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Abstract

Enzyme-linked immunosorbent assay (ELISA) systems use plates coated with peptides or expressed and purified proteins to monitor
immunoglobulins derived from patient serum. However, there is currently no easy, flexible, and fast adaptive ELISA-based system
for testing antibodies directed against new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants. In this study, we
utilized the tANCHOR protein display system that provides a cell surface decorated with the receptor-binding domain (RBD) to moni-
tor specific antibodies derived from SARS-CoV-2 convalescent and vaccinated individuals directed against it. To test sera from
vaccinees or convalescent individuals, only the RBD coding sequence needs to be cloned in the tANCHOR vector system and trans-
fected into HelLa cells. Time-consuming protein expression, isolation, and purification followed by coating assay plates are not neces-
sary. With this technique, the immune evasion of new SARS-CoV-2 variants from current vaccination regimes can be examined

quickly and reliably.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
caused a worldwide health crisis that began at the end of 2019
[1]. This new coronavirus was first identified in Wuhan, China, in
December 2019 from a cluster of pneumonia cases. The ancestral
strain was labeled Wuhan Hu-1 [2-4]. Since the first infections
with the ancestral strain, several SARS-CoV-2 variants have
appeared [5]. SARS-CoV-2 consists of a 30-kb single-stranded pos-
itive-sense RNA (+ssRNA) genome that encodes four structural
proteins: spike (S), nucleocapsid (N), envelope (E), and membrane
[6, 7]. The S protein is essential for cell entry and therefore of
great interest as a vaccination target [8, 9]. The receptor-binding
domain (RBD) is a part of the S1 subunit of the S protein that
binds to the receptor, angiotensin-converting enzyme 2 (ACE2),
for target cell infection [10]. Vaccine strategies have demon-
strated that immunization with only the RBD induces neutraliz-
ing antibodies against SARS-CoV-2 [11]. Antibodies that can
efficiently block the protein-protein interaction between RBD
and ACE?2 are considered neutralizing antibodies [12].

Mutations during replication and immune evasion occurred
frequently in the genome of SARS-CoV-2 [13, 14]. Emerging SARS-
CoV-2 variants escape neutralizing antibodies mainly by acquir-
ing mutation sites within the RBD-encoding region [15]. Of note,
nearly 50% of the total mutations in Omicron B.1.1.529 are in the
RBD; this finding demonstrates that the RBD is important for im-
mune escape and allows the virus to spread continuously

throughout the world [16, 17]. The full S protein is not an attrac-
tive target for antibody screening against different variants be-
cause there are conserved regions, particularly the S2 region,
which may result in cross-reactivity with endemic coronaviruses
(CoVs) [18]. Choosing the RBD to detect antibodies against SARS-
CoV-2 infection is more reliable because the RBD sequence is
poorly conserved among CoVs [19].

The main SARS-CoV-2-neutralizing antibodies induced by the
immune system are targeting the RBD, which is essential for cell
entry [19]. Monitoring immunoglobulin G (IgG) binding to the RBD
is therefore useful to test for convalescence, antibody-mediated
protection, or vaccine efficiency [20]. This endeavor employs con-
ventional enzyme-linked immunosorbent assay (ELISA) systems:
A 96-well plate is coated with antigen (i.e. the RBD) [21, 22]. For
each new SARS-CoV-2 variant, a new antigen must be produced
to screen for antibodies that bind to the RBD. This makes it very
challenging when a new ELISA system must be established or
several mutations within the RBD are compared with each other.
However, ELISA has become a fundamental tool to use for anti-
body screening. Consequently, an easy and fast adaptive ELISA-
based system to test antibodies against the RBD is needed.

We developed a cell-based IgG RBD-specific ELISA system to
avoid the need to express, purify, and coat ELISA plates with the
RBD antigen from future strains. This ELISA system is based on
the tANCHOR display system, which is suitable to present pro-
teins on the surface of human cells [23, 24]. The tANCHOR
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system is based on the use of tetraspanin-derived protein
sequences without the large extracellular loop (LEL). The protein
of interest to display on the cell surface is inserted instead of the
LEL and anchored by the four transmembrane bundles (4TM) on
the cell surface. Both small and large protein sequences, such as
the cyan fluorescent protein (CFP), can be displayed with the
tANCHOR system without affecting the protein’s fluorescent
brightness [23]. We utilized the tANCHOR technology to display
the RBD from various SARS-CoV-2 variants as a chimeric
membrane-bound protein on the surface of HeLa cells. This ap-
proach provides extracellular accessibility for neutralizing anti-
bodies (Fig. 1A) and allowed us to establish a rapidly adaptive IgG
RBD-specific cell-based ELISA system for future SARS-CoV-
2 variants.

Materials and methods
Molecular cloning

The generated expression constructs to display the RBD of SARS-
CoV-2 on the cell surface are based on the tANCHOR display sys-
tem [23]. Inserts encoding the RBD of Wuhan (Wuhan-Hu-1), Delta
(B.1.617.2), and Omicron (BA.1) were introduced into the vector
PtANCHOR-CD82-V5-6xHis-mCherry (ATG:biosynthetics GmbH,
Merzhausen, Germany) by using the restriction sites EcoRI and
EcoRV. The DNA sequences of the RBD inserts (Supplementary
Table 1) were obtained from the GISAID database [25] and pro-
duced by gene synthesis (ATG:biosynthetics GmbH). The vector
PtANCHOR-CD82-Wuhan-RBD-YFP was generated by exchanging
the mcCherry coding sequence with the YFP DNA fragment

A _

Antigen Antibodies

(RBD) \’“

Cytosol

Reporter protein

B

amplified by using the primers YFP-Clal for and YFP-Pmel rev
(Supplementary Table 2) and the template vector pCMV-CD63-YFP
[26]. The YFP fragment was digested with Clal and Pmel and ligated
into the restricted vector ptANCHOR-CD82-Wuhan-RBD-mCherry.
Oligonucleotides were purchased from Integrated DNA
Technologies (Leuven, Belgium), and the vector pmCherry-N1 was
procured from Clontech (Heidelberg, Germany). Vector sequences
were confirmed by restriction analysis and Sanger sequencing
(Supplementary Information protocol for Sanger sequencing).
Plasmid DNA for transfection was isolated from Escherichia coli
DHS5a (New England Biolabs, Frankfurt, Germany) by using the
Plasmid Maxi Kit (Qiagen, Hilden, Germany) following the manu-
facturer’s instructions (Supplementary Information protocol for
isolation of plasmid DNA). Plasmid DNA concentration was mea-
sured by using a NanoVue spectrophotometer (GE HealthCare,
Solingen, Germany).

Cell-based SARS-CoV-2 RBD-specific IgG ELISA

Hela cells were maintained in Dulbecco’s Modified Eagle's
Medium (DMEM) that was supplemented with 2mM r-glutamine,
10% fetal bovine serum (FBS, Gibco, Langenselbold, Thermo
Fisher Scientific, Germany), 100 U mL™" penicillin, and 100ug
mL™* streptomycin, and incubated at 37°C in humidified air con-
taining 5% CO,. First, 1.5 x 10* HeLa cells per well of a 96-well cell
culture plate (TPP, Trasadingen, Switzerland) were seeded. After
the cells reached ~80% confluency (typically overnight), they
were transfected with 0.3 pg of the indicated plasmid DNA and
1pL of Metafectene (Biontex, Munich, Germany) according to the

manufacturer's instructions (Supplementary Information
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Figure 1. Overview of the developed cell-based IgG ELISA specific for the SARS-CoV-2 RBD. (A) Schematic representation of the topology of the
expressed chimeric membrane-bound tANCHORed SARS-CoV-2 RBD and (B) the general genetic elements of the tANCHOR expression construct. TM:
transmembrane domains 1-4 derived from CD82; mCherry: C-terminal red fluorescent protein mCherry used as an expression reporter protein; CMV:
cytomegalovirus promoter; FLAG: N-terminal tag DYDDDK. DNA coding for the SARS-CoV-2 RBD variants was inserted in the tANCHOR vector by using
EcoRI and EcoRV restriction sites to form the ptANCHOR-CD82: tANCHOR system vector backbone. (C) lllustration of the introduced mutation sites
within the Delta and Omicron RBD variants. The numbers refer to the amino acid positions of the spike protein
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protocol for cell transfection mix). The transfection mix was in-
cubated for 24h, and then the medium was replaced with 100 L
of fresh medium containing FBS, and the cells were incubated for
additional 24 h. Next, the cells were washed once with 450 uL of
1x phosphate-buffered saline (PBS) and then fixed for 15min
with 2% paraformaldehyde (PFA, Carl Roth, Karlsruhe, Germany)
in 1x PBS. After fixation, the cells were washed twice with 450 uL
of 1x PBS and then incubated for 1h with freshly prepared block-
ing buffer containing 2% chicken egg albumin (CEA) (Sigma-
Aldrich, Steinheim, Germany), 3% bovine serum albumin (BSA)
fraction V (Carl Roth), and 10% normal goat serum (NGS) or nor-
mal rabbit serum (Biowest, Nuaillé, France) if indicated. The cells
were then incubated with diluted sera in blocking buffer for 1h,
followed by five washes with 450 uL of wash buffer (1x PBS con-
taining 0.05% Tween-20). To detect bound human IgG on the
RBD-displaying target cells, they were incubated with 100 uL of
anti-human IgG conjugated to horseradish peroxidase (HRP) di-
luted 1:8000 (1.3mg/mL, P0214, Dako, Hamburg, Germany) for
30 min in blocking buffer. After incubation, the cells were washed
five times with washing buffer. Antibodies bound by anti-human
IgG conjugated to HRP were detected by incubation with 80 pL of
the HRP substrate 3,3',5,5-tetramethylbenzidine (TMB, Bio-Rad
Laboratories GmbH, Feldkirchen, Germany) for 15+2min. The
enzyme reaction was stopped by adding 100 uL of 2 M H,S0, to
each well of the 96-well plate. Absorbance was measured at a
450nm with a reference wavelength of 620nm by using a spec-
trophotometer (Tecan, Crailsheim, Germany). All washing cycles
were performed using the BioTec 405 ELISA washer (Agilent
Technologies, Waldbronn, Germany) with the following settings:
a volume of 450 L, the lowest flow rate of 3, and a 30-s delay
time. The cut-off was calculated by using the mean plus three
standard deviations (SDs) derived from the negative controls.

S1- and nucleocapsid protein-specific ELISA

A ready-to-use coated ELISA plate from the Anti-SARS-CoV-2
(IgG) kit (EUROIMMUN, Libeck, Germany) was used to test IgG
binding to the Wuhan S1 protein. This testing was performed in
parallel to cell-based ELISA with the same method (the TMB reac-
tion was stopped after 5min). To confirm SARS-CoV-2 convales-
cence for individual serum samples, 96-well MaxiSorp plates
(Thermo Fisher Scientific) were coated with 100 L of 0.5 ug mL™*
SARS-CoV-2 NCP containing the amino acids 2-419 (Miltenyi
Biotec, Bergisch Gladbach, Germany) diluted in coating buffer
(15 mM Na,COs, 35mM NaHCOs, pH 9.6) and incubated overnight
sealed with ROTILABO sealing film (Carl Roth) at 4°C. The plate
was then washed three times with 1x PBS, incubated with 100 uL
of blocking buffer containing 2% CEA and 3% BSA fraction V for
30min, washed three times with 1x PBS, and incubated with
100uL of diluted sera in blocking buffer containing 10% NGS.
After incubation for 1h, the plate was washed five times with
450 pL of wash buffer (1x PBS containing 0.05% Tween-20). Then,
100puL of anti-human IgG conjugated to HRP (Dako) diluted
1:5000 in blocking buffer containing 10% NGS was added to each
well; the plate was incubated for 45min. After incubation with
the secondary antibody, the plate was washed five times with
450 L of wash buffer. HRP activity was detected by adding 80 uL
of TMB (Bio-Rad Laboratories) and incubating the plate at room
temperature for 5min. The reaction was stopped by adding
100 L of 2 M H,SO,4. Absorbance was measured at 450nm with
background correction at 620nm by using a Tecan Infinite 200
microplate reader. The cut-off was calculated for all performed
ELISA by using the mean plus three standard deviations (SDs)
obtained from the absorbance values of the negative controls.
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SARS-CoV-2 RBD-specific ELISA

To screen for SARS-CoV-2 RBD-specific IgG, Nunc Maxisorp
plates (Thermo Fisher) were coated with 50 pL of 3 pg/mL Wuhan,
Delta, and Omicron RBD protein (Proteogenix, Schiltigheim,
France) diluted in coating buffer (15 mM Na,COs, 35 mM NaHCOs,
PH 9.6). The assay plates were sealed with ELISA sealing film
(Carl Roth) and incubated overnight at 4°C. Then, the plates were
washed three times with 400 uL. of wash buffer and incubated for
1h with blocking buffer. After blocking, human sera containing
IgG antibodies were diluted in blocking buffer and incubated for
1h, followed by five washes with 450 uL of wash buffer (1x PBS
containing 0.05% Tween-20). All other steps were performed as
described for the cell-based ELISA approach.

Analysis of bound human anti-RBD IgG by
confocal laser microscopy

HeLa cells (1x 10* per well) were seeded onto a high glass-
bottomed 8-well p-slide (Ibidi, Munich, Germany). Twenty-four
hours later, the cells were transiently transfected with 0.3pg
plasmid DNA and 1pL of Metafectene. The transfection mix was
incubated for 24h, and then the medium was replaced with
200 pL of fresh medium containing FBS, and the cells were incu-
bated for additional 24 h. After 48h, the cells were washed once
with 1x PBS and fixed with 200 uL of 2% PFA in 1x PBS for 20 min.
The cells were washed once with 1x PBS. Pooled sera from conva-
lescent individuals diluted 1:200 in 3% BSA and 2% CEA was
added to each well, and the plate was incubated at room temper-
ature for 1h. The cells were washed three times. Then, to detect
bound IgG, the cells were incubated with goat anti-human IgG
conjugated to Alexa 488 (A-11013, 2mg/mL, Thermo Fisher) di-
luted 1:3000 in 3% BSA and 2% CEA for 1h. After washing three
times, the cells were left in 200 uL. of 1x PBS with 1 pL of Hoechst
33342 staining solution (ImmunoChemistry Technologies, Davis,
CA, USA). Images were acquired with an inverted confocal laser
scanning microscope (LSM 780; Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) and a plan-apochromat oil-immersion
objective lens (63x, numerical aperture 1.4; Carl Zeiss
Microscopy GmbH). Fluorescence signals were detected with the
Zeiss ZEN smart setup settings for Hoechst 33342 (excitation at
405nm and emission at 464 nm [429-499 nm)], 0.8% laser power),
Alexa 488 (excitation at 488nm and emission at 546nm [493-
598nm)], 1.0% laser power), and mCherry (excitation at 594nm,
emission at 648nm [599-696 nm], 8.0% laser power). The slides
were scanned unidirectionally with a fixed pixel size of 0.11pm
(1024 x 1024 pixels per image).

Analysis of tANCHORed Delta and Omicron RBD
co-localization with Wuhan RBD

HeLa cells (1 x 10%) were seeded onto each well of a high glass-
bottomed 8-well p-slide (Ibidi). Twenty-four hours later, the cells
were transfected in the same way as described in the section for
analysis of bound human anti-RBD IgG by confocal laser micros-
copy. Then, the cells were fixed with 200 uL of 2% PFA in 1x PBS
for 20 min. After fixation, the cells were left in 200 uL of 1x PBS.
Images for co-localization analysis were acquired with an
inverted LSM 780 confocal laser scanning microscope and a plan-
apochromat oil-immersion objective lens (63x, numerical aper-
ture 1.4; Carl Zeiss Microscopy GmbH). The fluorescence signals
emitted by mCherry and yellow fluorescent protein (YFP) were
detected with the Zeiss ZEN smart setup settings for YFP (excita-
tion at 514nm, emission at 551nm [516-586nm], 1.5% laser
power) and mCherry (excitation at 594nm, emission at 648nm
[599-696 nm], 6.5% laser power), respectively. Control between
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the displayed Wuhan RBD and the nucleus was stained with
Hoechst 33342 dye. Fluorescence signals emitted by Hoechst
33342 and YFP were detected with the settings for Hoechst 33342
(excitation at 405nm, emission at 466 nm [426-506 nm], 0.6% la-
ser power) and YFP (excitation at 514nm, emission at 551nm
[516-586nm], 1.2% laser power). The slides were scanned unidi-
rectionally with a fixed pixel size of 0.14 pm (512 x 512 pixels per
image). Pearson correlation coefficients (PCCs) were calculated
by employing the Fiji Image] Coloc2 plugin.

Quantification of expressed proteins fused

to mCherry

The expressed tANCHORed proteins contain a C-terminal
mCherry reporter protein that was used for quantification via the
mCherry quantification kit (Abcam, Cambridge, UK). Hela cells
were transfected in the same way as described above for a 96-
well plate. After 48h, HeLa cells were lysed in 35pL per well of
mCherry assay buffer and incubated on ice for 15min. Cell
lysates from a pool of three wells were collected in a 1.5-mL reac-
tion tube. Cell debris was removed by centrifugation, and 100 pL
of the supernatant was transferred to a 96-well optical plate
(Greiner Bio-One, Frickenhausen, Germany). The mCherry stan-
dard curve used to quantify mCherry fusion proteins was con-
structed by diluting the mCherry standard protein. All
fluorescence values were measured using the GloMax-Multi+ de-
tection system and the filter kit green for red dyes (Promega,
Fitchburg, W1, USA). From all fluorescence signal readings, the
relative light unit (RLU) value measured for wells containing only
mCherry assay buffer was subtracted.

Human serum material

Serum panel samples from infected individuals with a polymer-
ase chain reaction (PCR)-confirmed SARS-CoV-2 infection were
collected between March 2021 and February 2022 during hospi-
talization at the University Medical Center, Freiburg (n=13). Sera
were also obtained from people who had received one (n=>5), two
(n=10), or three (n=10) doses of the BNT162b mRNA vaccine.
Serum samples from anonymous healthy controls (negative),
who had tested negative for SARS-CoV-2 IgG, were used as nega-
tive controls (n = 10).

Statistical analysis

The Shapiro-Wilk test was used to determine whether the data
followed a Gaussian distribution. The data are presented as the
mean + SD. Student’s unpaired t test was used to compare be-
tween two groups by using Graph Pad Prism Version 9.2.0
(GraphPad Software, San Diego, CA, USA). A P < .05 was consid-
ered to be statistically significant. Asterisks are used to indicate
statistical significance in the figures: *P<.05; **P<.01;
#HRKP < .001; ****P < .0001; not significant (ns) P> .05.

Digital illustrations

Images and illustrations were created with BioRender.com,
Microsoft Office 2016, and Graph Pad Prism version 9.2.0.

Results

Generation of expression constructs for
anchoring the RBD of SARS-CoV-2 to the

cell surface

We used the previously developed tANCHOR display system [23]
to generate a reactive cell surface for antibodies directed against
the RBD. This display system utilizes a CD82 tetraspanin anchor

where the inserted sequence is displayed between transmem-
brane helices three and four, providing extracellular accessibility
to anti-RBD antibodies (Fig. 1A). By cloning gene synthesis frag-
ments (flanked with the EcoRI and EcoRV sequences), we were
able to insert DNA sequences encoding the Wuhan-Hu-1 RBD
(amino acids 318-543) as well as sequences encoding the Delta
(B.1.617.2) and Omicron (BA.1) RBD variants (Fig. 1B and C).

Protein expression analysis of the generated
expression constructs

We performed co-localization experiments to analyze putative
differences in protein distribution within the cell. We compared
the protein distribution of tANCHORed RBD variants fused with
mCherry with the ancestor RBD (Wuhan-Hu-1), which was fused
with yellow fluorescent protein (YFP) (Fig. 2A). Both fluorescence
signals emitted by mCherry and YFP can be separated, and we
monitored the co-localization by using a two-channel image. As
controls, we used expressed tANCHORed V5-6xHis tag (con-
firmed cell surface presentation [23, 27]) and mCherry (for cyto-
plasmatic distribution). In addition, we stained the nuclei with
Hoechst 33342 as a negative control because we did not expect
protein localization within the nucleus. We observed predomi-
nant cell surface localization for the tANCHORed RBD as well as
the displayed V5-6xHis tag (Fig. 2B). The calculated PCCs indi-
cated a significant and strong correlation between the displayed
Wuhan RBD fused to YFP and the Delta RBD as well as the
Omicron RBD fused to mCherry. The obtained PCCs are compara-
ble to the V5-6xHis tag control (Fig. 2C). This finding confirmed
that there is no significant difference in protein distribution
when the RBD sequence contains mutations present in the Delta
or Omicron variant (Fig. 2C). Next, we quantified the protein ex-
pression by utilizing the mCherry reporter protein (Fig. 2D). We
did not observe significant protein expression differences in the
expression constructs containing the Wuhan, Delta, and
Omicron RBD variants, and all were localized predominantly at
the cell surface.

Optimizing blocking conditions to reduce
nonspecific antibody binding to HeLa cells

The major challenge when performing a cell-based ELISA is to re-
duce the nonspecific binding of antibodies to the cell surface. We
tried different blocking recipes and found that using a freshly
prepared solution containing 3% BSA, 2% CEA, and 10% NGS di-
luted in 1x PBS resulted in the highest reduction of nonspecific
binding of antibodies derived from coronavirus disease of 2019
(COVID-19) negative serum to the surface of HelLa cells (Fig. 3A).
In contrast, without a blocking buffer, nonspecific binding
resulted in a high absorbance value (> 1.3). In addition, we tested
whether it would be possible to reduce the background further
by blocking unreacted aldehydes after fixing the cells with PFA
[28-30]. We incubated cells after the fixation step with 150 mM
glycine or 50mM ammonium chloride dissolved in 1x PBS and
blocked with the optimized blocking buffer. Preincubation with
glycine or ammonium chloride did not decrease the background
absorbance more than preincubation with only 1x PBS (Fig. 3B).
This result indicates that blocking for 1h with 3% BSA, 2% CEA,
and 10% NGS in 1x PBS is the best blocking method for the cell-
based RBD-specific ELISA. Interestingly, blocking with 5% low-fat
powdered milk (blotting grade) increased the nonspecific back-
ground binding and is therefore inappropriate (Fig. 3B). Next, we
diluted serum derived from a COVID-19 convalescent pooled
group and three COVID-19-negative donors. We found that a se-
rum dilution of 1:200 in blocking buffer is able to keep the
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mCherry

Figure 2. Protein expression analysis of the generated constructs. (A) Illustration of the expression constructs used for protein distribution and
expression analysis of the receptor-binding domain (RBD) variants. V5-6xHis: V5 peptide epitope tag of the simian virus 5 (GKPIPNPLLGLDST) and 6x
histidine tag; YFP: yellow fluorescent protein; FLAG: N-terminal tag DYDDDK; TM: transmembrane domain 1-4 derived from CD82. The numbers refer
to the amino acid positions of the spike protein. (B) Representative confocal laser micrographs showing co-localization of the expressed tANCHORed
Wuhan RBD with the Delta and Omicron RBD variants. Monomeric mCherry for cytosolic protein distribution was expressed using the vector
pmCherry-N1, and for surface distribution the vector ptANCHOR-CD82-V5-6xHis-mCherry. Nuclei were stained with Hoechst 33342. The scale bars are
10 pum. (C) The Calculation of Pearson correlation coefficients showed no significant differences regarding protein distribution within the cell between
the RBD variants and the Wuhan RBD (n = 10). Significance was determined with a one-way analysis of variance (non-significant [ns], P >.05). (D)
Quantification of mCherry-fused tANCHORed RBD (n=4). The P-value was calculated by using an unpaired two-tailed Student’s t test (ns, P> .05). The

control was used to express a tANCHORed V5-6xHis sequence.

background absorbance at < 0.2 (Fig. 3C). For this reason, we
chose a 1:200 dilution of serum as the optimum dilution in other
performed ELISA. Considering the optimized conditions, we
tested IgG binding to Hela cells transfected with the indicated
tANCHOR constructs. We observed only strong binding of IgG,
detected with the secondary goat anti-human IgG conjugated to
Alexa 488, for Hela cells that had been transfected with
tANCHOR vectors containing the Wuhan or Delta RBD coding se-
quence. In contrast, on the cell surface with the displayed
Omicron RBD, we only detected a fraction of the IgG (Fig. 3D). We
did not detect IgG binding on HelLa cells that displayed the V5-

6xHis tag. This visual experiment using confocal laser scanning
microscopy showed that it is possible to detect differences in an-
tibody binding on the displayed RBD protein.

Testing IgG binding of sera from a COVID-19
convalescent group, vaccinated individuals, and
COVID-19-negative donors to transfected

Hela cells

Our test of antibody binding to transfected HeLa cells is based on
previous observations: We showed that the use of HeLa cells
results in a stable cell layer after washing steps [23]. The
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complete workflow for a cell-based ELISA can be performed
within 3 days. First, cells are seeded in a 96-well plate and trans-
fected with the generated tANCHOR vectors for displaying the
Wuhan, Delta, and Omicron RBD on the cell surface. Forty-eight
hours later, antibodies can be added to see if they bind to the de-
sired antigen on the cell surface. Antibodies that bind to the dis-
played antigen can be detected by incubation with an HRP-
conjugated secondary antibody (e.g. anti-human IgG conjugated
to HRP; Fig. 4A). By employing sera from a COVID-19 convales-
cent group (n=13); vaccinees who had received one (n=5), two
(n=10), or three (n=10) doses of the BNT162b mRNA vaccine;
and COVID-19-negative donors (n=10), we demonstrated that

there are different IgG binding efficiencies to the Wuhan, Delta,
and Omicron RBD variants (Fig. 4B). In all ELISA experiments, we
observed significant differences between the COVID-19 convales-
cent group and the vaccinees who had received three doses of the
BNT162b mRNA vaccine. Interestingly, when we tested the same
serum samples on the EUROIMMUN ELISA plate coated with the S
protein, we did not observe differences between the COVID-19 con-
valescent pool and vaccinees who had received two or three doses
of the BNT162b RNA vaccine (Fig. 4C). This is explained by the fact
that neutralizing and non-neutralizing antibodies bind to the S1
protein. Testing antibodies directed against the nucleocapsid pro-
tein (NCP) is useful to differentiate between infected and
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Figure 4. Cell-based ELISA for measuring anti-SARS-CoV-2-RBD-specific immunoglobulin (IgG). (A) A cartoon shows the schematic workflow for measuring
IgG against the SARS-CoV-2 RBD. (B) HeLa cells were transfected with the indicated vectors ptANCHOR-CD82-Wuhan-RBD-mCherry, ptANCHOR-CD82-
Delta-RBD-mCherry or ptANCHOR-CD82-Omicron-RBD-mCherry. Absorbance (A) obtained from the cell-based ELISA specific for IgG antibodies directed
against the indicated RBD. (C) Testing for IgG binding on the EUROIMMUN ELISA plate coated with the SARS-CoV-2 S1 protein. (D) Validation of the serum
panel for reactivity with the SARS-CoV-2 nucleocapsid protein (NCP) by using an ELISA plate coated with amino acids 2-419 of the NCP. (E) Detection of IgG
antibodies against SARS-CoV-2 derived from convalescent individuals binding on RBD displayed Wuhan RBD and the control epitopes V5-6xHis. Each
plotted A value was measured in duplicate or triplicate (E) at 450 nm (reference wavelength: 620 nm). The P-value was calculated with an unpaired two-
tailed Student’s t test (**P < .01; ****P <.0001; not significant [ns], P> .05). The broken line in the graph represents the cut-off value.

vaccinated individuals because current vaccines are not expected
to elicit an antibody response against the NCP [31]. We further
ruled out that the vaccinees had been infected prior to or during
vaccination with the SARS-CoV-2 virus because only the COVID-19
convalescent group was reactive for the NCP based on an NCP-
specific ELISA (Fig. 4D). To ascertain whether the developed cell-
based ELISA remained specific for the SARS-CoV-2 RBD, we applied
the serum panel of convalescent individuals on Hela cells trans-
fected with the vector ptANCHOR-CD82-Wuhan-RBD-mCherry or

PtANCHOR-CD82-V5-6xHis-mCherry. We observed, that there is no
cross-reactivity between the displayed RBD protein and the V5-
6xHis tag (Figure 4E).

Comparison with RBD-antigen-coated plates

We compared the developed tANCHOR-based ELISA with con-
ventional protein-coated assay plates in terms of IgG binding. We
carried out the experiment in parallel to the cell-based ELISA and
used the same conditions (serum dilution of 1:200, incubation
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time, antibody concentration, and handling). We obtained simi-
lar results when we tested the serum samples on the protein-
coated assay plates (Fig. 5A). Next, to assess the performance of
the RBD-displaying cell layer against RBD-coated assay plates,
we performed a Pearson correlation analysis. A very strong corre-
lation was observed for the Wuhan (r=.92) and Delta (r=.87)
RBD antigens with the corresponding tANCHORed RBD (Fig. 5B).
However, for the Omicron RBD antigen, the correlation with the
tANCHORed Omicron RBD was lower (r=.69), although it is still
considered a strong correlation. This lower correlation could be
the result of lower absorbance values because the serum sam-
ples did not contain Omicron-specific antibodies. Taken together,
a cell layer displaying the RBD antigen is a reliable surrogate
technique for recombinant RBD protein-coated assay plates.

Discussion

Coating assay plates with recombinant protein is the first step in
any conventional ELISA technique in which adsorption occurs
via hydrophobic interactions of the diluted antigen to the surface
of the well [32, 33]. This approach is mostly used to detect
pathogen-specific antibodies in a clinical sample and provides
high accuracy [34-41]. However, such ELISA systems require an

isolated and purified antigen or synthesized peptide. When moni-
toring antibodies directed against the RBD, which is 225 amino
acids, it is very common to express such antigens in bacteria or
mammalian cells [42, 43]. When coating the wells of an assay
plate, the conditions regarding the buffer for antigen stability,
and, in particular, surface adsorbance must be optimized. The in-
volved steps from expression until coating the assay plates can
be very time-consuming, and when a new ELISA has to be devel-
oped, an alternative, fast, adaptable technique is needed. We
addressed this gap by using HeLa cell layers displaying the de-
sired antigen on the surface instead of an antigen-coated assay
plate. In this study, we focused on detecting antibodies derived
from clinical samples directed against the RBD of SARS-CoV-2.
Although we previously demonstrated in principle that it is possi-
ble to detect purified antibodies directed against epitopes 2F5/
4E10 and the immunosuppressive domain (ISU) of HIV-1 by using
the tANCHOR system, it was still unclear whether clinical sam-
ples could also be screened [23, 24]. Therefore, we optimized this
cell-based ELISA approach by employing the tANCHOR system to
monitor IgG from clinical samples by using serum samples con-
taining antibodies against the S protein of SARS-CoV-2.

The detection of RBD-specific IgG antibodies is very important
because they are considered neutralizing antibodies for SARS-CoV-
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Figure 5. Comparison with ELISA plates coated with purified RBD protein. (A) Absorbance (A) results from testing the serum panel for IgG binding to
the indicated purified recombinant RBD protein. Each plotted A value was measured in duplicate at 450 nm (reference wavelength: 620 nm). (B)
Correlation of the A results obtained from ELISA plates with expressed tANCHORed RBD on a HeLa cell layer and from ELISA plates coated with
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line in the graph represents the cut-off value.
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2 [44]. It is clear that for every new upcoming variant, a new anti-
gen must be generated to measure IgG binding. The hallmark of
RNA viruses is a high mutation rate, which allows them to escape
neutralizing antibodies and makes the host susceptible again, a
phenomenon that has been observed for the SARS-CoV-2 Omicron
variant [45-47]. The tANCHORed RBD antigen display system is
suitable to establish, in a fast and easy way, a new assay for any
future SARS-CoV-2 variant. As we demonstrated, mutation sites
for the Delta and Omicron variants did not cause protein mislocali-
zation or influence protein expression (Figs. 2C and D).
Additionally, the RBD of the Wuhan, Delta, and Omicron variants
is displayed on the cell surface in a native confirmation, as our ear-
lier study demonstrated by performing an angiotensin-converting
enzyme 2 (ACE2) binding assay [48]. For that reason, the binding
affinity of the RBD to ACE2 reflects a native conformation of the re-
combinant RBD [11]. It is advantageous to use the three-
dimensional native structure of antigens in order to replicate the
natural binding characteristics of antibodies [49, 50].

The most challenging and significant part of optimization is
reducing the nonspecific binding of antibodies to cells. We
adapted the blocking optimization that was done for proximity li-
gation assays—in which very low amounts of nonspecific IgG
binding caused high background—and observed that a mixture
of BSA and CEA alongside serum markedly reduced absorbance
background [51-53]. We found that for cell-based ELISA a block-
ing buffer containing 3% BSA, 2% CEA, and 10% NGS was able to
keep the absorbance value of background binding in our per-
formed cell-based ELISA below or at 0.2 (Fig. 3A). In contrast,
without the use of an optimized blocking buffer, the nonspecific
binding increased the absorbance value to 1.3 (Fig. 3A).

It is worth highlighting that the direct comparison between the
technique using RBD-coated assay plates and RBD displayed on
HelLa cells showed a very strong correlation for the Wuhan (r=.92)
and Delta (r=.87) RBD variants (Fig. 5B). Of note, the correlation
between the Omicron RBD and tANCHORed Omicron RBD was
lower compared with the Wuhan and Delta RBD variants, but it is
still considered a strong correlation (r=.69). This observation can
be explained by the lower absorbance values that are obtained for
the weak antibody binding to the Omicron RBD. Absorbance values
are more affected by inaccuracy when there is low antibody bind-
ing. As far as we are aware, this is the first report utilizing a dis-
played RBD of SARS-CoV-2 on the cell surface for antibody binding
assays. Other cell-based assays use soluble RBD protein to test
ACE2 binding on Vero cells in the presence of anti-SARS-CoV-2
antibodies [54]. Such an assay is useful for detecting neutralizing
antibodies but not for monitoring SARS-CoV-2 IgG antibodies di-
rected against the RBD. Furthermore, the lack of a method for dis-
playing the RBD on the surface of cells has the implications that
for every emerging variant, a new RBD protein has to be expressed,
isolated, and purified. This could require some time if comparing
several RBD variants. Displaying the RBD on the cell surface of ad-
herent cells like HeLa enables the simple setup of a serological as-
say to track antibodies targeting SARS-CoV-2. There is also the
possibility to compare different cell-based ELISA measurements by
utilizing reference material in order to determine binding antibody
units (BAU) per milliliter for each sample [55, 56]. The use of de-
fined standard material would allow researchers to avoid compar-
ing antibody binding based only on absorbance values. In
summary, these data have confirmed that a cell-based ELISA with
an antigen-decorated cell surface is an alternative, fast, and easy
adaptive approach to detecting IgG. The advantage is that the anti-
gen is expressed by the cells themselves, which makes it easy to
test several antigens on one plate without the need for protein
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isolation and purification steps. Especially, when any antigen de-
sign must be optimized, a cell-based approach is very useful for
the initial screening of different antigen designs. We are convinced
that our developed tANCHOR cell-based ELISA approach is appli-
cable to other antigens of different pathogens for use in serological
analysis or to determine the immunization status of patients.

Limitations and prerequisites

A critical factor that may influence the outcome of the assay is
the purity and amount of plasmid DNA used when comparing
variants. Plasmid DNA has exceptional stability compared with
other biological materials, such as proteins [57]. The use of the
same bacterial strain and plasmid isolation kits will increase the
reproducibility of results obtained from cell-based ELISA.
Notably, we did not observe any mislocalization or drastic differ-
ences in protein expression levels between the Wuhan, Delta,
and Omicron RBD variants (Figs. 2B-D). Prior to serum testing,
the protein localization and expression of each emerging SARS-
CoV-2 RBD variant need to be verified. This consideration is rele-
vant because an emerging variant could possibly cause an al-
tered expression when fused to the tANCHOR system. Since
similar effects have not yet been observed for other proteins dis-
played using the tANCHOR display technology, we can only pre-
sume that further SARS-CoV-2 RBD variants will likewise be
displayed on the cell surface, as this study has shown [24, 27, 48,
58]. Antibody-binding capability is another significant drawback
of this kind of developed assay. Certain antibodies that can bind
to the RBD may be lost as a result of inadequate cell transfection,
which will reduce the binding values. Thus, achieving high trans-
fection efficiency is crucial for reliable results. In addition to
Metafectene, other transfection reagents such as Jetprime
(PolyPlus, Illkirch, France) or HelLaFect (OZ Biosciences SAS,
Marseille, France) may be employed. The C-terminally fused re-
porter protein mCherry makes it simple to check the transfection
efficlency when optimizing the transfection parameters with
other reagents. Another crucial factor to consider is the preva-
lence of mycoplasma contamination in laboratory cell cultures
[59]. Between 5% and 35% of cell cultures are contaminated with
mycoplasma species like Acholeplasma laidlawii, Mycoplasma argi-
nini, M. fermentans, M. hyorhinis, and M. orale [60, 61]. The fact that
human serum contains anti-Mycoplasma spp. IgG demands that
cultivated HeLa cells are mycoplasma-free [62]. Otherwise, IgG
from humans could detect such antigens, resulting in false-
positive antigen-specific binding to the tANCHORed protein.
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