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SARS-CoV-2 Neutralizing Antibody Responses towards

Full-Length Spike Protein and the Receptor-Binding Domain

Rafael Bayarri-Olmos,* Manja Idorn,† Anne Rosbjerg,* Laura P�erez-Al�os,*

Cecilie Bo Hansen,* Laust Bruun Johnsen,‡ Charlotte Helgstrand,‡ Franziska Zosel,‡

Jais Rose Bjelke,‡ Fredrik Kryh €Oberg,‡ Max Søgaard,§ Søren R. Paludan,†

Theresa Bak-Thomsen,‡ Joseph G. Jardine,{ Mikkel-Ole Skjoedt,*,1 and Peter Garred*,1

Tools to monitor SARS-CoV-2 transmission and immune responses are needed. We present a neutralization ELISA to determine

the levels of Ab-mediated virus neutralization and a preclinical model of focused immunization strategy. The ELISA is strongly

correlated with the elaborate plaque reduction neutralization test (q 5 0.9231, p < 0.0001). The neutralization potency of

convalescent sera strongly correlates to IgG titers against SARS-CoV-2 receptor-binding domain (RBD) and spike (q 5 0.8291

and 0.8297, respectively; p < 0.0001) and to a lesser extent with the IgG titers against protein N (q 5 0.6471, p < 0.0001). The

preclinical vaccine NMRI mice models using RBD and full-length spike Ag as immunogens show a profound Ab neutralization

capacity (IC50 5 1.9 3 104 to 2.6 3 104 and 3.9 3 103 to 5.2 3 103, respectively). Using a panel of novel high-affinity murine

mAbs, we also show that a majority of the RBD-raised mAbs have inhibitory properties, whereas only a few of the spike-raised

mAbs do. The ELISA-based viral neutralization test offers a time- and cost-effective alternative to the plaque reduction

neutralization test. The immunization results indicate that vaccine strategies focused only on the RBD region may have

advantages compared with the full spike. The Journal of Immunology, 2021, 207: 878�887.

C
oronavirus disease-19 has, within a short time, become a

worldwide health crisis and the scientific community has

stepped up in earnest to this unprecedented challenge to

develop diagnostic and therapeutic tools to contain and treat the pan-

demic. As of September 2020, there were 231 vaccine candidates in

the pipeline and more than 30 in clinical trials (1). December 2020

saw the rollout of mass vaccination programs around the globe, and

by the end of February 2021, more than 175 million doses had been

administered from at least seven different approved vaccines (2).

Apart from vaccines to prevent SARS-CoV-2 infection, passive anti�

SARS-CoV-2 Ab therapy to treat COVID-19 patients has emerged as

a treatment possibility (3). Studies have reported that the majority of

COVID-19 patients develop neutralizing Abs targeting the spike gly-

coprotein within the first 2 wk after symptom onset (4�8), and that

SARS-CoV-2�derived Abs have a protective effect in COVID-19

animal models such as rhesus macaques (9) and rodents (10�13). The

U.S. Food and Drug Administration has granted Emergency Use

Authorizations to two combination products, bamlanivimab plus ete-

sevimab (two mAbs with overlapping epitopes in the receptor-binding

domain [RBD] of the spike protein) and casirivimab plus imdevimab

(previously REGN10933 and REGN10987, respectively, which target

nonoverlapping epitopes in the RBD), for the treatment of outpatients

with mild to moderate COVID-19 at risk for developing severe dis-

ease and/or requiring hospitalization (14). Overall, current reports sup-

port the idea that Ab-based immunotherapy in the form of mAbs is

beneficial in the treatment of COVID-19 patients. At the same time,

the use of convalescent plasma therapy has become debated (15�17).

Nevertheless, protective humoral immunity involves neutralizing Abs

and will be a hallmark for the evaluation of a vaccine response

efficacy.

The current standard method to evaluate the presence of neutraliz-

ing Abs in the blood is the plaque reduction neutralization test

(PRNT). Although it remains the gold standard because of its specif-

icity and sensitivity (18�21), the PRNT is labor and time intensive,

difficult to standardize, and requires highly specialized personnel in

high biosafety levels laboratories. Alternatively, viral particles pseu-

dotyped with SARS-CoV-2 spike have been developed and allow

for faster and safer determination of Ab-mediated neutralization

*Copenhagen University Hospital, Copenhagen, Denmark; †Department of Biomedi-
cine, Aarhus Research Center for Innate Immunology, Aarhus University, Aarhus, Den-
mark; ‡Novo Nordisk, Måløv, Denmark; xNeutralizing Antibody Center, Scripps
Research, International AIDS Vaccine Initiative, La Jolla, CA; and {ExpreS2ion
Biotechnologies, Horsholm, Denmark

1M.-O.S. and P.G. contributed equally to this work.

ORCIDs: 0000-0003-3202-9679 (R.B.-O.); 0000-0002-6769-9165 (M.I.); 0000-0001-
6736-3138 (A.R.); 0000-0002-0368-4976 (L.P.-A.); 0000-0002-7709-4522 (C.B.H.);
0000-0002-8496-3423 (C.H.); 0000-0002-5137-6601 (F.Z.); 0000-0002-7089-2118
(F.K.€O.); 0000-0001-6224-4818 (M.S.); 0000-0001-8951-1074 (J.G.J.); 0000-0003-
1306-6482 (M.-O.S.); and 0000-0002-2876-8586 (P.G.).

Received for publication March 23, 2021. Accepted for publication June 2, 2021.

This work was supported by grants from the Carlsberg Foundation (CF20-0045), the
Novo Nordisk Foundation (NFF205A0063505 and NNF20SA0064201), and the
Independent Research Fund Denmark (0214-00001B).

R.B.-O., M.-O.S., and P.G. conceived and designed the study; R.B.-O., C.H., J.R.B.,
F.K.€O., M.S., T.B.-T., and J.G.J. enabled recombinant protein production; R.B.-O.
developed the ELISA-based neutralization assay; R.B.-O., L.P.-A., and C.B.H.

performed the ELISA-based experiments; R.B.-O., A.R., and M.-O.S. generated and
characterized the mAbs; C.B.H. enabled blood sample collection and use; M.I. and
S.R.P. performed viral neutralization experiments; L.B.J. characterized Ab affinities
and epitope mapping by BLI; F.Z. performed size exclusion chromatography coupled
to multiangle light scattering (SEC-MALS) experiments; R.B.-O., M.I., L.P.-A., L.B.J.,
and S.R.P. analyzed the data; R.B.-O., M.-O.S., and P.G. wrote the paper with inputs
from all coauthors. All authors approved the final version of the manuscript.

Address correspondence and reprint requests to Dr. Rafael Bayarri-Olmos, Laboratory
of Molecular Medicine, Department of Clinical Immunology 7631, Copenhagen
University Hospital Ole Maaloesvej 26, Entrance 76, 3rd Floor, 2200 Copenhagen,
Denmark. E-mail address: rafael.bayarri.olmos@regionh.dk

The online version of this article contains supplemental material.

Abbreviations used in this article: ADE, Ab-dependent enhancement; AMC, anti-mouse
IgG Fc capture; BLI, biolayer interferometry; CV, coefficient of variation; HS-strep-HRP,
high-sensitivity streptavidin�HRP; IAVI, International AIDS Vaccine Initiative; PRNT,
plaque reduction neutralization test; RBD, receptor-binding domain; RT, room temperature;
SEC-MALS, size exclusion chromatography coupled to multiangle light scattering.

Copyright©2021 byTheAmericanAssociation of Immunologists, Inc. 0022-1767/21/$37.50

www.jimmunol.org/cgi/doi/10.4049/jimmunol.2100272

The Journal of Immunology

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://orcid.org/0000-0003-3202-9679
http://orcid.org/0000-0002-6769-9165
http://orcid.org/0000-0001-6736-3138
http://orcid.org/0000-0002-0368-4976
http://orcid.org/0000-0002-7709-4522
http://orcid.org/0000-0002-7709-4522
http://orcid.org/0000-0002-8496-3423
http://orcid.org/0000-0002-5137-6601
http://orcid.org/0000-0002-7089-2118
http://orcid.org/0000-0001-6224-4818
http://orcid.org/0000-0001-8951-1074
http://orcid.org/0000-0003-1306-6482
http://orcid.org/0000-0002-2876-8586
http://orcid.org/0000-0003-3202-9679
http://orcid.org/0000-0002-6769-9165
http://orcid.org/0000-0001-6736-3138
http://orcid.org/0000-0001-6736-3138
http://orcid.org/0000-0002-0368-4976
http://orcid.org/0000-0002-7709-4522
http://orcid.org/0000-0002-8496-3423
http://orcid.org/0000-0002-5137-6601
http://orcid.org/0000-0002-7089-2118
http://orcid.org/0000-0001-6224-4818
http://orcid.org/0000-0001-8951-1074
http://orcid.org/0000-0003-1306-6482
http://orcid.org/0000-0003-1306-6482
http://orcid.org/0000-0002-2876-8586
mailto:rafael.bayarri.olmos@regionh.dk
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100272/-/DCSupplemental
http://www.jimmunol.org/


(22�26). Notwithstanding, it remains of critical importance to

develop reliable and convenient methods to assess the virus-neutral-

izing capacity of patient- or animal-derived Abs to select convales-

cent plasma donors, develop mAb-based therapeutics, and evaluate

the efficacy of vaccination strategies.

In this study, we describe the development of a quick, sensitive,

and easy-to-operate neutralization ELISA-based test for the determi-

nation of neutralizing Abs based on the interaction between recom-

binant human ACE-2 ectodomain and the SARS-CoV-2 RBD. We

benchmarked our assay with the PRNT and two commercially avail-

able tests. Using a previously described cohort of PCR-confirmed

COVID-19 convalescent patients (27), we measured the neutraliza-

tion potency and the relative titers of IgG, IgM, and IgA against the

RBD, spike, and protein N. Furthermore, we evaluated the vaccine

responses in preclinical vaccine animal models using our Ab neu-

tralization ELISA and generated high-affinity mAbs against the

RBD and full-length spike protein. Finally, we performed binding

kinetic characterization, epitope binning, and determined their neu-

tralization potency in our Ab neutralization ELISA and the PRNT.

Materials and Methods
Buffers

The following buffers were used: PBS (10.1 mM disodium phosphate,
1.5 mM monopotassium phosphate, 2.7 mM potassium chloride, 137 mM
sodium chloride), PBS-T (PBS 1 0.05% Tween-20), PBS-T�EDTA
(PBS-T 1 5 mM EDTA), sample buffer (PBS-T�EDTA 1 5% skim milk
[70166 Merck, Branchburg, NJ]).

Production and purification of recombinant ACE-2 ectodomain and

SARS-CoV-2 viral proteins

The nucleotide sequence corresponding to the human ACE-2 receptor (aa
17�740) with an N-terminal CD33 signal peptide and a dual C-terminal
10xHis-AviTag (HHHHHHHHHH-GLNDIFEAQKIEWHE) was ordered
from Twist Biosciences and subcloned into a pTT5 expression vector. Recom-
binant ACE-2 protein was produced by transient transfection using the
Expi293 Expression System Kit (Life Technologies, Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s recommendations and grown
shaking in suspension in a humidified incubator at 37�C and 8% CO2. On day
5 after transfection, AmMag Ni Magnetic Beads (GenScript, Piscataway, NJ)
or IMAC-5 MAG magnetic beads (Lytic solutions, Madison, Wisconsin) were
added to the clarified cell culture, followed by 2 h of additional incubation. The
magnetic beads were subsequently removed from the cell culture, washed, and
eluted according to the manufacturer’s instructions. The two elutions were
pooled, and buffer exchanged into 50 mM HEPES (pH 7.4), 150 mM NaCl.
The nucleotide sequence for the trimeric prefusion-stabilized spike protein
ectodomain (QIC53204, aa 1�1208) was optimized in terms of the codon adap-
tation index, high 5' mRNA folding energy, and repeated adjacent codons. The
coding sequence was modified by including two stabilizing proline substitu-
tions in positions 986�987, a GSAS substitution at the furin cleavage site (aa
682�685), and a C-terminal trimerization domain-8xHis (YIPEAPRDG-
QAYVRKDGEWVLLSTFL-HHHHHHHH) (28). All DNA manipulations
were done in Visual Gene Developer 1.9 (29). The nucleotide sequence was
synthesized by GeneArt (Thermo Fisher Scientific) and subcloned into a
pcDNA3.4 expression vector. Trimeric prefusion-stabilized spike protein ecto-
domain was produced and purified as were SARS-CoV-2 protein N and RBD,
which have been described in detail elsewhere (27). Purified RBD was biotiny-
lated with a biotin ligase kit (Avidity, Aurora, Colorado, USA) according to the
manufacturer's instructions. The plasmid used for synthesizing the SARS-
CoV-2 RBD polypeptide was made and kindly contributed by the International
AIDS Vaccine Initiative and provided by the responsible International AIDS
Vaccine Initiative employee, Joseph Jardine (Scripps Institute, La Jolla, Cali-
fornia). The nucleotide sequence for the monomeric prefusion-stabilized spike
protein ectodomain (aa 16�1208), modified with an N-terminal BiP signal pep-
tide, two proline substitutions (aa 967, 987) an AARA substitution at the furin
cleavage site, and a C-terminal Capture select C-tag (Thermo Fisher Scientific),
was synthesized and subcloned into a pExpreS2-1 (ExpreS2ion Biotechnolo-
gies) vector by GeneArt. Transiently transfected Drosophila melanogaster S2
cells (ExpreS2 Cells, ExpreS2ion Biotechnologies) were grown shaking in sus-
pension at 25�C for 3 d after which the supernatant was harvested by centrifu-
gation, concentrated, and buffer exchanged�10-fold. The protein was purified
on a Capture Select C-tag XL column (Thermo Fisher Scientific) eluted using

MgCl2 (0.5�1 M), followed by size exclusion chromatography using a Super-
dex200 column (Cytiva, Marlborough, MA) equilibrated in PBS.

Protein purity was confirmed by SDS gel electrophoresis using a Tris-
Acetate 3�8% gel (Invitrogen, Thermo Fisher Scientific) and Instant Blue
total protein stain (Abcam, Cambridge, UK), and the identity of the purified
proteins was confirmed using Bis-Tris 4�12% gels blotted unto Invitrolon
PVDF membranes (both Invitrogen, Thermo Fisher Scientific) and detecting
either with anti-human ACE-2 goat IgG (AF933; R&D Systems, Minneapo-
lis, MN) followed by anti-sheep�HRP conjugate polyclonal rabbit 1.3 g/L
(P0163 Dako; Agilent, La Jolla,CA) or with streptavidin-HRP conjugate
(RPN131V; Amersham, Sigma-Aldrich, St. Louis, MO).

Characterization of RBD and spike protein by size exclusion

chromatography coupled to multiangle light scattering

A total of 30 mg (RBD) or 20 mg (spike protein) of protein were injected on an
HPLC system (Alliance; Waters, Milford, MA) and separated on a Superose 6
increase 10/300 GL column (Cytiva) equilibrated with 20 mM HEPES (pH
7.5), 150 mM NaCl at a flow rate of 0.5 ml/min. Eluting sample was detected
with light scattering (miniDAWN Treos; Wyatt Technologies, Goletta, CA),
RI (Optilab rEX; Wyatt Technologies), and UV detectors. The light scattering
data were analyzed in Astra (Wyatt Technologies), assuming a refractive index
increment of 0.185 ml/g.

Serum and plasma samples

A total of 310 serum and plasma samples from recovered individuals with a
previous SARS-CoV-2 infection confirmed by quantitative PCR were
included in the study. The participants have been described elsewhere (27).
Serum and plasma samples from healthy blood donors collected before
December 2019 were used as negative control.

Development of an ELISA-based SARS-CoV-2 neutralization assay

The assay was optimized by sequentially assessing the effect of detection
reagents, (i.e., high-sensitivity streptavidin�HRP [HS-strep-HRP; 21130;
Thermo Fisher Scientific] or streptavidin-HRP conjugate [RPN131V; Amer-
sham]; convalescent serum preincubation times [0�60 min]; ACE-2 coat con-
centration [0.5�8 mg/ml]; RBD:ACE-2 binding times [15�90 min]; and sample
choice [serum, heat-inactivated serum, plasma]). In the final setup, ACE-2 (1
mg/ml) was coated in MaxiSorp microtiter plates (Thermo Fisher Scientific)
overnight in PBS at 4�C. The day after, biotinylated RBD (4 ng/ml) was incu-
bated with HS-strep-HRP (1:16,000 dilution) and convalescent serum dilutions
(6-point 4-fold dilution starting at 20%) for 60 min in low-binding polypropyl-
ene round-bottom plates (Thermo Fisher Scientific). Next, the serum/RBD mix
was transferred to ACE-2 coated plates and allowed to bind for 15 min, before
detection with TMB ONE (KemEnTec Diagnostics, Taastrup, Denmark). The
reaction was stopped with 0.3 M H2SO4, and the OD was measured at 450
nm. Microtiter plates were washed thrice with PBS-T between steps and all
incubations took place at room temperature (RT) in an orbital shaker unless
otherwise stated. The neutralization index was calculated as:

Neutralization %ð Þ ¼ 1�
sample OD

control OD

� �

�100

Negative neutralization indexes were normalized to 0. A serum pool
(n 5 3) collected before the emergence of SARS-CoV-2 was used as
control. The matrix effects are represented as the ratio between each
dilution of serum/plasma/nonspecific mAbs and the blank (RBD/HS-
strep-HRP ratio in PBS-T) � 100. The intra-assay coefficient of varia-
tion (CV) was calculated on the estimated IC50 values of a serum pool
from six convalescent patients with high anti-RBD IgG titers measured
eight times in a single plate. The interassay CV was calculated on the
average IC50 of a serum sample with high anti-RBD IgG titers from at
least three independent plates run in three different days (n 5 12�15).

PRNT

SARS-CoV-2, Freiburg isolate, and FR-4286 (kindly provided by Professor
Georg Kochs, University of Freiburg) was propagated in VeroE6 cells
expressing human TMPRSS2 (VeroE6-hTMPRSS2) [kindly provided by Pro-
fessor Stefan P€ohlmann, University of G€ottingen (30)] with a multiplicity of
infection of 0.05 in DMEM (Life Technologies, Thermo Fisher Scientific) 1
2% FCS (Sigma-Aldrich) 1 1% penicillin/streptomycin (Life Technologies) 1
L-glutamine (Sigma-Aldrich) (in this study, complete medium). Supernatant
from 72 h postinfection containing new virus progeny was harvested and
concentrated on 100 kDa Amicon ultrafiltration columns (Merck) by centrifu-
gation at 4,000 � g for 30 min. Virus titer was determined by the 50% tissue
culture infectious dose assay and calculated by Reed-Muench method (31).
Sera from convalescent COVID-19 patients (15 representative samples with
low, intermediate, and high RBD-specific IgG titers) was heat-inactivated (30
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min, 56�C), and prepared in 2-fold serial dilutions in complete medium. MAbs
raised against SARS-CoV-2 RBD, or prefusion-stabilized spike protein were
prepared in complete medium at 100 mg/ml and subsequent 3-fold serial dilu-
tion. Serum or Ab dilutions were mixed with SARS-CoV-2 at a final titer of
100 the 50% tissue culture infectious dose per well and incubated at 4�C over-
night. “No serum” and “no virus” (uninfected) samples were included as con-
trols. The following day, virus/serum or virus/Ab mixtures were added
to 2 � 104 Vero E6-hTMPRSS2 cells seeded in flat-bottom 96-well
plates, and incubated for 72 h in a humidified CO2 incubator at 37

�C, 5%
CO2. The neutralization assay was stopped by fixing with 5% Formalin
(Sigma-Aldrich) and staining with crystal violet solution (Sigma-Aldrich).
The plates were read using a light microscope (Leica DMi1, Leica, Wet-
zlar, Germany) with a camera (Leica MC170 HD) at 10� magnification,
and the cytopathic effect scored.

Determination of IgG, IgM, and IgA titers against RBD, spike, and

protein N

Microtiter 384-well plates were coated with 1 mg/ml of RBD, monomeric full-
length spike, or protein N in PBS overnight at 4�C. Serum samples from
COVID-19 convalescent patients were applied in a 3-point 3-fold serial dilu-
tion starting at 1:400 in sample buffer. A serum sample from a COVID-19
patient with high IgG, IgM, and IgA titers against RBD was used as a calibra-
tor. HRP-conjugated polyclonal rabbit Abs against human IgG (P0214), IgM
(P0215), and IgA (P0216) (0.5 mg/ml; all from Agilent Technologies, Santa
Clara, CA) were used as detection Abs. Unless otherwise stated, all incubation
steps were performed for 1 h at RT in a shaking platform, and the plates were
washed between steps with PBS-T. Plates were developed with TMB ONE for
7 min for IgG, and 10 min for IgM and IgA, and the reaction was stopped with
0.3 M H2SO4, and the OD was measured as described previously. Ab titers
against RBD have previously been reported by our group (27).

Mice immunization and generation of mAbs against SARS-CoV-2

RBD and spike protein

Four groups (n 5 4 per group) of outbred NMRI mice were immunized
against SARS-CoV-2 RBD or trimeric prefusion-stabilized spike protein
ectodomain. The mice used for mAb generation (two groups of four mice)
received three s.c. injections with 20 mg of either recombinant RBD or tri-
meric prefusion-stabilized spike protein ectodomain adsorbed to GERBU P
adjuvant (Gerbu, Heilderberg, Germany) as recommended by the manufac-
turer. The three rounds of immunization were spaced 2 wk apart. Four days
before the fusions, the mice received an i.v. boost of 15 mg Ag without adju-
vant. Splenocytes were collected and the fusion was done essentially as
described previously (32). Hybridomas were screened by direct ELISA using
MaxiSorp microtiter plates (Thermo Fisher Scientific) coated with 0.5 mg/ml
of recombinant monomeric full-length spike protein or RBD and cloned by
limiting dilution. Positive clones were purified with HiTrap Protein G col-
umns connected to an €Akta Pure system (both from Cytiva).

For the preclinical vaccine strategy, the two other groups (n 5 4) of mice
received in total four doses of 20 mg of recombinant RBD or trimeric full-
length spike protein ectodomain as above, and polyclonal antisera were col-
lected 7 d after each immunization.

Determination of Ab titers in immunized mice and COVID-19

convalescent patients

Mice sera were applied to microtiter plates coated with RBD or monomeric
full-length spike protein (both 1 mg/ml) in a 9-point 4-fold serial dilution
starting at 1:100. Human convalescent sera were applied in an 8-point 4-fold
serial dilution starting at 1:25. The samples were incubated for 80 min, fol-
lowed by a 45-min incubation with rabbit anti-mouse-HRP conjugate
(1:2000 dilution, P0260) or polyclonal rabbit Abs against human IgG (0.5
mg/ml, P0214) (both from Agilent Technologies). Development was per-
formed as described previously.

Evaluation of the neutralization potency of mouse serum and

mouse-derived mAbs

The neutralization potency was calculated on a 9-point 4-fold serial dilu-
tion of serum (starting at a 1:40 dilution) or a 6-point 4-fold dilution of
purified mAbs (starting at 24 mg/ml), but otherwise, as described before.
Plates were washed between steps with PBS-T, and all incubations took
place at RT.

Epitope binning and affinity determination of RBD and spike mAbs

by biolayer interferometry

Binning experiments were performed using an Octet system (HTX, Red384)
(ForteBio, Fremont, CA), based on the principle of biolayer interferometry

(BLI), equipped with anti-mouse IgG Fc capture (AMC) sensors (Pall Life
Sciences, San Diego, CA) and using the 8-channel mode. The binning assays
were performed using a sandwich setup, and tips were regenerated between
each cycle. Abs were captured directly from supernatants. Briefly (1), Abs
were loaded on AMC tips (150 s) (2); AMC tips were blocked with 2 mM of
a mix of mouse IgG2a, IgG2b, and IgG1 (300 s) (3); association with 100
nM spike protein (150 s); and (4) competition with second Abs (150 s).
Unspecific binding was evaluated by including a mouse IgG1 Ab as a first
and second Ab control. Response values from the second Abs from step (4)
were used as the basis for the binning data, in addition to visual inspection
of individual binding curves for all Ab competitions. Running/neutralization
buffer was composed of 20 mM HEPES, 150 mM NaCl, 5 mM CaCl2,
0.1% BSA (IgG free), 0.03% Tween-20 (pH 7.4). Regeneration buffer was
10 mM glycine-HCl (pH 1.5).

Affinity determination experiments were performed on the same Octet For-
tebio System instrument as used for the binning experiment. Briefly (1), Abs
were captured directly from supernatant on AMC sensors (150 s) (2), associa-
tion to serial dilutions of RBD (10-point 2-fold dilution starting at 200 nM)
(300 s), and (3) a dissociation phase (300 s). Reference AMC sensors, loaded
with the same specific Abs as subjected to the RBD concentrations series, were
subtracted for each specific Ab before data analysis. Global analysis of associa-
tion and dissociation phases fitted to a 1:1 binding model were employed.

Statistics

All analyses were performed with GraphPad Prism 8 (GraphPad Software, San
Diego, CA). IC50 values were calculated using the equation [inhibitor] versus
normalized response with variable slope. IC50 values from nonneutralizing
serum samples were normalized to 1, and mAbs were normalized to 100. The
relationship between serum and plasma neutralization index, PRNT versus Ab
neutralization ELISA log(IC50), neutralization versus IgG/M/A titers, and neu-
tralization versus RBD affinity was estimated by linear regression analyses
(goodness of fit reported as R2) and two-tailed Spearman rank correlation tests.
IgG, IgM, and IgA titers were interpolated from a calibrator curve using a four-
parameter nonlinear curve fitting and reported as arbitrary units/ml as described
elsewhere (27). The p values < 0.05 were considered statistically significant.

Study approval

The use of convalescent donor blood sample in this study has been approved
by the Regional Ethical Committee of the Capital Region of Denmark with
the approval ID: H-20028627.

The animal experimental procedures described in this study have been
approved by the Danish Animal Experiments Inspectorate with the approval
ID: 2019-15-0201-00090.

Results
Development of an ELISA-based Ab neutralization test

We synthesized recombinant human ACE-2 ectodomain (aa

17�740), trimeric-stabilized spike ectodomain (aa 1�1208), and

SARS-CoV-2 RBD (aa 319�591) and purified them by immobilized

metal ion chromatography via their C-terminal 10xHis followed by

size exclusion chromatography (Fig. 1A). To avoid steric hindrance

between RBD-bound, nonneutralizing Abs in the analyte and detec-

tion Abs when determining the interaction between ACE-2 and

RBD, we biotinylated the latter via a C-terminal AviTag (Fig. 1B,

1C). SEC-MALS analyses of RBD and spike protein ectodomain

demonstrate that they behave as a 39-kDa monomer and a 530-kDa

trimer in solution, respectively (Fig. 1D).

Using the recombinant ACE-2 ectodomain and biotinylated

SARS-CoV-2 RBD, we developed an ELISA-based neutralization

assay defining the reduction of the binding of RBD to coated ACE-

2 as a measure for the neutralization potency of sera from convales-

cent patients or vaccinated mice (Fig. 1E). Aiming at making this

assay as flexible and applicable by other laboratories and testing

platforms, we screened the effects of the detection reagents, coat

density, assay time, sample matrix, and sample type (Fig. 2).

Briefly, the ACE-2 coat was titrated and evaluated in terms of the

signal-to-noise ratio and total intensity, and a low-density coat of 1

mg/ml was used for further assay development (Fig. 2A). Shorten-

ing the RBD/ACE-2 ratio incubation time to 15 min resulted in the

best signal-to-noise ratio, mostly because of a reduction in the
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background (Fig. 2B). Matrix effects were evaluated on serial dilu-

tions of serum, plasma, and nonspecific mAb dilutions with accept-

able variation (<20%) over a broad range of concentrations (below

40% serum/plasma and 100 mg/ml mAbs) (Fig. 2C). The neutraliza-

tion potency of matched serum and plasma samples correlated

highly (q 5 0.9641, p < 0.0001, n 5 108) (Fig. 2D). Heat

inactivation of serum and addition of EDTA had no significant

effect (Supplemental Fig. 1). The intra- and interassay CV were

found to be satisfactory (4.21% and 12.95%, respectively). Alto-

gether, these results demonstrate that the ELISA-based neutraliza-

tion test is robust, time-effective, and suitable for the assessment of

the neutralization potency in clinical samples.

FIGURE 1. Production of recombinant human ACE-2 and SARS-CoV-2 RBD. Total protein stain of SDS-PAGE of purified ACE-2, trimeric spike and

biotinylated RBD produced in Expi293 cells (A). Western immunoblotting using an anti�ACE-2 Ab (B), or streptavidin-HRP conjugate (C) of the ACE-2

and biotinylated RBD used in the Ab neutralization assay. SEC-MALS chromatograms of RBD (black) and spike protein (yellow) (D). The molar mass cal-

culate by MALS is shown in red over the elution peaks. Schematic representation of the assay setup (E). Virion and protein models were generated with

PDBe Molstar from a coarse grain model of the virion (51), the crystal structures of the RBD/ACE-2/B0AT1 complex (PDB ID: 6M17) (42), and a human

IgG1 (PDB ID: 1HZH) (52). Data from panels (A)�(D) are representative of two independent experiments.
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The results of the Ab neutralization ELISA closely match those of the

PRNT

We compared the performance of the developed Ab neutralization

ELISA with an authentic SARS-CoV-2 viral neutralization assay,

the PRNT. When categorizing the samples on low, medium, high,

and very high neutralization potencies, as calculated by the PRNT,

we observed that the Ab neutralization ELISA results match those

obtained by the PRNT (n 5 15), with estimated IC50 values show-

ing a strong correlation with the PRNT (q 5 0.9231, n 5 12) (Fig.

3). Additionally, we benchmarked our Ab neutralization ELISA

with two commercially available ELISA-based kits (n 5 52). A

similarly satisfactory association was observed with two commer-

cially available neutralization tests (q 5 0.9263�0.9562, R2
5

0.8445�0.9232, n 5 52) (Supplemental Fig. 2).

The neutralization potency and Ab titers against spike, RBD, and N

strongly correlates in COVID-19 convalescent patient sera

Using our ELISA neutralization test, we measured the neutralization

potency of serum samples from a cohort of convalescent patients

with a confirmed COVID-19 diagnosis by quantitative PCR (n 5

310). In parallel, we measured the titers of IgG, IgM, and IgA

against RBD, spike, and protein N using a direct ELISA approach

(Fig. 4), which was published recently (27). The neutralization

potency, expressed as the IC50, was strongly correlated to the IgG

titers against RBD and spike (q 5 0.8291 and 0.8297, respectively;

p < 0.0001) and to a lesser extent with the IgG titers against protein

N (q 5 0.6471, p < 0.0001). Weaker correlations, albeit statistically

significant, were found for the IgM and IgA titers against all three

viral Ags.

FIGURE 2. Assay development. Signal-to-noise ratio, calculated as the ratio between a given dilution and the blank, of the binding of serial dilutions of

RBD on a 2-fold titration of coated ACE-2 (0.5�8 mg/ml) (A). Signal-to-noise ratio of the binding of serial dilutions of RBD incubated for 15 to 90 min on

plates coated with 1 mg/ml of ACE-2 (B). The matrix effects were analyzed by coincubating RBD/HS-strep-HRP in increasing concentrations of a control

serum, plasma, or nonspecific Ab pools (C). Horizontal dashed lines delimit the 100 ± 20% acceptable recovery range. Spearman rank correlation coefficient

between the neutralization (Neutr.) (%) in 20% serum and plasma (D). Trend line represents the linear regression (R2 = 0.9166). Data from panels (A)�(C)

are represented as mean ± SEM of duplicate measurements.

FIGURE 3. Assay validation. The neutralization potency of COVID-19 convalescent patient sera (n = 15) was determined using the PRNT, classified by

low, medium, high, and very high neutralization potency, and analyzed using the developed Ab neutralization ELISA (A). IC50 values were calculated from

the neutralization indexes obtained from both tests using the equation [inhibitor] versus normalized response with variable slope, and their relationship was

analyzed using linear regression (R2 = 0.7973) and Spearman rank correlation coefficient (q = 0.9231, p < 0.0001) (n = 12) (B). IC50 values could not be

interpolated with confidence from “low potency” samples, and as such, were excluded from the correlation.
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RBD-immunized mice show a more profound neutralization potency

than spike-immunized and severe convalescent individuals

Next, we evaluated the Ab response in a preclinical animal vaccine

model. Mice were immunized four times s.c. with either the RBD or tri-

meric spike ectodomain. Eachmousewas bled 7 d after the second, third,

and fourth immunization followed by an assessment of the polyclonal

response against the Ag. The polyclonal Ab titers against RBD and spike

from the third immunization round using a direct ELISA are shown in

Fig. 5A, 5B. The spike-specific Abs in the RBD and spike-immunized

mice groups mirrored each other, whereas the RBD-specific Ab levels

were lower in the spike-immunized group. An SARS-CoV-2 nonrelated

immunizedmouse groupwas used as a negative control. Comparedwith

the Ab titers developed in COVID-19 convalescent individuals—

grouped into high, intermediate, and low titers (as determined by our

direct RBD ELISA described above) (Fig. 5C, 5D)—the immunized

mice developed in the order of 9- to 32-fold and 20- to 35-fold higher

RBD and spike titers, respectively, than any of the convalescent patient

groups. Next, we assessed the neutralization potency of immunizedmice

and convalescent patient sera in our Ab neutralization ELISA (Fig. 5E,

5F), showing that immunized mice, particularly in the RBD group,

developed a robust neutralizing response, which was 500-fold more

potent than the highest titer response group of convalescent individuals.

Ab titers and neutralization potency of mouse sera reached a maximum

already after the second round of immunization. The presented data

were generated from sera collected after the third immunization.

Murine mAbs display high RBD affinity and strong inhibitory

properties

In the light of the promising results with the polyclonal mice sera, we

sought to isolate and characterize potent murine mAbs. We selected

and characterized 17 mAbs immunized with RBD and 32 mAbs using

trimeric full-length trimeric spike protein ectodomain as Ags and a

selected group of these were purified by affinity chromatography. All

clones isolated from RBD-immunized mice reacted with RBD and

spike to the same extent. However, for the clones that originated from

spike-immunized mice, only 3 out of 32 mAbs showed full RBD/ACE-

2 inhibition, whereas 9 out of 17 of the mAbs from the RBD immuniza-

tion showed a strong inhibition profile. In the neutralization assessment,

we selected mAbs with a high binding capacity to the RBD (a total of

three mAbs from the spike and seven from the RBD immunization).

These were further characterized in terms of biochemical and neutrali-

zation properties (Fig. 6). First, we studied their binding properties

using BLI (Fig. 6A, 6B). The mAbs were immobilized onto biosensor

tips and dipped into wells containing 2-fold dilution series of RBD

(0.4�200 nM). All Abs bound to RBDwith low nM (n5 4) or sub nM

affinity (n 5 5). Epitope binning experiments revealed several epitope

FIGURE 4. Neutralization potency and Ab titers in COVID-19 convalescent patient sera. Spearman rank correlation and linear regression analyses of the

neutralization potency of sera and titers of IgG (A, D, G), IgM (B, E, H), and IgA (C, F, I) against RBD (A�C), spike (D�F), and protein N (G�I) (n = 310).

Trend lines represent linear regression.
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hotspots within the RBD, one recognized by RBD clones 1 and 28, and

a second recognized by four RBD (15, 26, 30, 31) and one spike clones

(53), with RBD clone 5 partially overlapping the same region of RBD

clone 15 (Fig. 6B). A third region was located in the spike protein and

did not appear to be involved in the interactionwith theACE-2 receptor.

Next, we assessed the neutralization potency of the mAbs both in the

PRNT (Fig. 6C) and in the Ab neutralization ELISA (Fig. 6D). In Fig.

6C, 6D, 3 mAbs are illustrated (i.e., two targeting a common epitope

within the RBD, and one outside). All seven RBD mAbs were neutral-

izing, with IC50 values ranging from 2 to 20 mg/ml. Of the three spike

mAbs, the two mapping outside the RBD were nonneutralizing,

whereas spike clone 53 outperformed all others with an estimated IC50

of 0.2�0.3 mg/ml. Binding affinities toward RBD (Kd) were not directly

correlated with neutralization potency (Fig. 6D).

Discussion
There is an urgent need for relevant serological assays to measure

the protective effects of the emerging SARS-CoV-2 vaccines. To

monitor the prevalence of SARS-CoV-2�exposed individuals in a

population, many assays are based either on direct detection of anti-

viral Abs or employing an indirect principle using viral Ags both

for capture and detection (33�36; B. Isho, K. T. Abe, M. Zuo, A. J.

Jamal, B. Rathod, J. H. Wang, Z. Li, G. Chao, O. L. Rojas, Y. M.

FIGURE 5. Ab titers and neutralization potency of polyclonal mouse and convalescent patient sera. Plates coated with recombinant RBD (A, C) or spike

ectodomain (B, D). Mouse sera from mice immunized with RBD (RBD imm.), spike (Spike imm.), or a SARS-CoV-2 nonrelated Ag (Nonspecific imm.)

applied in a 4-fold dilution (n = 4 per group) (A, B). Human convalescent sera with high, intermediate, and low RBD-specific IgG titers were applied in a 4-

fold dilution (n = 4 per group) (C, D). Serum samples from healthy blood donors were used as negative controls (n = 4). Neutralization potency of polyclonal

sera from mice immunized with RBD (RBD. imm.) or spike ectodomain (Spike imm.) using our Ab neutralization ELISA (n = 4 per group) (E). Connecting

lines represent a nonlinear fit using the equation one site � total binding. Neutralization potency of human convalescent sera grouped by RBD-specific IgG

titers (n = 5 per group) (F). Connecting lines represent a nonlinear fit using the equation [inhibitor] versus normalized response with variable slope. Data are

presented as mean ± SEM. IC50 values are reported as 95% asymmetrical confidence intervals.
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Bang, et al., manuscript posted on medRxiv, DOI: 10.1101/

2020.08.01.20166553). However, none of these assays measures

whether an exposed individual has developed neutralizing protective

Abs. A good alternative would be the PRNT assays. They are con-

sidered the gold standard for the evaluation of neutralizing Ab titers.

However, PRNT assays are time-consuming, require high-class bio-

safety laboratories, have low output, and are expensive to perform

(18�21). Because the viral entry of the SARS-CoV-2 to the target

cell requires interaction between the RBD domain and the host

ACE-2 receptor (30, 37, 38), we have developed a fast and simple

Ab neutralization ELISA as a proxy for viral neutralization. Using

recombinant ectodomains of ACE-2 as capture and biotinylated

RBD for detection we were able to establish an Ab inhibition

ELISA that correlated highly (q 5 0.9231, p < 0.0001) with the

PRNT assay using COVID-19 convalescent sera with a titer spec-

trum of anti�SARS-CoV-2 Abs. This suggests that the newly devel-

oped Ab neutralization ELISA could replace PRNT and similar

assays as a proxy tool to measure Ab-dependent SARS-CoV-2 neu-

tralization. The assay was robust and could be used with various

types of analytes (plasma, serum, heat-inactivated serum, and puri-

fied mAb preparations). Moreover, we could show that the Ab neu-

tralization ELISA correlated well with similar newly launched

commercial assays to evaluate viral neutralization. Interestingly, the

Ab neutralization ELISA showed a good correlation with IgG Ab

levels against SARS-CoV-2 RBD, full-length spike, and protein N,

but only a modest correlation with IgA and IgM levels, in agree-

ment with other reports (39).

To mimic a vaccine situation, we tested the ability of the Ab neu-

tralization ELISA to assess the inhibition capacity of sera from mice

vaccinated with either recombinant trimeric spike ectodomain or

RBD. The spike ectodomain was confirmed to behave as a trimer in

solution by SEC-MALS, with a major peak with a calculated mass

of 530 kDa, and a small shoulder corresponding to a dimer of

trimers. The difference between theoretical (411 kDa) and measured

molar mass (530 kDa) likely results from heavy glycosylation of the

spike protein (40). We performed four rounds of immunization and

observed that Ab levels against RBD and spike, as well as neutrali-

zation potency, reached a maximum already after the second round

(data not shown), indicating that two immunizations with 14-d inter-

vals are sufficient to develop a potent adaptive humoral response.

We observed a clear difference in terms of IC50 between the neutral-

ization potency of RBD and full-length spike protein�immunized

mice sera; a much better neutralizing capacity was observed when

RBD was used as the immunogen. The reason for this is unknown

at present. Our vaccine regimen using the same mass of Ags (20

mg/immunization) entailed an approximate 4.5-fold difference in

“presented RBD units” (i.e., 176 kDa spike monomer versus 39

kDa RBD). Considering that the RBD is central in the virus interac-

tion with the human ACE-2 receptor (41), and in light of the obser-

vations that the RBD is one of the main targets of neutralizing Abs

(11�13, 42�44), we propose that immunizing with RBD alone will

generate an Ab response where a greater fraction of the Abs will be

neutralizing compared with the full spike. Moreover, our results

could imply that the BCR epitope repertoire is highly distributed on

the spike protein surface, leading to a greater fraction of nonneutral-

izing Abs that are either nonfunctional or deleterious—Abs that

bind to viral Ags without blocking infection may exacerbate disease

severity in a process known as Ab-dependent enhancement (ADE)

(45, 46). Vaccine-induced ADE has been reported in animal models

immunized with a viral vector expressing the SARS-CoV spike

FIGURE 6. Characterization of

SARS-CoV-2 neutralizing mAbs.

Binding kinetics of selected mAbs iso-

lated from RBD or spike-immunized

mice were determined by BLI (A).

The Abs were immobilized in AMC

sensors and dipped into serial dilutions

of RBD (10-point 2-fold dilution start-

ing at 200 nM). Epitope binning

experiments on monomeric spike pro-

tein via BLI identified two noncom-

peting epitopes for both RBD and

spike (B). The neutralization potency

of three representative high-affinity

mAbs was estimated by the PRNT (C)

and the Ab neutralization ELISA (D)

(n = 1). Correlation between the neu-

tralization potencies calculated by the

PRNT and the Ab neutralization

ELISA-based test and the dissociation

constant (Kd) calculated by BLI (E).

Best-fit IC50 values from nonneutraliz-

ing mAbs were normalized to 100.

Nonneutralizing spike clone 43 was

excluded from the analysis. Trend line

represents the linear regression. Data

from panel (D) are represented as

mean ± SEM of duplicate

measurements.
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protein (47), as well as peptide epitopes of the SARS-CoV spike

(48), although there is no evidence of vaccine- or infection-mediated

ADE in COVID-19 to date. Nonetheless, a focused immunization

approach using only the RBD might be relevant to consider in

future vaccine development strategies. Compatible with such notion

is our observation that sera from convalescent individuals that have

been exposed to the whole virus had several hundred�fold less neu-

tralizing capacity than the mice immunized with RBD. However,

some caution should be taken because we do not know whether the

mice response can be directly translated to the human situation.

Nevertheless, the results suggest that the RBD without any carrier

or other specific formulations could be an excellent vaccine

candidate.

To further address whether the Ab neutralization ELISA could be

used to monitor mAb therapeutics, we developed a panel of mAbs

raised against either trimeric ectodomain spike or RBD. These

results show that most of the mAbs raised against RBD were indeed

virus-neutralizing (9 out of 17 with a full inhibition and 5 showed a

partial inhibition profile), whereas a minority of the total number of

spike-raised mAbs neutralized the virus (3 out of 32). The mAbs

that proved to be of very high affinity (low nM to sub nM KDs)

could furthermore be a relevant therapeutic platform to pursue as a

neutralizing engineered single-chain variable fragment mAb pool

capable of inhibiting viral entry without exacerbating the inflamma-

tory response. Moreover, mixtures of noncompeting mAbs can

broaden the efficacy of Ab-based treatments by preventing the

appearance of potential escape variants, as seen in other viral dis-

eases such as SARS-CoV-1 (49) and HIV (50), and providing uni-

versal coverage of circulating SARS-CoV-2 isolates.

In conclusion, we have developed a platform to monitor the neu-

tralizing capacity of convalescent plasma meant for COVID-19 ther-

apy, that because of its ease of use and safety, could be used in

hospitals without access to biosafety level 3 laboratories as a routine

test before and after plasmapheresis. Moreover, it can be used as an

easy screening platform for selecting the most suitable mAbs for

therapeutic development. Probably more important, our platform can

be used to monitor the neutralizing humoral vaccine responses

toward SARS-Cov-2 safely and on a large scale. Moreover, our data

suggest that using RBD as an immunogen compared with full-length

spike protein might be a better strategy in creating a robust neutrali-

zation Ab response. This should be considered when developing

next-generation vaccines against SARS-CoV-2 or related escape

strains that could potentially emerge after the present pandemic.
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