001]; Fig. 1). Utilizing our assay, we were able to determine neutraliza-
tion titers for all 69 COVID-19 positive sera (NT,, between 20 and 20,480) (Fig. 1). All
COVID-19 negative, prepandemic sera (n = 40), including 20 positive for other endemic
coronaviruses, showed no NT,, at 1:5, which is the highest concentration of serum
used in the neutralization assay. We determined interassay variability by analyzing the
WHO standard for anti-SARS-CoV-2 immunoglobulins (39) in 14 independent
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FIG 1 Correlation of the RT-VNA with the TCIDy,-based assay. Bubble chart of RT-VNA NT,, (abscissa)
versus TCIDg, NT (ordinate) values. The size of the bubbles indicates the number of sera represented by the
data points (varying between 1 and 7). The Spearman correlation coefficient (ry) is shown. n = 69.

experiments, all of which resulted in a neutralization titer of 1,280, demonstrating the
high reproducibility of the RT-VNA.

Correlation of the qRT-PCR-based rapid live SARS-CoV-2 neutralization assay
with RBD antibody-binding assays. We detected a strong correlation for both the
Elecsys Anti-SARS-CoV-2S (rs = 0.8485) and the NeutraLISA (r; = 0.8373) with the RT-
VNA (Fig. 2A and B). Similarly, we detected a strong correlation for both the Elecsys
Anti-SARS-CoV-2S (rs = 0.8448) and the NeutraLISA (r = 0.7597) with the TCIDs,-based
VNA and also a strong correlation between the Elecsys Anti-SARS-CoV-2S and the
NeutraLISA (rs = 0.8231) (Fig. S1 in the supplemental material).

While the RT-VNA, the TCIDs,-based VNA, and the Elecsys Anti-SARS-CoV-2S detected
binding antibodies in 69/69 (100%) of convalescent-phase sera (Fig. 2A, Fig. S1A), the
NeutraLISA ranked only 43% as positive (30/69) (Fig. 2B), suggesting a lower sensitivity
of this assay. Nevertheless, analyzing our pre-pandemic sera collection with the
NeutraLISA did not result in a detectable receptor-binding inhibition.

Quantification of SARS-CoV-2 cross-neutralization by using the RT-VNA. We an-
alyzed sera collected before the emergence of Alpha (B.1.1.7) and Beta (B.1.351) for their
neutralization capacity against the parental strain, and the two variants of concern in
order to evaluate whether the RT-VNA is applicable to detect cross-neutralization activity
against circulating variants.

Journal of Clinical Microbiology
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FIG 2 Correlation of the RT-VNA with an antibody-binding assay targeting the receptor-binding domain (Elecsys Anti-SARS-CoV-
2S) and a surrogate neutralization assay (NeutraLISA). (A) Chart of RT-VNA NT,, (abscissa) versus Elecsys Anti-SARS-CoV-2S
(ordinate) values, the latter previously determined in Kral et al. (33). (B) Chart of RT-VNA NT,, (abscissa) versus NeutraLISA
(ordinate) values. Light gray dots indicate samples rated as negative, dark gray dots samples rated as intermediate, and black
dots samples rated as positive in the NeutraLISA. The Spearman correlation coefficient (ry) is shown. n = 69. U, units; H,

inhibition.
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FIG 3 RT-VNA-based detection of D614G (parental SARS-CoV-2 strain), Alpha and Beta neutralization
by early wave convalescent-phase sera. (A) Percentage of early wave sera (n = 19) tested neutralizing
D614G, Alpha and Beta. (B) NT,, of early wave convalescent-phase sera (n = 16) against Alpha and
Beta compared to the early wave strain (D614G). (C) Fold change in the cross-neutralization of Alpha
compared to D614G as determined by RT-VNA using early wave convalescent-phase sera (n = 16). (D)
Fold change in cross-neutralization of Beta compared to D614G as determined by RT-VNA using early
wave convalescent-phase sera (n = 16). **, P < 0.01; ****, P < 0.0001 (Friedman'’s test).

The Alpha variant was neutralized by all convalescent-phase sera tested (Fig. 3A). By
contrast, 16% of sera showed no neutralization activity against Beta (Fig. 3A). Notably,
sera with no neutralization activity against the Beta variant showed only modest activity
(NTy, = 20-40) against the parental strain. Nevertheless, there was a significant reduction
in the antiviral activity of sera against both Alpha and Beta when compared to the paren-
tal strain (Fig. 3B). The fold change of the neutralizing capacity (calculated as NT,, of the
homologous virus/ NT,, of the heterologous virus) ranged from 0-8 for Alpha (Fig. 3C)
and Beta (Fig. 3D), with a mean fold change of 2.3 for Alpha (Fig. 3C) and 3.8 for Beta
(Fig. 3D).

DISCUSSION

Rapid quantification of the SARS-CoV-2 neutralizing capacity of sera is essential to
assess the potential impact of new variants in an immunized population and for timely
adaptation of vaccination schemes. It is also needed to identify serum donors for con-
valescent plasma therapy as well as suitable COVID-19 patients (40).
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In the present study, we provide a novel approach for detecting SARS-CoV-2 nABs
against currently circulating and future variants. We (i) reduce assay turnaround time
massively from several days to 24 h and (ii) use a highly standardized, sensitive, and
routinely performed readout by directly quantifying the reduction in intracellular viral
RNA, clearly demonstrating that detecting intracellular viral RNA is a valid alternative
for determining the neutralization capacity of antibodies. This general test principle
was previously demonstrated to be suitable also for other RNA viruses (41). Moreover,
Abidi et al. recently reported that RT-PCR can detect antiviral activity in selected sera
with high anti-RBD antibody titers in a SARS-CoV-2 neutralization assay (42). However,
the authors did not evaluate if their method can be used to determine neutralization
titers, since only three different serum dilutions were used, and 13 out of the 19 sera
exhibited 100% virus neutralization for all tested concentrations. When analyzing
COVID-19 convalescent-phase sera in this study, our RT-VNA generated comparable
results to the conventional TCIDs,-based neutralization assay. Our novel RT-VNA is
highly sensitive as we were able to determine a neutralization titer for all SARS-CoV-2
convalescent-phase sera, which were positive in the TCID,, neutralization assay and
the highly sensitive Elecsys Anti-SARS-CoV-2S ELISA (43). The neutralization capacity of
convalescent-phase sera in our RT-VNA correlated well with the Elecsys Anti-SARS-CoV-2S
ELISA, as has also been demonstrated previously for conventional live VNAs (44). Our assay
proved to be highly specific, as we did not determine a NT, titer for SARS-CoV-2 negative
sera, including those positive for other endemic coronaviruses (229E, HKU1, OC43, NL-63).

The RT-VNA also correlated well with the NeutralISA, measuring antibodies that
interfere with the spike/angiotensin-converting enzyme-2 interaction. Of note, our
results suggested a rather low sensitivity for the NeutraLISA when using the manufac-
turer's predefined cutoff values (IH > 20% = positive). In our study, only sera with an
NT,, of 640 or above were always positive in the NeutraLISA. Nevertheless, a binding
inhibition was detected for sera with a low neutralization capacity in the RT-VNA but
not for negative pre-pandemic sera. Based on these observations, we suggest a redefi-
nition of the cutoff value of the surrogate neutralization assay. This might be especially
relevant for sera collected early after infection or from individuals with a mild disease,
the most typical manifestation of COVID-19, as these groups more probably show low
antibody levels. Nevertheless, a protective titer still needs to be determined (45).

SARS-CoV-2 variants require immediate attention as they challenge the efficacy of
current vaccines and the resistance of recovered COVID-19 patients to reinfection (8,
46). Timely adaptation of current vaccination schemes and public health measures will
be essential to contain the spread of these new variants. We exemplarily tested conva-
lescent-phase sera collected before the emergence of Alpha and Beta in Austria for
cross-neutralization of the Alpha and Beta variant to demonstrate that our rapid and
high-throughput RT-VNA assay is applicable for measuring the neutralization of differ-
ent virus variants. All convalescent-phase sera tested showed antiviral activity against
the Alpha variant in the RT-VNA. This observation is in accordance with previous stud-
ies by Rees et al. (47) and Hu et al. (48), who showed, using a pseudovirus assay, that
polyclonal antibodies from recovered individuals remain active against this variant.
Our observed 2.3-fold reduction in antiviral activity of sera against the Alpha variant
when compared to the parental strain, is similar to what was reported by Hu et al. (48).
In contrast to the Alpha variant, 16% of convalescent-phase sera did not show any antiviral
activity against the Beta variant in this study. Our results obtained with the RT-VNA are in
line with studies by Cele et al. (49) and Planas et al. (50), who tested 14 convalescent-phase
sera in a live VNA and showed that 17% did not have any cross-neutralization activity. The
significant decrease in antiviral activity against the Beta variant compared to the parental
strain (3.8-fold reduction as detected in our RT-VNA) is also in accordance with the previ-
ous study by Cele et al. (49). Overall, our RT-VNA data on cross-neutralization confirm find-
ings reported previously, which show that early wave sera generally elicit antiviral activity
against Alpha but some fail to target the Beta variant.

In conclusion, our live SARS-CoV-2 RT-VNA proved to be a robust tool for analyzing
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the antiviral activity of sera. We here provide a broadly applicable approach to detect
nABs against current and future SARS-CoV-2 variants. Most importantly, the RT-VNA
overcomes the major limitation of conventional neutralization assays by massively
reducing the turnaround time, thereby, meeting the high demand in the ongoing
pandemic.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.

ACKNOWLEDGMENTS
We thank the following institutions of the Medical University of Graz for their
contributions to the establishment of the COVID-19 Convalescent Cohort (5003_20):
Biobank Graz; Institute for Medical Informatics, Statistics and Documentation; Clinical
Institute of Medical and Chemical Laboratory Diagnostics; Department of Blood Group
Serology and Transfusion Medicine; and Division of Infectiology, Department of Internal
Medicine. We thank Annika Rossler for isolation of the B.1.351 variant and Chiara Banfi
for statistical advice.

REFERENCES

1

2.

. WHO. 2022. Listings of WHOs response to COVID-19. World Health Orga-

nization, Geneva, Switzerland.
WHO. 2022. Coronavirus disease (COVID-19) pandemic. World Health Or-
ganization, Geneva, Switzerland.

. Fontanet A, Autran B, Lina B, Kieny MP, Karim SSA, Sridhar D. 2021. SARS-

CoV-2 variants and ending the COVID-19 pandemic. Lancet 397:952-954.
https://doi.org/10.1016/S0140-6736(21)00370-6.

. Becker M, Dulovic A, Junker D, Ruetalo N, Kaiser PD, Pinilla YT, Heinzel C,

Haering J, Traenkle B, Wagner TR, Layer M, Mehrlaender M, Mirakaj V,
Held J, Planatscher H, Schenke-Layland K, Krause G, Strengert M,
Bakchoul T, Althaus K, Fendel R, Kreidenweiss A, Koeppen M, Rothbauer
U, Schindler M, Schneiderhan-Marra N. 2021. Immune response to SARS-
CoV-2 variants of concern in vaccinated individuals. Nat Commun 12:
3109. https://doi.org/10.1038/s41467-021-23473-6.

. Pérez-Then E, Lucas C, Monteiro VS, Miric M, Brache V, Cochon L, Vogels

CBF, Malik AA, De la Cruz E, Jorge A, De Los Santos M, Leon P, Breban M,
Billig K, Yildirim I, Pearson C, Downing R, Gagnon E, Muyombwe A, Razeq J,
Campbell M, Ko Al, Omer SB, Grubaugh ND, Vermund SH, Iwasaki A. 2022.
Neutralizing antibodies against the SARS-CoV-2 Delta and Omicron variants
following heterologous CoronaVac plus BNT162b2 booster vaccination.
Nat Med 28:481-485. https://doi.org/10.1038/s41591-022-01705-6.

. Cheng SMS, Mok CKP, Leung YWY, Ng SS, Chan KCK, Ko FW, Chen C, Yiu K,

Lam BHS, Lau EHY, Chan KKP, Luk LLH, Li JKC, Tsang LCH, Poon LLM, Hui
DSC, Peiris M. 2022. Neutralizing antibodies against the SARS-CoV-2 Omi-
cron variant following homologous and heterologous CoronaVac or
BNT162b2 vaccination. Nat Med 28:486-489. https://doi.org/10.1038/
s41591-022-01704-7.

. Viana R, Moyo S, Amoako DG, Tegally H, Scheepers C, Althaus CL, Anyaneji

UJ, Bester PA, Boni MF, Chand M, Choga WT, Colquhoun R, Davids M,
Deforche K, Doolabh D, Du Plessis L, Engelbrecht S, Everatt J, Giandhari J,
Giovanetti M, Hardie D, Hill V, Hsiao NY, Iranzadeh A, Ismail A, Joseph C,
Joseph R, Koopile L, Kosakovsky Pond SL, Kraemer MUG, Kuate-Lere L,
Laguda-Akingba O, Lesetedi-Mafoko O, Lessells RJ, Lockman S, Lucaci AG,
Maharaj A, Mahlangu B, Maponga T, Mahlakwane K, Makatini Z, Marais G,
Maruapula D, Masupu K, Matshaba M, Mayaphi S, Mbhele N, Mbulawa MB,
Mendes A, Mlisana K, et al. 2022. Rapid epidemic expansion of the SARS-
CoV-2 Omicron variant in southern Africa. Nature 603:679-686. https://doi
.org/10.1038/d41586-021-03832-5.

. Rossler A, Riepler L, Bante D, von Laer D, Kimpel J. 2022. SARS-CoV-2 Omi-

cron variant neutralization in serum from vaccinated and convalescent per-
sons. N Engl J Med 386:698-700. https://doi.org/10.1056/NEJMc2119236.

. VanBlargan LA, Errico JM, Halfmann PJ, Zost SJ, Crowe JE, Jr, Purcell LA,

Kawaoka Y, Corti D, Fremont DH, Diamond MS. 2022. An infectious SARS-
CoV-2 B.1.1.529 Omicron virus escapes neutralization by therapeutic
monoclonal antibodies. Nat Med 28:490-495. https://doi.org/10.1038/
$41591-021-01678-y.

July 2022 Volume 60 Issue 7

. Fergie J, Srivastava A. 2021. Immunity to SARS-CoV-2: lessons learned.

Front Immunol 12:654165. https://doi.org/10.3389/fimmu.2021.654165.

. Niedrist T, Drexler C, Torreiter PP, Matejka J, Strahlhofer-Augsten M, Kral

S, Riegler S, Giilly C, Zurl C, Kriegl L, Krause R, Berghold A, Steinmetz |,
Schlenke P, Herrmann M. 2022. Longitudinal comparison of automated
SARS-CoV-2 serology assays in assessing virus neutralization capacity in
COVID-19 convalescent sera. Arch Pathol Lab Med 146:538-546. https://
doi.org/10.5858/arpa.2021-0604-SA.

. Beavis KG, Matushek SM, Abeleda APF, Bethel C, Hunt C, Gillen S, Moran

A, Tesic V. 2020. Evaluation of the EUROIMMUN Anti-SARS-CoV-2 ELISA
Assay for detection of IgA and IgG antibodies. J Clin Virol 129:104468.
https://doi.org/10.1016/j.jcv.2020.104468.

. LiuZ, Xu W, Xia S, Gu C, Wang X, Wang Q, Zhou J, Wu Y, Cai X, Qu D, Ying

T, Xie Y, Lu L, Yuan Z, Jiang S. 2020. RBD-Fc-based COVID-19 vaccine can-
didate induces highly potent SARS-CoV-2 neutralizing antibody response.
Signal Transduct Target Ther 5:282. https://doi.org/10.1038/541392-020
-00402-5.

. Tan CW, Chia WN, Qin X, Liu P, Chen M, Tiu C, Hu Z, Chen VC, Young BE,

Sia WR, Tan YJ, Foo R, Yi Y, Lye DC, Anderson DE, Wang LF. 2020. A SARS-
CoV-2 surrogate virus neutralization test based on antibody-mediated
blockage of ACE2-spike protein—protein interaction. Nat Biotechnol 38:
1073-1078. https://doi.org/10.1038/541587-020-0631-z.

. Chi X, Yan R, Zhang J, Zhang G, Zhang Y, Hao M, Zhang Z, Fan P, Dong Y,

Yang Y, Chen Z, Guo Y, Zhang J, Li Y, Song X, Chen Y, Xia L, Fu L, Hou L, Xu
J,Yu C, Li J, Zhou Q, Chen W. 2020. A neutralizing human antibody binds
to the N-terminal domain of the Spike protein of SARS-CoV-2. Science
369:650-655. https://doi.org/10.1126/science.abc6952.

. Du L, Yang Y, Zhang X. 2021. Neutralizing antibodies for the prevention

and treatment of COVID-19. Cell Mol Immunol 18:2293-2306. https://doi
.org/10.1038/s41423-021-00752-2.

. Liu L, Wang P, Nair MS, Yu J, Rapp M, Wang Q, Luo Y, Chan JF, Sahi V,

Figueroa A, Guo XV, Cerutti G, Bimela J, Gorman J, Zhou T, Chen Z, Yuen
KY, Kwong PD, Sodroski JG, Yin MT, Sheng Z, Huang Y, Shapiro L, Ho DD.
2020. Potent neutralizing antibodies against multiple epitopes on SARS-
CoV-2 spike. Nature 584:450-456. https://doi.org/10.1038/s41586-020
-2571-7.

. Suryadevara N, Shrihari S, Gilchuk P, VanBlargan LA, Binshtein E, Zost SJ,

Nargi RS, Sutton RE, Winkler ES, Chen EC, Fouch ME, Davidson E, Doranz
BJ, Chen RE, Shi PY, Carnahan RH, Thackray LB, Diamond MS, Crowe JE, Jr.
2021. Neutralizing and protective human monoclonal antibodies recog-
nizing the N-terminal domain of the SARS-CoV-2 spike protein. Cell 184:
2316-2331.e15. https://doi.org/10.1016/j.cell.2021.03.029.

. McCallum M, De Marco A, Lempp FA, Tortorici MA, Pinto D, Walls AC,

Beltramello M, Chen A, Liu Z, Zatta F, Zepeda S, di lulio J, Bowen JE, Montiel-
Ruiz M, Zhou J, Rosen LE, Bianchi S, Guarino B, Fregni CS, Abdelnabi R, Foo SC,
Rothlauf PW, Bloyet LM, Benigni F, Cameroni E, Neyts J, Riva A, Snell G,

10.1128/jcm.00376-22 7


https://doi.org/10.1016/S0140-6736(21)00370-6
https://doi.org/10.1038/s41467-021-23473-6
https://doi.org/10.1038/s41591-022-01705-6
https://doi.org/10.1038/s41591-022-01704-7
https://doi.org/10.1038/s41591-022-01704-7
https://doi.org/10.1038/d41586-021-03832-5
https://doi.org/10.1038/d41586-021-03832-5
https://doi.org/10.1056/NEJMc2119236
https://doi.org/10.1038/s41591-021-01678-y
https://doi.org/10.1038/s41591-021-01678-y
https://doi.org/10.3389/fimmu.2021.654165
https://doi.org/10.5858/arpa.2021-0604-SA
https://doi.org/10.5858/arpa.2021-0604-SA
https://doi.org/10.1016/j.jcv.2020.104468
https://doi.org/10.1038/s41392-020-00402-5
https://doi.org/10.1038/s41392-020-00402-5
https://doi.org/10.1038/s41587-020-0631-z
https://doi.org/10.1126/science.abc6952
https://doi.org/10.1038/s41423-021-00752-2
https://doi.org/10.1038/s41423-021-00752-2
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1016/j.cell.2021.03.029
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.00376-22

A Novel Rapid Live SARS-CoV-2 Neutralizing Assay

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Telenti A, Whelan SPJ, Virgin HW, Corti D, Pizzuto MS, Veesler D. 2021. N-
terminal domain antigenic mapping reveals a site of vulnerability for SARS-
CoV-2. Cell 184:2332-2347.e16. https://doi.org/10.1016/j.cell.2021.03.028.
Andreano E, Nicastri E, Paciello |, Pileri P, Manganaro N, Piccini G, Manenti
A, Pantano E, Kabanova A, Troisi M, Vacca F, Cardamone D, De Santi C,
Torres JL, Ozorowski G, Benincasa L, Jang H, Di Genova C, Depau L,
Brunetti J, Agrati C, Capobianchi MR, Castilletti C, Emiliozzi A, Fabbiani M,
Montagnani F, Bracci L, Sautto G, Ross TM, Montomoli E, Temperton N,
Ward AB, Sala C, Ippolito G, Rappuoli R. 2021. Extremely potent human
monoclonal antibodies from COVID-19 convalescent patients. Cell 184:
1821-1835.e16. https://doi.org/10.1016/j.cell.2021.02.035.

Nie J, Li Q, Wu J, Zhao C, Hao H, Liu H, Zhang L, Nie L, Qin H, Wang M, Lu Q,
Li X, Sun Q, Liu J, Fan C, Huang W, Xu M, Wang Y. 2020. Establishment and
validation of a pseudovirus neutralization assay for SARS-CoV-2. Emerg
Microbes Infect 9:680-686. https://doi.org/10.1080/22221751.2020.1743767.
Case JB, Rothlauf PW, Chen RE, Liu Z, Zhao H, Kim AS, Bloyet LM, Zeng Q,
Tahan S, Droit L, llagan MXG, Tartell MA, Amarasinghe G, Henderson JP,
Miersch S, Ustav M, Sidhu S, Virgin HW, Wang D, Ding S, Corti D, Theel ES,
Fremont DH, Diamond MS, Whelan SPJ. 2020. Neutralizing antibody and
soluble ACE2 inhibition of a replication-competent VSV-SARS-CoV-2 and
a clinical isolate of SARS-CoV-2 Cell Host Microbe 28:475-485.e5. https://
doi.org/10.1016/j.chom.2020.06.021.

Xiong HL, Wu YT, Cao JL, Yang R, Liu YX, Ma J, Qiao XY, Yao XY, Zhang BH,
Zhang YL, Hou WH, Shi Y, Xu JJ, Zhang L, Wang SJ, Fu BR, Yang T, Ge SX,
Zhang J, Yuan Q, Huang BY, Li ZY, Zhang TY, Xia NS. 2020. Robust neutraliza-
tion assay based on SARS-CoV-2 S-protein-bearing vesicular stomatitis virus
(VSV) pseudovirus and ACE2-overexpressing BHK21 cells. Emerg Microbes
Infect 9:2105-2113. https://doi.org/10.1080/22221751.2020.1815589.

Yuste E, Johnson W, Pavlakis GN, Desrosiers RC. 2005. Virion envelope
content, infectivity, and neutralization sensitivity of simian immunodefi-
ciency virus. J Virol 79:12455-12463. https://doi.org/10.1128/JVI.79.19
.12455-12463.2005.

DeSantis MC, Kim JH, Song H, Klasse PJ, Cheng W. 2017. Quantitative cor-
relation between infectivity and Gp120 density on HIV-1 virions revealed
by optical trapping virometry. J Biol Chem 292:3061. https://doi.org/10
.1074/jbc.A116.729210.

Stano A, Leaman DP, Kim AS, Zhang L, Autin L, Ingale J, Gift SK, Truong J,
Wyatt RT, Olson AJ, Zwick MB. 2017. Dense array of spikes on HIV-1 virion
particles. J Virol 91:e00415-17. https://doi.org/10.1128/JV1.00415-17.
Khoury DS, Wheatley AK, Ramuta MD, Reynaldi A, Cromer D, Subbarao K,
O'Connor DH, Kent SJ, Davenport MP. 2020. Measuring immunity to
SARS-CoV-2 infection: comparing assays and animal models. Nat Rev
Immunol 20:727-738. https://doi.org/10.1038/541577-020-00471-1.
Riepler L, Rossler A, Falch A, Volland A, Borena W, von Laer D, Kimpel J.
2020. Comparison of four SARS-CoV-2 neutralization assays. Vaccines 9:
13. https://doi.org/10.3390/vaccines9010013.

Okba NMA, Mdller MA, Li W, Wang C, GeurtsvanKessel CH, Corman VM,
Lamers MM, Sikkema RS, de Bruin E, Chandler FD, Yazdanpanah Y, Le
Hingrat Q, Descamps D, Houhou-Fidouh N, Reusken C, Bosch BJ, Drosten
C, Koopmans MPG, Haagmans BL. 2020. Severe acute respiratory syn-
drome coronavirus 2-specific antibody responses in coronavirus disease
patients. Emerg Infect Dis 26:1478-1488. https://doi.org/10.3201/eid2607
.200841.

Bewley KR, Coombes NS, Gagnon L, Mclnroy L, Baker N, Shaik I, St-Jean JR,
St-Amant N, Buttigieg KR, Humphries HE, Godwin KJ, Brunt E, Allen L,
Leung S, Brown PJ, Penn EJ, Thomas K, Kulnis G, Hallis B, Carroll M,
Funnell S, Charlton S. 2021. Quantification of SARS-CoV-2 neutralizing
antibody by wild-type plaque reduction neutralization, microneutraliza-
tion and pseudotyped virus neutralization assays. Nat Protoc 16:
3114-3140. https://doi.org/10.1038/541596-021-00536-y.

Amanat F, White KM, Miorin L, Strohmeier S, McMahon M, Meade P, Liu
WG, Albrecht RA, Simon V, Martinez-Sobrido L, Moran T, Garcia-Sastre A,
Krammer F. 2020. An in vitro microneutralization assay for SARS-CoV-2 se-
rology and drug screening. Curr Protoc Microbiol 58:e108.

Klimstra WB, Tilston-Lunel NL, Nambulli S, Boslett J, McMillen CM,
Gilliland T, Dunn MD, Sun C, Wheeler SE, Wells A, Hartman AL, McElroy
AK, Reed DS, Rennick LJ, Duprex WP. 2020. SARS-CoV-2 growth, furin-
cleavage-site adaptation and neutralization using serum from acutely
infected hospitalized COVID-19 patients. J Gen Virol 101:1156-1169.
https://doi.org/10.1099/jgv.0.001481.

Kral S, Banfi C, Niedrist T, Sareban N, Guelly C, Kriegl L, Schiffmann S, Zurl
C, Herrmann M, Steinmetz |, Schlenke P, Berghold A, Krause R. 2021.
Long-lasting immune response to a mild course of PCR-confirmed SARS-

July 2022 Volume 60 Issue 7

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Journal of Clinical Microbiology

CoV-2 infection: a cohort study. J Infect 83:607-635. https://doi.org/10
.1016/}.jinf.2021.08.030.

Robbiani DF, Gaebler C, Muecksch F, Lorenzi JCC, Wang Z, Cho A,
Agudelo M, Barnes CO, Gazumyan A, Finkin S, Hagglof T, Oliveira TY,
Viant C, Hurley A, Hoffmann HH, Millard KG, Kost RG, Cipolla M, Gordon K,
Bianchini F, Chen ST, Ramos V, Patel R, Dizon J, Shimeliovich I, Mendoza P,
Hartweger H, Nogueira L, Pack M, Horowitz J, Schmidt F, Weisblum Y,
Michailidis E, Ashbrook AW, Waltari E, Pak JE, Huey-Tubman KE, Koranda
N, Hoffman PR, West AP, Jr, Rice CM, Hatziioannou T, Bjorkman PJ,
Bieniasz PD, Caskey M, Nussenzweig MC. 2020. Convergent antibody
responses to SARS-CoV-2 in convalescent individuals. Nature 584:437-442.
https://doi.org/10.1038/541586-020-2456-9.

Sun B, Feng Y, Mo X, Zheng P, Wang Q, Li P, Peng P, Liu X, Chen Z, Huang
H, Zhang F, Luo W, Niu X, Hu P, Wang L, Peng H, Huang Z, Feng L, Li F,
Zhang F, Li F, Zhong N, Chen L. 2020. Kinetics of SARS-CoV-2 specific IgM
and IgG responses in COVID-19 patients. Emerg Microbes Infect 9:
940-948. https://doi.org/10.1080/22221751.2020.1762515.

Long QX, Liu BZ, Deng HJ, Wu GC, Deng K, Chen YK, Liao P, Qiu JF, Lin Y,
Cai XF, Wang DQ, Hu Y, Ren JH, Tang N, Xu YY, Yu LH, Mo Z, Gong F,
Zhang XL, Tian WG, Hu L, Zhang XX, Xiang JL, Du HX, Liu HW, Lang CH,
Luo XH, Wu SB, Cui XP, Zhou Z, Zhu MM, Wang J, Xue CJ, Li XF, Wang L, Li
ZJ, Wang K, Niu CC, Yang QJ, Tang XJ, Zhang Y, Liu XM, Li JJ, Zhang DC,
Zhang F, Liu P, Yuan J, Li Q, Hu JL, Chen J, et al. 2020. Antibody responses
to SARS-CoV-2 in patients with COVID-19. Nat Med 26:845-848. https://
doi.org/10.1038/541591-020-0897-1.

Zhao J, Yuan Q, Wang H, Liu W, Liao X, Su Y, Wang X, Yuan J, Li T, Li J,
Qian S, Hong C, Wang F, Liu Y, Wang Z, He Q, Li Z, He B, Zhang T, Fu Y, Ge
S, Liu L, Zhang J, Xia N, Zhang Z. 2020. Antibody responses to SARS-CoV-2
in patients with novel coronavirus disease 2019. Clin Infect Dis 71:
2027-2034. https://doi.org/10.1093/cid/ciaa344.

Borena W, Kimpel J, Gierer M, Rossler A, Riepler L, Oehler S, von Laer D,
Miholits M. 2021. Characterization of immune responses to SARS-CoV-2
and other human pathogenic coronaviruses using a multiplex bead-based
immunoassay. Vaccines 9:611. https://doi.org/10.3390/vaccines9060611.
Kristiansen PA, Page M, Bernasconi V, Mattiuzzo G, Dull P, Makar K, Plotkin S,
Knezevic I. 2021. WHO international standard for anti-SARS-CoV-2 immunoglob-
ulin. Lancet 397:1347-1348. https://doi.org/10.1016/S0140-6736(21)00527-4.
Gharbharan A, Jordans CCE, GeurtsvanKessel C, den Hollander JG, Karim
F, Mollema FPN, Stalenhoef-Schukken JE, Dofferhoff A, Ludwig |, Koster A,
Hassing RJ, Bos JC, van Pottelberge GR, Vlasveld IN, Ammerlaan HSM, van
Leeuwen-Segarceanu EM, Miedema J, van der Eerden M, Schrama TJ,
Papageorgiou G, Te Boekhorst P, Swaneveld FH, Mueller YM, Schreurs
MWJ, van Kampen JJA, Rockx B, Okba NMA, Katsikis PD, Koopmans MPG,
Haagmans BL, Rokx C, Rijnders BJA. 2021. Effects of potent neutralizing
antibodies from convalescent plasma in patients hospitalized for severe
SARS-CoV-2 infection. Nat Commun 12:3189. https://doi.org/10.1038/
$s41467-021-23469-2.

Teferedegne B, Lewis AM, Jr, Peden K, Murata H. 2013. Development of a
neutralization assay for influenza virus using an endpoint assessment
based on quantitative reverse-transcription PCR. PLoS One 8:€56023.
https://doi.org/10.1371/journal.pone.0056023.

Abidi SH, Imtiaz K, Kanji A, Qaiser S, Khan E, Igbal K, Veldhoen M, Ghias K,
Simas JP, Hasan Z. 2021. A rapid real-time polymerase chain reaction-
based live virus microneutralization assay for detection of neutralizing
antibodies against SARS-CoV-2 in blood/serum. PLoS One 16:€0259551.
https://doi.org/10.1371/journal.pone.0259551.

Riester E, Findeisen P, Hegel JK, Kabesch M, Ambrosch A, Rank CM,
Langen F, Laengin T, Niederhauser C. 2021. Performance evaluation of
the Roche Elecsys Anti-SARS-CoV-2 S immunoassay. medRxiv. https://doi
.0rg/10.1101/2021.03.02.21252203.

Laterza R, Schirinzi A, Bruno R, Genco R, Contino R, Ostuni A, Di Serio F.
2021. SARS-CoV-2 antibodies: comparison of three high-throughput
immunoassays versus the neutralization test. Eur J Clin Invest 51:e13573.
https://doi.org/10.1111/eci.13573.

Feng S, Phillips DJ, White T, Sayal H, Aley PK, Bibi S, Dold C, Fuskova M,
Gilbert SC, Hirsch |, Humphries HE, Jepson B, Kelly EJ, Plested E,
Shoemaker K, Thomas KM, Vekemans J, Villafana TL, Lambe T, Pollard
AJ, Voysey M, the Oxford COVID Vaccine Trial Group. 2021. Correlates
of protection against symptomatic and asymptomatic SARS-CoV-2
infection. Nat Med 27:2032-2040. https://doi.org/10.1038/s41591-021
-01540-1.

Wu M, Wall EC, Carr EJ, Harvey R, Townsley H, Mears HV, Adams L, Kjaer S,
Kelly G, Warchal S, Sawyer C, Kavanagh C, Queval CJ, Ngai Y, Hatipoglu E,
Ambrose K, Hindmarsh S, Beale R, Gamblin S, Howell M, Kassiotis G,

10.1128/jcm.00376-22 8


https://doi.org/10.1016/j.cell.2021.03.028
https://doi.org/10.1016/j.cell.2021.02.035
https://doi.org/10.1080/22221751.2020.1743767
https://doi.org/10.1016/j.chom.2020.06.021
https://doi.org/10.1016/j.chom.2020.06.021
https://doi.org/10.1080/22221751.2020.1815589
https://doi.org/10.1128/JVI.79.19.12455-12463.2005
https://doi.org/10.1128/JVI.79.19.12455-12463.2005
https://doi.org/10.1074/jbc.A116.729210
https://doi.org/10.1074/jbc.A116.729210
https://doi.org/10.1128/JVI.00415-17
https://doi.org/10.1038/s41577-020-00471-1
https://doi.org/10.3390/vaccines9010013
https://doi.org/10.3201/eid2607.200841
https://doi.org/10.3201/eid2607.200841
https://doi.org/10.1038/s41596-021-00536-y
https://doi.org/10.1099/jgv.0.001481
https://doi.org/10.1016/j.jinf.2021.08.030
https://doi.org/10.1016/j.jinf.2021.08.030
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1080/22221751.2020.1762515
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1093/cid/ciaa344
https://doi.org/10.3390/vaccines9060611
https://doi.org/10.1016/S0140-6736(21)00527-4
https://doi.org/10.1038/s41467-021-23469-2
https://doi.org/10.1038/s41467-021-23469-2
https://doi.org/10.1371/journal.pone.0056023
https://doi.org/10.1371/journal.pone.0259551
https://doi.org/10.1101/2021.03.02.21252203
https://doi.org/10.1101/2021.03.02.21252203
https://doi.org/10.1111/eci.13573
https://doi.org/10.1038/s41591-021-01540-1
https://doi.org/10.1038/s41591-021-01540-1
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.00376-22

A Novel Rapid Live SARS-CoV-2 Neutralizing Assay

47.

48.

Libri V, Williams B, Gandhi S, Swanton C, Bauer DL. 2022. Three-dose vac-
cination elicits neutralising antibodies against omicron. Lancet 399:
715-717. https://doi.org/10.1016/50140-6736(22)00092-7.

Rees-Spear C, Muir L, Griffith SA, Heaney J, Aldon Y, Snitselaar JL,
Thomas P, Graham C, Seow J, Lee N, Rosa A, Roustan C, Houlihan CF,
Sanders RW, Gupta RK, Cherepanov P, Stauss HJ, Nastouli E, Doores KJ,
van Gils MJ, McCoy LE. 2021. The effect of spike mutations on SARS-
CoV-2 neutralization. Cell Rep 34:108890. https://doi.org/10.1016/j
.celrep.2021.108890.

Hu J, Peng P, Wang K, Fang L, Luo FY, Jin AS, Liu BZ, Tang N, Huang AL.
2021. Emerging SARS-CoV-2 variants reduce neutralization sensitivity to
convalescent sera and monoclonal antibodies. Cell Mol Immunol 18:
1061-1063. https://doi.org/10.1038/541423-021-00648-1.

July 2022 Volume 60 Issue 7

49.

50.

Journal of Clinical Microbiology

Cele S, Gazy |, Jackson L, Hwa SH, Tegally H, Lustig G, Giandhari J, Pillay S,
Wilkinson E, Naidoo Y, Karim F, Ganga Y, Khan K, Bernstein M, Balazs AB, Gosnell
Bl, Hanekom W, Moosa MS, Lessells RJ, de Oliveira T, Sigal A, COMMIT-KZN
Team. 2021. Escape of SARS-CoV-2 501Y.V2 from neutralization by convalescent
plasma. Nature 593:142-146. https://doi.org/10.1038/s41586-021-03471-w.
Planas D, Bruel T, Grzelak L, Guivel-Benhassine F, Staropoli I, Porrot F,
Planchais C, Buchrieser J, Rajah MM, Bishop E, Albert M, Donati F, Prot M,
Behillil S, Enouf V, Maquart M, Smati-Lafarge M, Varon E, Schortgen F,
Yahyaoui L, Gonzalez M, De Séze J, Péré H, Veyer D, Séve A, Simon-Loriére
E, Fafi-Kremer S, Stefic K, Mouquet H, Hocqueloux L, van der Werf S,
Prazuck T, Schwartz O. 2021. Sensitivity of infectious SARS-CoV-2 B.1.1.7
and B.1.351 variants to neutralizing antibodies. Nat Med 27:917-924.
https://doi.org/10.1038/541591-021-01318-5.

10.1128/jcm.00376-22 9


https://doi.org/10.1016/s0140-6736(22)00092-7
https://doi.org/10.1016/j.celrep.2021.108890
https://doi.org/10.1016/j.celrep.2021.108890
https://doi.org/10.1038/s41423-021-00648-1
https://doi.org/10.1038/s41586-021-03471-w
https://doi.org/10.1038/s41591-021-01318-5
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.00376-22

	MATERIALS AND METHODS
	Vero E6 cells.
	Virus strains.
	Immunoplaque assay.
	Human sera.
	ELISA and surrogate neutralization assay.
	qRT-PCR-based virus neutralization assay.
	Determination of the median tissue culture infectious dose (TCID50).
	Statistical analysis and graphic display.

	RESULTS
	The qRT-PCR-based rapid live SARS-CoV-2 neutralization assay correlates with the standard TCID50 neutralization assay.
	Correlation of the qRT-PCR-based rapid live SARS-CoV-2 neutralization assay with RBD antibody-binding assays.
	Quantification of SARS-CoV-2 cross-neutralization by using the RT-VNA.

	DISCUSSION
	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

