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Introduction: The engagement of the SARS-CoV-2 spike protein with ACE2 is a
critical step for viral entry to human cells, and, therefore, blocking this interaction
is @ major determinant of the efficacy of monoclonal antibody therapeutics and
vaccine elicited serum antibodies. The emergence of SARS-CoV-2 variants has
necessitated the development of adaptable assays that can be applied to assess
the effectiveness of antibody-based therapeutics.

Methods: Through the testing of a range of recombinant spike proteins, we have
developed a cell-based, ACE2/spike protein interaction assay that characterises
monoclonal anti-spike protein antibodies and neutralising antibodies in donor serum.
The assay uses high-content imaging to quantify cell-bound spike protein fluorescence.

Results: Using spike proteins from the original "Wuhan” SARS-CoV-2 strain and
the Delta and Omicron variants, we identified differential blocking activity of
three monoclonal antibodies directed against the spike receptor-binding
domain. Importantly, biological activity in the spike interaction assay translated
to efficacy in a SARS-CoV-2 infection assay.

Discussion: The spike protein interaction assay can be used to monitor anti-spike
antibodies against the major known SARS-CoV-2 variants and is readily adaptable
for quantification of the impact of antibodies against new and emerging SARS-
CoV-2 variants.

KEYWORDS

SARS-CoV-2, ACE2, spike protein, antibody discovery, virology, variant, antiviral

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fviro.2023.1163385/full
https://www.frontiersin.org/articles/10.3389/fviro.2023.1163385/full
https://www.frontiersin.org/articles/10.3389/fviro.2023.1163385/full
https://www.frontiersin.org/articles/10.3389/fviro.2023.1163385/full
https://www.frontiersin.org/articles/10.3389/fviro.2023.1163385/full
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fviro.2023.1163385&domain=pdf&date_stamp=2023-08-29
mailto:omar.qureshi@celentyx.com
https://doi.org/10.3389/fviro.2023.1163385
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/virology#editorial-board
https://www.frontiersin.org/journals/virology#editorial-board
https://doi.org/10.3389/fviro.2023.1163385
https://www.frontiersin.org/journals/virology

Harrison et al.

Introduction

The ongoing SARS-CoV-2 pandemic necessitates the
development of tools that can support the advance of therapeutic
antibodies that are efficacious against both current and future viral
variants (1). Quantifying the activity of neutralising antibodies,
whether they are recombinant monoclonals or elicited by
vaccination, is therefore of considerable importance for drug
development and monitoring effective immunity (2, 3). Emerging
SARS-CoV-2 variants may exhibit escape or reduced neutralisation
by current monoclonal antibodies, or from antibodies generated by
vaccination to target earlier viral strains (4), and knowledge of these
limitations informs health and political strategies in the face of
societal challenges arising from the pandemic.

The SARS-CoV-2 spike protein engagement with the host
ACE2 receptor is a key step in viral entry (5) and is therefore a
major target for therapeutic interventions (6-9). It also serves as a
relevant mechanism for studying the efficacy of neutralising
antibodies in serum (10, 11). Functional virus neutralisation
experiments require biosafety level 3 facilities, which limit the
accessibility of these assays in many settings, and also require the
propagation of strains prior to infection studies, which carries an
inherent risk. Several other techniques have been developed to
simplify and reduce this infectious risk, including the use of
pseudotyped viruses and the surrogate neutralisation assay (12,
13). Reduced risk procedures using pseudoviruses still require the
packaging and expression of viral particles (13). We therefore
sought to develop a reductionist cell-based model, suitable for
high-throughput screening, that quantifies the inhibition of
SARS-CoV-2 spike protein interactions with mammalian cells
and is suitable for assisting in therapeutic antibody development

and immune monitoring.

Materials and methods
Antibodies and recombinant spike proteins

See Table 1 for a list of recombinant spike proteins used in this
study. Hoechst-33342 was obtained from ThermoFisher Scientific
(H21492), His tag® antibody [HIS.H8] was obtained from Abcam
(ab18184), RholD4 antibody was obtained from Cube Biotech
(40020), and goat anti-Mouse IgG H&L (Alexa Fluor® 488) was
obtained from ThermoFisher Scientific (A-11001). See Table 2 for a
list of antibodies against spike proteins.

Cell culture

A549 lung carcinoma cells, or A549 cells expressing human
ACE2, were obtained from Invivogen (a549 or a549-hace2,
respectively). Cells were cultured in F-12K Ham Nutrient Mixture
media (ThermoFisher Scientific; 21127022) and supplemented with
10% fetal bovine serum (Sigma-Aldrich; F9665) and 1% penicillin-
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streptomycin (ThermoFisher Scientific; 15140122) in a tissue
culture incubator at 37°C (5% CO,) using standard cell
culture practices.

Spike binding and blocking assays

Cells were seeded in 96-well plates overnight prior to incubation
with recombinant spike proteins. Recombinant spike proteins (4.0
ug/mL, unless otherwise indicated) were pre-incubated with anti-
His detection antibody (8.0 pg/mL), and blocking antibodies or
plasma were pre-incubated for 1 hour prior to the addition to cells
for 1 hour at 37°C. This was followed by preparation for
confocal microscopy.

Confocal microscopy

Media was removed from cells and wells washed with PBS
(ThermoFisher Scientific; 14190144). Cells were then fixed with 4%
paraformaldehyde for 10 minutes before being washed twice in PBS,
once in permeabilisation buffer (ThermoFisher Scientific; 00-8333-
56), prior to blocking (1% goat serum in permeabilisation buffer).
Cells were then incubated with Alexa Fluor 488-conjugated anti-
mouse IgG (1:500) and Hoechst (1:1,000) prepared in
permeabilisation buffer before being washed three times with
permeabilisation buffer, twice in PBS, followed by imaging in
PBS. Confocal microscopy was carried out using a Yokogawa
CQ1 spinning-disc microscope using a x 40 objective and
appropriate excitation/emission settings for Hoechst and Alexa
Fluor 488. Z-stack images were acquired and displayed as
maximum intensity projections. Image analysis was carried out

using Yokogawa image analysis software.

lgG/A/M ELISA

Levels of IgG, IgA, and IgM antibodies in plasma samples were
measured by protein ELISA using the IgG/A/M Sars-COV-2 ELISA
kit, following the manufacturer’s instructions (Binding
Site; MK654).

SARS-CoV-2 infection studies

Vero cells were cultured in DMEM, supplemented with 10%
foetal bovine serum, 2 mM l-glutamine, 100 U/mL penicillin, 10 ug/
mL streptomycin, and 1% non-essential amino acids ((cDMEM), and
then seeded into 96-well plates. SARS-CoV-2-England 2 (Wuhan
strain) at 10° IU/mL (GSAID Accession ID EPI_ISL_407073) was
kindly gifted to us by Christine Bruce, Public Health England.
Antibodies were pre-incubated with virus for 1 hour prior to being
added to the Vero cells. After a 48-hour incubation at 37°C, cells were
fixed with ice-cold methanol (5 minutes), washed with PBS, and

frontiersin.org


https://doi.org/10.3389/fviro.2023.1163385
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

Harrison et al.

TABLE 1 Recombinant spike proteins.
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Spike Product Name Backbone Introduced mutations Supplier = Catalogue
ID Strain/Accession number
number
Wuhan 1 SARS-CoV-2 S protein, His Tag, Wuhan-Hu-1/ F817P, A892P, A899P, A942P, K986P and VI87P; Acro SPN-C52H8
Super stable trimer QHD43416.1 R683A and R685A Biosystems
‘Wuhan 2 SARS-CoV-2 § protein, His, ‘Wuhan-Hu-1/ F817P, A892P, A899P, A942P, K986P and V987P; Acro SPN-C82E9
Avitag™, Super stable trimer, QHD43416.1 R683A and R685A Biosystems
biotinylated
Wuhan 3 SARS-CoV-2 S protein, His Tag, Wuhan-Hu-1/ F817P, A892P, A899P, A942P, K986P and VI87P; Acro SPN-C52H9
Super stable trimer QHDA43416.1 R683A and R685A Biosystems
Wuhan 4 SARS-CoV-2 Spike His Protein, CF Wuhan-Hu-1 /YP_ K986P, V987P; R682S, R685S R&D 10549-CV
009724390.1 systems
Wuhan 5 SARS-CoV-2 Spike (GCN4-1Z) His Tor2 / YP_ K968P, V969P R&D 10581-CV
Protein, CF 009825051.1 systems
Wuhan 6 SARS-CoV-2 Spike (GCN4-1Z) His Wuhan-Hu-1/ YP_ K986P, V987P; R682S, R685S R&D 10638-CV
Protein, CF 009724390.1 systems
D614G 1 SARS-CoV-2 S protein (D614G), Wuhan-Hu-1/ F817P, A892P, A899P, A942P, K986P and V987P; Acro SPN-C82E3
His, AvitagTM, Super stable trimer, QHD43416.1 R683A and R685A; D614G Biosystems
biotinylated
D614G 2 SARS-CoV-2 Spike (D614G) His Wuhan-Hu-1/ YP_ K986P, V987P; R682S, R685S; D614G R&D 10620-CV
Protein, CF 009724390.1 systems
Alpha SARS-CoV-2-full-length Spike Alpha; B.1.1.7/ K986P, V987P; Cube 28716
B.1.1.7, C-terminal RholD4-tag Uniprot PODTC2 682RRAR685 to 682GSAG685; Biotech
del 69-70; del 144; N501Y; A570D; D614G; P681H;
T7161
Delta SARS-CoV-2 Spike Trimer (Delta) Wuhan-Hu-1 / F817P, A892P, A899P, A942P, K986P, V987P; R683A, Acro
QHD43416.1 R685A; Biosystems
PN-C52H
T19R, G142D, EF156-157del, R158G, L452R, T478K, S ¢ ¢
D614G, P681R, D950N
Alpha SARS-CoV-2 (2019-nCoV) Spike Wuhan-Hu-1 / N501Y Sino 40592
BD BD 1Y)-Hi i YP 24390.1 Biological )
(RBD) R (N5O )-His Recombinant 009724390 iological VOSHS2-B
Protein
Delta SARS-CoV-2 Spike RBD, His Tag ‘Wuhan-Hu-1 / L452R, T478K Acro SPN-C52Hh
(RBD) (B.1.617.2/Delta) QHD43416.1 Biosystems
Omicron- | SARS-CoV-2 Spike RBD, His Tag Wuhan-Hu-1/ G339D, S371L, S373P, S375F, K417N, N440K, G446S, Acro SPD-C522e
BA.1 (B.1.1.529/Omicron) QHD43416.1 S477N, T478K, E484A, Q493R, G496S, Q498R, Biosystems
(RBD) N501Y, Y505H
Wuhan- Spike Glycoprotein (S2), Sheep Fc- Wuhan-Hu-1/ Native REC31807
S2 tag (HEK293) YP_009724390.1 antigen
company

Bold text indicate the specific mutations in the N-terminal domain or the receptor binding domain of each spike variant.

stained with rabbit anti-SARS-CoV-2 spike protein, subunit 1
antibody (CR3022, The Native Antigen Company), detected by
Alexa Fluor 555-conjugated goat anti-rabbit IgG secondary
antibody (Invitrogen, ThermoFisher Scientific). Cell nuclei were
stained with Hoechst 33342 (ThermoFisher Scientific). Cells were
washed with PBS and imaged and analysed using a ThermoFisher
Scientific Celllnsight CX5 High-Content Screening (HCS) platform.
Infected cells and cell viability were detected by measuring
perinuclear fluorescence above a set threshold that was determined
by positive (untreated) and negative (uninfected) controls.
Automated quantification algorithms were developed with
assistance from Dr Henri Huppert, ThermoFisher Scientific, UK.
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Statistical analysis

Data are presented as mean + SEM or mean + SD from at least
three independent experimental setups unless otherwise indicated.
Curve-fitting data analysis was conducted using KaleidaGraph
(version 3.5). All statistical analysis was carried out using
GraphPad Prism software (version 9.2). Data were tested for
normality using the Shapiro-Wilk test and normally distributed
data were analysed using one-way ANOVA and post hoc Tukey tests
(unless specified), with corrected p-values where multiple
comparisons were carried out. A Kruskal-Wallis test was used for
data that were not considered to be normally distributed.

frontiersin.org


https://www.ncbi.nlm.nih.gov/protein/QHD43416.1
https://www.ncbi.nlm.nih.gov/protein/QHD43416.1
https://www.ncbi.nlm.nih.gov/protein/QHD43416.1
http://www.ncbi.nlm.nih.gov/protein/YP_009724390.1
http://www.ncbi.nlm.nih.gov/protein/YP_009724390.1
http://www.ncbi.nlm.nih.gov/protein/YP_009825051.1
http://www.ncbi.nlm.nih.gov/protein/YP_009825051.1
http://www.ncbi.nlm.nih.gov/protein/YP_009724390.1
http://www.ncbi.nlm.nih.gov/protein/YP_009724390.1
https://www.ncbi.nlm.nih.gov/protein/QHD43416.1
http://www.ncbi.nlm.nih.gov/protein/YP_009724390.1
http://www.ncbi.nlm.nih.gov/protein/YP_009724390.1
https://doi.org/10.3389/fviro.2023.1163385
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

Harrison et al.

TABLE 2 Recombinant Antibodies.

10.3389/fviro.2023.1163385

Name Supplier Catalogue Number

Anti-RBD1 SARS-CoV-1/2 Spike RBD Llamabody antibody R&D Systems LMABI10541

Anti-RBD2 SARS-CoV-2 Spike protein (RBD) recombinant human monoclonal antibody Thermofisher Scientific T01KHu

Anti-RBD3 SARS-CoV-2 Spike protein (RBD) polyclonal antibody Thermofisher Scientific PA5-116915

Anti-RBD4 SARS-CoV-2 Spike Protein (S-ECD/RBD) monoclonal antibody (bcb01) Thermofisher Scientific MA5-35948

Anti-RBD5 SARS-CoV-2 Spike Protein (S-ECD/RBD) monoclonal antibody (bcb02) Thermofisher Scientific MA5-35949

Anti-RBD6 SARS-CoV-2 Spike Protein (S-ECD/RBD) monoclonal antibody (bcb03) Thermofisher Scientific MA5-35950

Anti-RBD7 Recombinant Anti-SARS-CoV-2 Spike RBD antibody (CV30) Abcam ab277513

Anti-RBD8 Recombinant Anti-SARS-CoV-2 Spike RBD antibody (HL1003) Abcam ab281303

Anti-RBD10 Anti-spike protein IgG1 Fc silent (CV1) Absolute Antibody Ab02018-10.3
Anti-RBD11 Anti-spike protein IgG1 (CV1) Absolute Antibody AB02018-10.0
Anti-RBD12 Anti-spike protein IgG1 (CR3022) Absolute Antibody AB01680-10.0
Anti-RBD13 Anti-spike protein IgG1 Fc silent (CR3022) Absolute Antibody AB01680-10.3
Anti-RBD14 SARS-CoV-1/2 Spike RBD Llamabody antibody R&D Systems LMAB10869

Ethics Table 1) to A549-WT and A549-ACE2 cells to assess their activity

All samples were obtained with informed consent and with
approval from the appropriate research ethics committee (REC
Reference 20/WA/0216). The human studies reported in the
manuscript abide by the Declaration of Helsinki principles.

Results

Interaction of SARS-CoV-2 spike protein
with cells over-expressing ACE2

Initial experiments investigated the interaction of a
recombinant His-tagged SARS-CoV-2 spike protein (parental
strain, Wuhan 1) to lung epithelial A549 cell lines, either wild-
type (A549-WT) or over-expressing ACE2 (A549-ACE2). The His-
tagged spike protein was detected using a mouse IgG anti-His
antibody, followed by an AF488-conjugated anti-mouse IgG
secondary antibody, and visualised using high-content imaging
(Figure 1A), quantifying the intensity of spike protein labelling
per cell, which encompasses both surface-bound spike protein and
that which binds and is subsequently internalised (Figure 1C).
Although the labelling of wild-type A549 cells with spike protein
was close to background levels, clear punctate labelling of spike
protein was evident on A549 cells over-expressing ACE2. Next, we
tested a spike protein within a detergent micelle (Alpha), which
likely contains the trimeric spike in its native configuration, and
which also exhibited clear labelling as detected by an anti-RhoD1A4
antibody and an AF488-conjugated anti-mouse IgG secondary
antibody (Figures 1B, C).

Subsequent evaluation studied a range of recombinant spike
proteins, including full-length wild types 1-6, D614G 1-2, Alpha,
and Delta; RBD of Alpha and Delta, and Spike S2 wild type (listed in
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in a cell-based interaction assay. In accordance with the previous
experiment, the labelling of A549-WT was generally low
(Figure 2A). In A549-ACE2 cells, detection of the full-length
spike proteins from different preparations (or from different
suppliers, Table 1) gave comparable fluorescent intensities, except
for Wuhan 3 (from Acrobio Biosystems), which showed relatively
high intensities, and Wuhan 4, which showed the lowest intensities.
In contrast, Alpha RBD with one amino acid mutation at position
501 from asparagine to tyrosine (N501Y), showed the highest
intensity (Figure 2B). A comparison of a delta spike protein
(Delta) vs. a delta spike protein RBD (Delta RBD) revealed that
for an equivalent molar concentration, the full-length spike protein
exhibited greater binding (Figure 2C). These data confirmed that
both full-length spike and RBD allowed the clear labelling of A549-
ACE2 cells.

Blockade of spike protein binding by
monoclonal antibodies

To test the utility of this assay for monoclonal antibody screening,
the impact of a range of commercially available anti-spike antibodies
(Table 2) on the labelling of ACE2-A549 cells by Wuhan 1 spike
(Figure 3A) and Alpha spike (Figure 3B) were investigated. Antibodies
anti-RBD1, anti-RBD7, and anti-RBD8 consistently reduced the
labelling of both spikes, and three of these antibodies were selected
for further confirmatory studies. Titration of anti-RBD1, anti-RBD7,
and anti-RBD8 revealed that there was a concentration-dependent
blockade of Wuhan 1 spike (Figure 4A) and Wuhan 3 spike
(Figure 4B) labelling, and enabled the quantification of ICs, values
for each of the antibodies (Figure 4; Table 3).

To assess the translational relevance of the assay, the abilities of
anti-RBD1, anti-RBD7, and anti-RBDS8 to neutralise a live SARS-

frontiersin.org


https://doi.org/10.3389/fviro.2023.1163385
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

Harrison et al.

FIGURE 1
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Labelling of ACE2 expressing A549 cells by recombinant spike proteins. (A) Representative confocal images showing labelling of wild type (A549-WT)
and ACE2-overexpressing (A549-ACE2) cells by recombinant spike proteins (“Wuhan 1”) and anti-His + AF488-conjugated anti-mlIgG detection
antibodies. (B) Representative confocal images showing labelling of A549 cells (A549-WT) and ACE2-overexpressing (A549-ACE2) cells by
recombinant spike proteins ("Alpha”) and anti-RholD4 + AF488-conjugated anti-mligG detection antibodies (green; nuclei in cyan). (C)
Quantification of spike protein labelling intensity from images acquired by high content confocal microscopy for cells labelled in (A, B). A mixed-
effects one-way ANOVA with Tukey's post hoc multiple comparison test was carried out for comparison of each spike protein to AF488 Anti-mlgG
control. *P<0.05. Data expressed as mean + SD from three independent experiments
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FIGURE 2

Comparison of recombinant spike proteins. Labelling of A549-WT (A) and A549-ACE2 (B) cells by recombinant spike proteins (listed in Table 1).
Spike proteins were detected using anti-His + AF488-conjugated anti-mouse IgG antibodies, except for Alpha, which was detected using anti-
RholD4 + AF488-conjugated anti-mouse IgG antibodies, followed by visualisation and quantification of spike protein labelling intensity by high-
content confocal microscopy. (C) Labelling of A549-ACE2 cells by full-length Delta and Delta RBD. Non-parametric Kruskal—Wallis test was carried
out for comparison of each spike protein to AF488 Anti-mIgG control (A), and a one-way ANOVA with Tukey's post hoc multiple comparison test
was carried out for comparison of each spike protein to AF488 Anti-mlgG control (B). One-way ANOVA with Tukey's post hoc multiple comparison
test was carried out for comparison of each concentration of spike L or spike L RBD to Anti-His + AF488 Anti-mlgG control (C). **P<0.01,
***%P<(0.001, ****P<0.0001. Data expressed as mean + SEM from three independent experiments.
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FIGURE 3

Antibody blockade of spike-protein binding. Labelling of A549-ACE2 cells by recombinant spike proteins Wuhan 1 (A) or Alpha (B) that had been pre-
incubated in the absence or presence of anti-spike antibodies (as listed in Table 2) at 10 ug/mL, followed by detection using anti-His or anti-RholD4 +
AF488-conjugated anti-mouse IgG antibodies, and visualisation and quantification of spike protein labelling intensity by high-content confocal microscopy.
One-way ANOVA with Holm-Sidak post hoc multiple comparison test was carried out for comparison of each concentration of RBD antibody to Wuhan 1
(A) or Alpha alone (B). *P<0.05, **P<0.01, ****P<0.0001. Data expressed as mean + SEM from at least three independent experiments.

Frontiers in Virology 06 frontiersin.org


https://doi.org/10.3389/fviro.2023.1163385
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

Harrison et al.

10.3389/fviro.2023.1163385

A Wuhan 1 Spike
Anti-RBD1 Anti-RBD7 Anti-RBDS

% of Control Spike Labelling

/ =
/
[ '
*
% of Control Spike Labelling

ok kEE

kT\H\i

EEEEY EEEEs

kxx | ek

% of Control Spike Labelling

001

Anti-RBD1

o

Concentration (ug/mL)

Anti-RBD7

B Wuhan 3 Spike

Anti-RBD1

Anti-RBD7

Anti-RBD8

% of Control Spike Labelling
[/ S—
% of Control Spike Labelling

% of Control Spike Labelling

001 01 1 10 100

Concentration (ug/mL)

Anti-RBD1

Control
v % ¢

FIGURE 4

Concentration (ug/mL)

1 10 100 001 01 1 10 100

Concentration (ug/mL)

Anti-RBD7 Anti-RBD8

Characterisation of spike blocking antibodies. Labelling of A549-ACE2 cells by recombinant spike protein Wuhan 1 (A) or Wuhan 3 (B) that had been
pre-incubated in the absence or presence of the indicated concentrations of antibodies anti-RBD1, anti-RBD7, or anti-RBD8, followed by detection
using anti-His + AF488-conjugated anti-mouse |gG antibodies, and visualisation and quantification of spike protein labelling intensity by confocal
microscopy. Plots show data expressed as mean + SEM of three independent experiments. One-way ANOVA with Tukey's post hoc multiple
comparison test was carried out for comparison of each concentration of anti-RBD antibody to their relative vehicle control. *P<0.05, **P<0.01,
***P<(0.001, ****P<0.0001. Solid line represents non-linear regression using a 4-parameter logistic equation. Representative confocal images show
labelling of cells under control conditions or with spike protein pre-incubated with 10 ug/mL anti-RBD1, anti-RBD7, or anti-RBD8.

CoV-2 (wild-type virus, Wuhan Hu-1) infection of Vero cells was
investigated. The result was in accordance with the spike-labelling
results for Wuhan 1 spike (Figure 4A), in which anti-RBD1
exhibited the lowest potency in neutralising viral infection,
whereas both anti-RBD7 and anti-RBD8 effectively prevented
viral infection, with anti-RBDS8 exhibiting greater potency than in
the spike-binding assay (Figure 5; Table 4).
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To expand the potential utility of the spike interaction assay, we
first determined the total IgG/A/M against SARS-CoV-2 spike
protein of five donor plasma samples by ELISA (Figure 6A). A
value of > 1.0 was considered positive in this assay, and the plasma
samples containing levels of anti-spike IgG/A/M >3 exhibited
concentration-dependent spike-blocking activity, whereas those
with levels <3 did not (Figure 6B).
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TABLE 3

ICs50 values + SEM from four independent experiments; Anti-

RBD1, Anti-RBD7 and Anti-RBD8; Wuhan 1 and Wuhan 3.

ICs0 (ug/mL)

Anti-RBD1; Wuhan 1 2.65 £ 1.63
Anti-RBD7; Wuhan 1 1.03 + 0.35
Anti-RBD8; Wuhan 1 1.53 + 0.52
Anti-RBD1; Wuhan 3 20.45 + 9.89
Anti-RBD7; Wuhan 3 0.75 +0.14
Anti-RBD8; Wuhan 3 1.75 £ 0.50

To further assess the relationship between spike interaction
blockade, levels of anti-spike antibodies, and viral neutralisation, we
screened the activity of donor plasma in the spike-binding assay, the
anti-spike IgG/A/M ELISA, and an in vitro viral infection assay
(Figure 6C), and analysed the correlation between the three assays.
Although there was a correlation between all three assays, the
correlation was strongest (R* >0.75) between the spike-binding
assays and the viral infection assay. This emphasises the fact that the
spike interaction blockade assay provides information about the
relevant functional activity of anti-spike antibodies. Taken together,
these data suggest that the spike-binding assay is suitable for both

Anti-RBD1

Anti-RBD7

10.3389/fviro.2023.1163385

monoclonal-antibody characterisation and monitoring neutralising
antibody activity in plasma.

Blockade of SARS-CoV-2 variant spike
protein binding by monoclonal antibodies

During this study, the emergence of the SARS-CoV-2 variants
“Delta” and “Omicron BA.1” highlighted the need to rapidly assess
the activity of potential therapeutics against the variant spike
proteins. The activity of anti-RBD7, anti-RBDS, and anti-RBD14
was compared with the Delta and Omicron-BA.1 spike protein-
labelling of A549-ACE2 cells. Although anti-RBD7, anti-RBDS, and
anti-RBD14 effectively reduced labelling by the Delta spike proteins
(Figure 7A; Table 5; with ICs values of 0.26, 0.65, and 1.56 pug/mL,
respectively), only anti-RBD14 displayed a comparable efficacy
against the Omicron spike proteins (Figure 7B; Table 5; ICsq of
0.96 ug/mL). As there was variation in the ICs, values when
averaged across independent experiments, we also ranked the
antibodies by potency in each of the independent experiments
(fitted to a four-parameter logistic equation, without
normalisation to control staining, constraining the Hill coefficient
to —1, and setting the minimum response to labelling in the absence
of spike protein). For the Omicron variant, where the antibodies
exhibited quite distinct blocking activities, the ranking of antibody
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FIGURE 5
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Impact of spike blocking antibodies on SARS-CoV-2 infection of Vero cells. Vero cells were infected with 3.3 x 10° IU/mL of hCOV-19/England/2/
2020 virus isolate in the absence or presence of the indicated concentrations of anti-RBD1, anti-RBD7, or anti-RBD8. Infection rates were assessed
at 24 h by staining Vero cells for viral spike protein (magenta) and counterstaining nuclei with Hoechst (cyan). Plots show data expressed as mean +
SD of replicate wells. One-way ANOVA with Tukey's post hoc multiple comparison test was carried out for comparison of each concentration of
RBD antibody to their relative vehicle control. **P<0.01, ****P<0.0001. Solid line represents non-linear regression using a 4-parameter logistic
equation. Representative confocal images show labelling of cells under control conditions or with spike protein pre-incubated with 10 pg/mL anti-

RBD1, anti-RBD7, or anti-RBD8.
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TABLE 4 1Csq values + SD from triplicate wells; SARS-CoV-2 infection of
Vero cells.

ICs0 (ug/mL)

Anti-RBD1 0.332 + 0.154
Anti-RBD7 0.133 + 0.066
Anti-RBD8 0.003 + 0.0006

ICsps (anti-RBD14 < anti-RBD8 < anti-RBD7, Table 6) was
consistent throughout the experiments that were conducted. For
the Delta variant, where the blocking activity was more comparable,
it was not possible to distinguish between the relatively equipotent
anti-RBD7 and anti-RBD14, although anti-RBD8 was less potent
across all independent repeats (ranking of ICsps: anti-RBD7 = anti-
RBD14 < anti-RBDS, Table 6). Therefore, this assay, at least for the
above antibodies, shows consistent relative potencies across
independent experiments.

Discussion

In summary, we have developed a high-content imaging assay
to quantify SARS-CoV-2 spike protein interaction with ACE2-
expressing target cells. ACE2 expression in A549 cells was
sufficient to detect various recombinant spike proteins from the

10.3389/fviro.2023.1163385

Wuhan strain and from the variants of concern: Alpha, Delta, and
Omicron. We demonstrated that some commercially available
monoclonal antibodies were able to neutralise recombinant spike
labelling in a manner comparable to replicating virus neutralisation.

It was previously reported that a single mutation of N501Y in
the Alpha RBD increases the affinity towards ACE2 receptor, even
when compared with the full-length Alpha spike protein (14, 15).
Using our system, we found that the Alpha RBD (N501Y mutation)
displayed the highest spike intensity (although this could also be
accounted for by the different format of the spike protein).
Interestingly, this was not the case between the full-length spike
and RBD of Delta. This might be attributed to the two mutations in
the Delta RBD (L452R and T478K) that showed only a modest
increase of affinity towards ACE2 (16). Overall, these results
indicated that our platform was in accordance with previous data.

Characterisation of spike (RBD)-specific antibodies is important
to monitor immunological memory (17), and there is evidence that
repertoires of SARS-CoV-2 epitopes targeted by antibodies vary
according to severity of COVID-19 (18). Although ELISA-based
assays are important to characterise antibody repertoires by
assessing recognition of immobilised spike proteins, the spike-
interaction bioassay offers the advantage of a functional assay that
assesses the ability to neutralise receptor interactions without the
need for high-containment facilities. Nevertheless, cell-based assays,
while potentially providing additional information, may still be
relatively time consuming and require cell culture facilities. An
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three independent experiments. One-way ANOVA with Tukey's post hoc multiple comparison test was carried out for comparison of each plasma at
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Characterisation of spike blocking antibodies against variants Delta and Omicron. Labelling of A549-ACE2 cells by recombinant Delta spike protein
(A) and Omicron BA.1 spike protein (B) pre-incubated in the absence or presence of the indicated concentrations of antibodies anti-RBD14, anti-
RBD?7, or anti-RBD8, followed by detection using anti-His + AF488-conjugated anti-mouse 1gG antibodies, and visualisation and quantification of
spike protein labelling intensity by confocal microscopy. Plots show data expressed as mean + SEM of three independent experiments. One-way
ANOVA with Tukey's post hoc multiple comparison test was carried out for comparison of each concentration of RBD antibody to their relative
vehicle control. *P<0.05, **P<0.01, ***P<0.001. Solid line represents non-linear regression using a 4-parameter logistic equation. Representative
confocal images show labelling of cells under control conditions (in the absence of anti-spike antibody) or with spike protein pre-incubated with 10

ug/mL anti-RBD14, anti-RBD7, or anti-RBD8

ELISA-based surrogate neutralisation assay has been developed (12),
which offers an accessible method for assessing neutralising
antibodies. Other assays, such as cPASS™ (19) and MSD V-PLEX
(20), also utilise recombinant human ACE2, and, although they can
identify blocking antibodies and have benefits of convenience, do not
utilise ACE2 expressed in its native cellular environment and do not
enable quantification at the single-cell level. As with all studies
defining pharmacological potency, when ligands (in the present
case antibodies) display similar potency (e.g., anti-RBD14 and anti-
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RBD?7 antibodies against the Delta variant), establishing a consistent
rank order of potency is challenging. However, when there are clear
potency differences in blocking activity, such as for the Omicron
variant, the rank order of potency for the antibodies was consistent
across independent experiments, further emphasising the utility of
the assay.

As this assay system uses a “His tag” for detection, which is
frequently used for the purification, on initial expression, of a
recombinant protein, His-tagged recombinant viral variant spike
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TABLE 5 1Csq values + SEM from three independent experiments; Anti-
RBD14, Anti-RBD7 and Anti-RBD8; Delta and Omicron BA.1.

Anti-RBD14; Delta 0.26 + 0.1
Anti-RBD7; Delta 0.65 + 0.30
Anti-RBDS; Delta 1.56 + 0.36
Anti-RBD14; Omicron BA.1 0.96 + 0.43
Anti-RBD7; Omicron BA.1 n.d.
Anti-RBD8; Omicron BA.1 5.52 +4.28

TABLE 6 ICsq values from independent experiments.

Delta
Anti-RBD14 ICs, Anti-RBD7 ICsq Anti-RBD8 ICs,
(ug/mL) (ug/mL) (ug/mL)
1 03818 03969 1.454
2 01026 0.8685 1.255
3 0.03986 0.02076 0.05484

Omicron BA.1

1 0.9471 300.8 13.53
2 0.165 n.d. 37.67
3 1.573 449.2 72.87

proteins are often rapidly available and accessible, enabling the
assay to be quickly adapted to test the activity of therapeutics as new
strains of SARS-CoV-2 emerge.

Across viral variants, although antibody affinity for spike protein
may remain approximately constant, the affinity of spike protein for
ACE2 may increase significantly and be associated with reduced
antibody neutralisation (21). Measuring functional antibody blockade
of the spike protein/ACE2 interaction is therefore likely to become
increasingly important, and we envisage that this cell-based, spike
protein interaction assay would complement existing biochemical
and pseudovirus assays in the development of therapeutics and may
be adapted for other cell types to investigate the potentially ACE2-
independent binding of spike protein.
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