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Abstract: Serological testing for antibodies directed against
SARS-CoV-2 in patients may serve as a diagnostic tool to verify
a previous infection and as surrogate for an elicited humoral im-
mune response, ideally conferring immunity after infection or
vaccination. Here, we present the recombinant expression of an
extended receptor binding domain (RBD) of the SARS-CoV-2
Spike protein used as capture antigen in a unique rapid immuno-
assay to detect the presence of RBD binding antibodies with
high sensitivity and specificity. As currently available vaccines
focus on the Spike RBD as target, the developed test can also
be used to monitor a successful immune response after vaccina-
tion with an RBD based vaccine.
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1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the origin of the corona virus disease 2019 (COVID-19)
pandemic that has a huge impact on the world’s economy and peo-
ple’s health and has caused millions of deaths since its first report
in China at the end of 2019.111 Most SARS-CoV-2 infected indi-
viduals experience mild symptoms but it is still unknown whether
these can induce a persistent immune memory for life-long im-
munity. The preferred methods to test for a SARS-CoV-2 infection
comprise nucleic acid tests as well as viral antigen detection sys-
tems. While useful in terms of controlling the spread of the virus,
the limitations of these tests lie in their positivity rate confined to
the small time window during which the virus can be verified.[?! In
contrast, serological tests detect immune system-induced antibod-
ies directed against SARS-CoV-2 that may be detectable over a
prolonged period of time. The finding that neutralizing anti-SARS-
CoV-2 antibodies most often recognize the receptor binding do-
main (RBD) and within it the receptor binding motif (RBM) of
the virus’ spike protein led to the development of vaccines based
on just this spike protein.3! Thus, serological tests may also be
useful in determining the immunological status of vaccinated
people.

In support of the findings on the epitopes of the patient’s se-
rum anti-SARS-CoV-2 antibodies, several studies have shown
that neutralizing mABs generated against a recombinant SARS-
CoV-2 spike protein expressed in mammalian cells recognize the
RBM and that some of these interfered with virus binding to the
ACE?2 receptor, thus with the virus entering the cell, by prevent-
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ing the binding of the RBM to the ACE2 receptor.!*5 The mABs
recognizing epitopes outside the RBM but within the RBD are
speculated to indirectly affect the conformation of the RBM and
therefore its binding to the ACE2 receptor.[%! Taken together, the
results show that the RBD alone could serve as an antigen to
measure serum anti-SARS-CoV-2 antibodies but that retaining
correct folding is of paramount importance as some of the anti-
bodies show RBD-structure specific binding characteristics.

A new serological test system allowing a more precise deter-
mination of the antibody status in individual sera after SARS-
CoV-2 infection or (RBD-based) vaccinations is presented. An
extended RBD (RBD+) is the sole antigen used in this test that se-
lectively probes for antibodies that hinder SARS-CoV-2 docking
onto the ACE2 receptor of human host cells. Furthermore, this
RBD+ exhibits a more compact structure than canonical RBD
constructs due to an additional disulfide bond which also confers
more thermal stability. Highly purified RBD+ is thus suggested
to be a superior antigen for serological testing to assess potential
immunity towards SARS-CoV-2.

2. Materials and Methods

2.1 Cloning of the Avi-RBD / RBD+ Construct

The RBD+ coding sequence of the spike protein (aa319—-591)
was amplified from a SARS-CoV-2 (2019-nCoV) Spike S1 Gene
ORF template (Sino Biological, Wayne PA, USA). To create the
Avi-RBD construct, the primers 5'-GGTGGTGAATTCGGCCT-
GAACGACATCTTCGAGGCCCAGAAGATCGAGTGGCAC-
GAAAGGGTCCAACCAACAGAG-3'and 5-GGTGGTGGATC-
CGAAGTTCACACACTTGTTCTTCACC-3' were used. For the
RBD+ construct, the primers 5'-GGTGGTGAATTCAGGGTC-
CAACCAACAGAG-3' and 5-GGTGGTGGATCCGGAACATG-
GTGTGATGTCCAG-3' were utilized. Amplified constructs were
digested with EcoRI and BamHI and subsequently ligated into
the plasmid pEXPR-IBA42 (IBA GmbH, Géttingen, Germany).

2.2 Avi-RBD / RBD+ Plasmid Production and
Purification

The plasmids encoding either the Avi-RBD or RBD+ se-
quences were amplified in the E. coli DH5« strain in 25 g/ LB
medium supplemented with 100 pg/mL ampicillin. The precul-
ture was incubated for 16—17 h at 37 °C and 500 mL were used
to inoculate a 20 L Techfors S bioreactor (Infors HT, Bottmingen,
Switzerland). Plasmid extraction was performed following the
manufacturer’s instructions (Pure Yield Plasmid Maxiprep
System, Promega, United Kingdom).

2.3 Avi-RBD / RBD+ Protein Expression and
Purification

HEK?293 suspension cells were cultivated in Expi293 expres-
sion medium (Thermo Fisher Scientific, Waltham, MA, USA).
Cells were cultured in vented 250 mL shake flasks (Corning,
Inc., Corning, NY, USA) under controlled conditions (36.5 °C,
8% CO,, >80% humidity, 280 rpm). Viable cell density and vi-
ability were determined with a Countess Automated Cell Counter
(Thermo Fisher Scientific, Waltham, MA, USA). Cells were fur-
ther expanded in 1 L shake flasks (Corning, Inc., Corning, NY,
USA), centrifuged and resuspended in fresh medium at a cell
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density of 20x10° cells/mL. Avi-RBD or RBD+ plasmids and
PEI Max (Polyscience Inc, IL, USA) were added in a 1:3 plasmid
to PEI ratio at a concentration of 2.5 mg PEI per 10° cells. The
transfection culture was incubated for 2 h and then seeded into
fresh medium containing 3.5 mM valproic acid in a 5 L shake
flask (Corning, Inc., Corning, NY, USA). The culture was incu-
bated at 36.5 °C, 8% CO, and 95 rpm with a seeding density of
3x109 cells/mL for a maximum of 7 days. Cell culture fluids were
harvested, centrifuged and filtered prior to Ni-Sepharose affin-
ity chromatography using a HisTrap™ excel column. The eluted
product stream was loaded on a HiLoad™ 16/600 Superdex™
200 pg for further purification. All columns are from Cytiva Life
Sciences, Marlborough, MA, USA. Loading, washing, and elu-
tion from the Ni-Sepharose and SEC columns were optimized
according to the resin producers’ recommendations.

2.4 Western Blot Analysis

Western blots were performed by initial SDS-PAGE with the
Bolt™ system (Thermo Fisher Scientific, Waltham, USA) us-
ing MOPS buffer under reducing or non-reducing conditions.
Proteins were transferred to a PVDF membrane with the Trans-
Blot turbo™ system (Bio-rad Europe, Cressier, France) and the
membrane was blocked for 1 h with PBS containing 4% skim
milk powder followed by 1 h incubation with a serum pool from
three Covid19 patients diluted 1:100 in PBS containing 2% skim
milk powder. After washing with PBS-Tween20, the blot was in-
cubated with anti-human IgG-HRP (Dako, Glostrup, Denmark)
diluted 1:10°000 in PBS containing 2% skim milk powder for 1 h.
After three washing steps with PBS-Tween20, the blot was devel-
oped using Western bright Quantum HRP substrate (Advansta,
San Jose, USA) and recorded using the Fusion Solo Imager
(Vilber, Collégien, France).

2.5 Sybody Expression and Purification

Sybody expressing E. coli MC1061 were obtained by the
group of Prof. M. Seeger (University of Zurich).[”! The precul-
ture was incubated for 16—-17 h at 37 °C and 400 mL were used
to inoculate a 20 L Techfors S bioreactor (Infors HT, Bottmingen,
Switzerland). Sybodies were expressed overnight in TB medium
supplemented with 25 pL/mL chloramphenicol. After centrifu-
gation of the harvest, cells were disrupted by a high pressure
homogenizer (Avestin EmulsiFlex C3, Ottawa, Canada) followed
by Ni-Sepharose affinity chromatography using a HisTrap™ FF
crude column (Cytiva Life Sciences, Marlborough, MA, USA).
The eluted product stream was loaded on a HiLoad™ 16/600
Superdex™ 200 pg (Cytiva Life Sciences, Marlborough, MA,
USA) for further purification.

2.6 Evaluation of Thermal Stability

To determine the thermal stability of the different RBD con-
structs, 70 puL of each RBD construct (1 mg/mL) in PBS was
measured by static light scattering (SLS) using Zetasizer Ultra
(Malvern Panalytical B.V., Netherlands) under reducing (1 mM
dithiothreitol) and non-reducing conditions. The samples were
centrifuged at 20’000 x g and the supernatants were trans-
ferred to a quartz cuvette (ZEN2112, Malvern Panalytical B.V.,
Netherlands). Three RBD constructs were analyzed in technical
triplicates over a temperature range from 25 °C to 95 °C, in-
creasing the temperature in 2.5 °C increments and incubating the
samples for 30 s at each temperature point. Derived mean count
rate was measured in kilo counts per second [kcps] and plotted
versus temperature.

2.7 Development and Validation of the Lateral Flow
Assay (LFA)

BUHLMANN Laboratories developed the Quantum Blue®
SARS-CoV-2 RBD+ assay under compliance to grant IVDD (In

Vitro Diagnostic Directive) certification under self-conformity
including a validation of the test according to CLSI (Clinical
& Laboratory Standards Institute) standards. For development
purposes, positively tested patient samples were provided by
MediXtoujours (Basel, Switzerland) and the University Hospital
Fribourg (Fribourg, Switzerland). The assay was validated and
verified using samples purchased from TRINA Bioreactives
AG (Naenikon, Switzerland), in.vent Diagnostica GmbH
(Henningsdorf, Germany) and iSpecimen Inc. (Lexington,
USA). The matrix equivalency test was performed in two rep-
licates according to the instructions for use (IFU) and analyzed
by visual inspection as well as with a Quantum Blue® Reader 2™
Generation (QB2) and a Quantum Blue® Reader 3™ Generation
(QB3G). Finger-prick blood of donors, negatively tested for
SARS-CoV-2 antibodies, were spiked with different amounts of
SARS-CoV-2 antibody serum and 0.9% NaCl solution to obtain a
positive, a low positive and a negative sample. Serum dilution in
finger-prick blood did not exceed 5% (v/v). The spiked blood was
transferred onto the sample application pad using a 20 uL PTS
Capillary (PTS Diagnostics, Whitestown, USA). Three drops of
Quantum Blue® SARS-CoV-2 RBD+ chase buffer was applied
to the sample application pad and read-out was performed after
15 minutes.

2.8 Vaccination Success Monitoring

As part of the test development process, patients who received
the SARS-CoV-2 vaccination were provided with the Quantum
Blue® SARS-CoV-2 RBD+ kit for self-testing in order to assess
usability of the assay. Patients performed the test at different
timepoints following the two vaccination appointments accord-
ing to the kit’s instructions and recorded the lateral flow assay
result photographically 15 minutes after blood sample applica-
tion. Patients gave consent to anonymously publish the results
of their tests.

3. Results and Discussion

3.1 Comparison of RBD Antigens

The receptor binding domain (RBD) of SARS-CoV-2 binds
to the human ACE2 receptor as an initial step for cell invasion.[8]
Hence, antibodies targeting the RBD have the potential to block
the interaction of the virus with the receptor and thereby ham-
pering viral docking to human cells.®] In the development of the
Quantum Blue® SARS-CoV-2 RBD+ rapid test, the RBD was
chosen as the sole antigen in order to specifically probe for an-
tibodies demonstrating the highest probability for neutralizing
viral potency. For this purpose, three different RBD constructs
(RBD commercial, Avi-RBD and RBD+) were evaluated regard-
ing their ability to bind antibodies of COVID-19 patients and
their thermal stability. The canonical RBD without and with Avi-
Tag differ from RBD+ in their length and the number of cysteines
(Spike S AA 319-541 vs. Spike S AA 319-591).

A western blot analysis comparing three different RBD con-
structs revealed the importance of disulfide bonds in RBD con-
structs for antibody recognition (Fig. 1A, B). Transferred RBD
constructs (319-541) under reducing conditions and thus without
disulfide bridges were not recognized by the polyclonal antibod-
ies of these patients, highlighting the importance of disulfide
bond formation in the RBD antigen. The RBD+ showed a slight
signal also under reducing conditions suggesting that a linear epi-
tope between AAS542 and AAS91 can elicit an immune response.

Moreover, the SDS-PAGE analysis and size exclusion chro-
matography (SEC) of RBD and RBD+ constructs emphasized
the significant difference in the monomer to dimer ratio and the
overall purity (Fig. 1B, D). In the SEC chromatogram, RBD+
showed a monodisperse distribution in contrast to the RBD con-
struct exhibiting a higher molecular weight ‘shoulder’ that cor-
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RBD constructs

Fig. 1. Comparison of RBD con-
structs. A) Western blot of differ-
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responds to the dimer artefact originating from intermolecular
disulfide bonds between Cysteine 538 of two RBD molecules.
Such an artefact may pose several reproducibility problems if
used as raw material in an antibody test. Structural evaluation
of spike protein confirmed that an RBD antigen construct with
an even number of cysteines (RBD+) reduces the probability of
intermolecular disulfide bridges (Fig. 1C).[11

The additional disulfide bond of the RBD+ impairs dimer
artefacts arising during recombinant expression and purification
and is hypothesized to have a more compact structure compared
to the RBD. This was corroborated by the finding that the RBD+
remains more confined upon heat exposure as evidenced in static
light scattering (Fig. 2).

Static light scattering-derived mean count rate revealed dif-
ferent thermostability of the three RBD constructs. The RBD+
construct exhibited a high thermal stability and could not be fully
denatured even at temperatures above 90 °C. The Avi-RBD con-
struct with its unstructured N- and C-terminal parts appeared to
be more susceptible to unfolding compared to RBD+. The com-
mercial RBD with lower purity showed denaturing effects already
at significantly lower temperatures, which may be explained by
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initial aggregation of impurity proteins thereby accelerating RBD
denaturing (Fig. 2A). Since long-term stability of in vitro diag-
nostic (IVD) tests plays an important role for production, storage
and logistics of these assays, it seems that highly pure and struc-
turally confined RBD+ antigen may be superior to other RBD
constructs for in vitro diagnostics. In presence of 1 mM DTT,
the overall stability of the RBD constructs strongly decreased
and did not cause significant differences between the constructs,
highlighting once more that disulfide bridges in the RBD region
of the SARS-CoV-2 Spike protein are essential for proper folding
of this domain (Fig. 2B). Due to the monodisperse distribution
during chromatographic purification and higher thermal stability,
RBD+ was chosen as the sole antigen for the lateral flow assay.

3.2 Set-up of the Quantum Blue®
SARS-CoV-2 RBD+ Assay

The purified RBD+ is used as the antibody-detecting antigen
in the Quantum Blue® SARS-CoV-2 RBD+ assay. For this pur-
pose, RBD+ is immobilized on the membrane as well as conju-
gated to cellulose nanobeads. With this set-up, bi- or multivalent
antibodies recognizing RBD+ antigen are able to cross-link the
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Fig. 2. Thermal stability evaluation of RBD constructs using SLS under A) non-reducing and B) reducing conditions (1 mM DTT).
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Fig. 3. A) Schematic representation of the Quantum Blue® SARS-CoV-2 RBD+ Lateral Flow test. RBD+ conjugated nanoparticles reside on the
conjugate release pad. B) RBD+ specific antibodies of various isotypes cross-link the RBD+ antigen on the test line with RBD+ nanoparticles, while
a synthetic binder against two RBD epitopes captures remaining RBD+ conjugated nanoparticles on the C-line. For more detailed information:
Quantum Blue SARS CoV-2 RBD+ Antibody Rapid Test - YouTube: https://www.youtube.com/watch?v=5VH_hQB21RY

antigens on the test line (T-line) and on the cellulose nanopar-
ticles. Hence, RBD+ detecting antibodies of different isoforms
(i.e. IgG, IgM and IgA) will be visualized by immobilizing
RBD+ conjugated cellulose nanoparticles on the test line.

The Quantum Blue® SARS-CoV-2 RBD+ assay therefore
probes for potentially neutralizing antibodies irrespective of their
isoform, without the ability to discriminate between them. Most
SARS-CoV-2 antibody tests of various providers measure the pres-
ence of SARS-CoV-2 IgM and IgG antibodies in a patient sample
separately. Interestingly, IgA antibodies are usually neglected in
competitor assays despite their important role as first line defense
in the mucosa, which might be particularly important for the de-
fense against a respiratory virus, such as SARS-CoV-2.[12.13]

Every rapid test based on lateral flow also comprises a control
line (C-line) to verify correct test handling. For this purpose, the
Quantum Blue® SARS-CoV-2 RBD+ assay uses specific RBD
binders originating from an in vitro selection from sybody librar-
ies.l”l Sybodies are synthetic binders based on the VHH scaf-
fold of camelid antibodies or nanobodies. Instead of camelid
immunization, a fully in vitro selection process based on ribo-
some and phage display with large libraries of sybody sequences
generated specific RBD binders. A fusion of two of these RBD
sybodies recognizing different epitopes on the RBD antigen is
immobilized on the C-line of the Quantum Blue® SARS-CoV-2
RBD+ assay. This fusion protein immobilizes remaining RBD+
conjugated nanoparticles on the C-line to ensure proper test han-
dling. Additionally, this set-up makes it obsolete to use additional
nanoparticles in this LFA system (Fig. 3).

3.3 Performance of the Quantum Blue®
SARS-CoV-2 RBD+ Assay

In addition to the qualitative visual read-out the Quantum
Blue® SARS-CoV-2 RBD+ can be analyzed by Quantum Blue®
readers of the second and third generation. In order to establish a
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cut-off that discriminates between positive and negative samples,
more than 100 serum samples collected before December 2019
and thus negative for SARS-CoV-2 antibodies were measured in
the QB2 and QB3G to assess the cut-off of the Quantum Blue®
SARS-CoV-2 RBD+. The cut-off for a positive SARS-CoV-2 an-
tibody result with the Quantum Blue® SARS-CoV-2 RBD+ was
chosen to be the mean of blank plus four times the standard devia-
tion of the measurements.

Based on the data set of 104 negative samples, the cut-off for
the readers was determined to be 37 mV (millivolts) for the QB2
and 1.5 GV (grey values) for the QB3G. These values correspond
to a faint, but visual discrete band on the T-line of the test. Overall,
39 positive SARS-CoV-2 antibody serum samples according to
RT-PCR tests were used for test development. A first benchmark
test with the readily developed Quantum Blue® SARS-CoV-2
RBD+ test led to 85% sensitivity and 100% specificity in the QB2
(Fig. 4). One of the negative serum samples (N79) was just below
QB2 cut-off, nevertheless a faint yet discrete band was visible,
resulting in a 99% specificity by visual read-out.

After the design freeze of the Quantum Blue® SARS-CoV-2
RBD+ a validation and verification according to CLSI guidelines
was performed to assess the overall performance of the assay. This
included various aspects, such as test stability, robustness of the
test, cross-reactivities etc. that are evaluated to assess test limita-
tions listed in the IFU. A total of 57 positive control patients with
a previous positive RT-PCR test on SARS-CoV-2 infection and
86 negative control patients with blood sample collection before
December 2019 and tested positive for IgG antibodies against at
least one other respiratory pathogen were included in the study.
Positive and negative percent agreements between Quantum Blue®
SARS-CoV-2 RBD+ and reference diagnosis (negative and posi-
tive controls) were estimated based on these cohorts.

The clinical agreement study of the validation phase was
comparable to results obtained during the development of the as-

37 mV cut-off

Quantum Blue® Reader [mV]

1] | 1
o JuHNEARNRATANAR, AR MMl

—— RT-PCR positive patient samples—
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Fig. 4. Read-out of the Quantum Blue® SARS-CoV-2 RBD+ test with a Quantum Blue® Reader 2" generation. In a cohort of 39 RT-PCR positive and
104 negative patient serum samples this cut-off resulted in a sensitivity of 85% and a specificity of 100% in the QB2 reader.
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say with a different sample set. Depending on the read-out, speci-
ficity of the test was determined to be between 97.7% and 100%,
while a sensitivity of 86% to 87.7% was measured (Table 1).

Table 1. Comparison of visual read-out and Quantum Blue® Reader.
Positive percent agreement (PPA), negative percent agreement (NPA)
and their respective 95% confidence interval (Cl) were determined with
143 subjects (57 positive and 86 negative control samples).

Metrics Visual read-out Quantum Blue®
Reader (2" and 3¢
generation)
PPA 86.0% 87.7%
(95% CI) (74.2%, 93.7%) (76.3%, 94.9%)
NPA 100.0% 97.7%
(95% CI) (95.8%, 100.0%) (91.9%, 99.7%)

Serum applications may not be applicable for Point-of-Care
or self-testing settings. Therefore, a matrix equivalency study us-
ing spiked finger-prick whole blood was conducted to show that
the Quantum Blue® SARS-CoV-2 RBD+ Lateral Flow assay is
capable to qualitatively assess the presence of antibodies in small
blood samples. Plotting QB reader results of duplicate measure-
ments of serum and whole blood antibody dilutions reveal similar
measuring ranges for the accordant dilutions. Hence, antibodies
from whole blood measured with the Quantum Blue® SARS-
CoV-2 RBD+ Lateral Flow assay provide comparable results to
serum samples (Fig. 5).

In a qualitative assessment, 100% positive percent agree-
ment (PPA) and 100% negative percent agreement (NPA) were
estimated between capillary blood and the corresponding serum
matrix (Table 2). Therefore, the acceptance criteria for a whole
blood application was fulfilled and the test is technically feasible
for Point-of-Care or even self-testing use.

Table 2. Estimates of percent agreement between capillary blood
results and corresponding serum results.

Metric Read-out System Estimate 95% CI*
PPA Visual read-out, 20/20=100% 83% to 100%
Quantum Blue
Reader
NPA 2" and 3" Generation ~ 10/10=100% 69% to 100%

¥The exact binomial confidence interval (Cl) was calculated with
Analyse-it using the Clopper Pearson method.
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3.4 Cross-reactivity Assessment of the Quantum
Blue® SARS-CoV-2 RBD+ Assay

Potential cross-reactivities negatively affect the specificity of
the test. For this reason, serum samples with antibodies directed
against various viruses were tested. In a sample set with a mix of
antibodies directed against common coronaviruses (HCoV-229E,
-OC43 and -NL63) one sample out of nine was determined to be
positive by visual inspection and by both reader generations. A
systematic cross-reactivity may therefore be excluded for HCoV-
229/-0C43/-NL63. The cause of positivity of this single posi-
tive sample is unknown. In total, 130 samples that are positive
for various anti-virus antibodies, but negative for antibodies di-
rected against SARS-CoV-2 did not show more than three posi-
tive results irrespective of the read-out method. The specimens
include viral antibodies with specificity for hepatitis, influenza,
respiratory syncytial virus (RSV), HIV, Epstein-Barr virus, cyto-
megalovirus, measles, herpes simplex, amongst others (detailed
list included in Quantum Blue® SARS-CoV-2 RBD+ IFU). The
specificity on this viral antibody sample set was determined to
be 97.7% for visual read-out and QB3G read-out, while the QB2
cut-off was exceeded by two samples, resulting in a specificity of
98.5%. Therefore, the Quantum Blue® SARS-CoV-2 RBD+ as-
say shows no systematic cross-reactivity with antibodies directed
against various other common viruses. Nevertheless, it is recom-
mended to perform additional testing if individual patients with
a known clinical history of hepatitis and other corona viruses
exhibit a positive result.

3.5 Quantum Blue® SARS-CoV-2 RBD+ Assay
Vaccination Monitoring

In addition to an elicited immune response as a consequence
of infection, specific vaccinations also trigger the immune sys-
tem to produce antibodies that confer immunity or some degree
of resistance towards subsequent infections. Due to the neutral-
izing capacity of RBD binding antibodies, the RBD is also the
preferred antigen for current vaccines that prove to be highly
effective. Therefore, the Quantum Blue® SARS-CoV-2 RBD+
Lateral Flow assay should be able to monitor an elicited immune
response based on RBD vaccines. As part of the assay devel-
opment, a first self-testing set-up with finger-prick blood from
patients vaccinated with the BioNTech/Pfizer or Moderna/Lonza
vaccines illustrated that the test format has a usability for lay
users and it showed a gradual increase of the T-line signal over
time, which was significantly boosted after the second vaccina-
tion. It cannot be fully ruled out that a concomitant asymptomatic
infection leads to an increase of RBD antibodies and hence to a
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Fig. 5. Plots of comparable dilutions of SARS-CoV-2 antibodies in whole blood versus serum reveal similar categories based on read-outs with the

QB2 (A) or the QB3G (B).



CoOLUMNS

CHIMIA 2021, 75, No. 5 451

stronger signal in the Quantum Blue® SARS-CoV-2 RBD+ in this
case, but the slight increase in signal over time and the signifi-
cant leap in signal after the second vaccination suggest that the
immune system was indeed triggered by the vaccine (Fig. 6A,
B). Although these test results were not recorded with a QB3G
reader, visual inspection clearly shows the increase in signal on
the T-line. After the second vaccination, the T-Line intensity sug-
gests a high titer of RBD binding antibodies, indicative of neu-
tralizing potency.

A) B)
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1 14
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14 27 35
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days after 1st vaccination 2

days after 2nd vaccination

Patient A
Pfizer / BioNTech

Patient B
Lonza / Moderna

)

days after 2nd vaccination - - 10

Patient C
Lonza / Moderna
- 0O
QB3G T-Line intensity
Patient C [GV]
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Fig. 6. Visualization of Quantum Blue® SARS-CoV-2 RBD+ results dur-
ing self-testing of patients receiving vaccines from A) BioNTech or B, C)
Moderna. D) Quantum Blue® SARS-CoV-2 RBD+ read-out by QB3G of
patient C.

A third person (patient C) was also vaccinated with the Lonza/
Moderna vaccine and the accordant immune response was moni-
tored using the Quantum Blue® SARS-CoV-2 RBD+ with a con-
comitant QB3G read-out (Fig. 6C, D). The first data point was
recorded 11 days after the first vaccination and exhibited a signal
of 12.9 GV. Due to missing earlier data points, it remains unclear
if the positive result can be solely attributed to the vaccination ef-
fect. A second test was conducted prior to the second vaccination
leading to 10.7 GV which corroborates the first test result. Again,
the second vaccination proved to significantly raise the antibody
titers, as a third test 10 days after the second administration of the
Lonza/Moderna vaccine resulted in 33.4 GV, which is indicative
of an elevated antibody titer directed against the SARS-CoV-2
RBD domain. Patient C also receives an immunocompromising
antibody therapy directed against TNFo.

Initial Quantum Blue® SARS-CoV-2 RBD+ tests with other
immunocompromised patients 19 days after their second vac-
cination with the Lonza/Moderna vaccine suggest that treatment
with anti-TNFo medication does not strongly interfere with vac-
cination success. However, receiving a cocktail of immunocom-
promising reagents, such as Tacrolimus after organ transplant
may hamper the antibody response towards the RBD vaccine
(data not shown). It has to be noted that the latter observation
is preliminary and based on a single patient, but we suggest to
closely monitor vaccination outcomes of immunocompromised
patients after organ transplantation.

4. Conclusions

The COVID-19 pandemic triggered an unprecedented
amount of research. Structural analysis of viral proteins, fast
development of vaccines and a plethora of IVD tests to probe
for viral antigens or specific antibodies against the virus. All of
these insights and developments may help to manage and even-
tually overcome this pandemic. The Quantum Blue® SARS-
CoV-2 RBD+ test was developed with the aim to assess poten-
tial immunity to the virus from 20 pL of finger-prick capillary

blood. Due to its high specificity and the choice of the extended
RBD+ antigen, it is highly probable that a positive signal in
the Quantum Blue® SARS-CoV-2 RBD+ relates to the pres-
ence of neutralizing antibodies. Therefore, this test can serve
as an inexpensive and rapid alternative to sophisticated SARS-
CoV-2 neutralizing antibody assays. Moreover, the test allows
to monitor vaccination success of RBD-based vaccines and can
help to improve current and future vaccination strategies.

The use of RBD+ for the production of diagnostic assays
is clearly advantageous due to the higher stability of this novel
antigen in comparison to the commercially available variants.
Furthermore, the RBD+ construct (319-591) as opposed to the
widely used RBD constructs (319-541) bears a linear epitope
within its structure while the canonical RBD sequence appears
to have conformational epitopes only. This finding is corrobo-
rated by reports that a neutralizing linear epitope was identified
at the position of SARS-CoV-2 Spike 556-570,14.151 which is
included in the sequence of the RBD+, but not in the RBD.
The choice of the RBD+ as an antigen for the Quantum Blue®
SARS-CoV-2 RBD+ thus has several advantages. The RBD+
domain structure is expected to have a higher structural simi-
larity to the natural form of the domain embodied in the spike
protein of SARS-CoV-2. The increased stability of the RBD+
over the RBD likely stems from the structural integrity of the
RBD+ and the additional disulfide bridge in this domain. The
unpaired cysteine 538 of the RBD construct on the other hand
fosters intermolecular dimerization artefacts that do not form
with the RBD+. Additionally, the RBD+ harbors an important
linear epitope for neutralizing antibodies that is missing in the
RBD sequence. Therefore, highly purified RBD+ is a well-
suited antigen to generate a robust lateral flow assay that spe-
cifically probes for neutralizing antibodies.

At this point it is not possible to foresee if a certain cut-off
value in this test is required for immunity. The current strictly
qualitative cut-off indicates the mere presence of RBD+ di-
rected antibodies, but the increasing intensity of the test band
after a second vaccination may correlate with the degree of
immunity to SARS-CoV-2.

Finally, novel, mutated SARS-CoV-2 strains that are better
adapted to the human host are currently replacing the initial
strain. Randomly occurring mutations in a virus’ genome are
selected for by the virus’ ability to multiply more efficiently
than the non-mutated version. This does not necessarily lead
to a more harmful virus but a large cohort study suggests that
different strains lead to altered mortality rates.[!0] The so-
called British (B.1.1.7), South African (B.1.351) and Brazilian
(B.1.1.28) virus strain lineages each contain an individual set
of mutations that seem to ameliorate viral spread. Some of
the mutations lie within the RBD of the spike protein and are
therefore thought to be the primary cause for the significant
dominance of these strains over the non-mutated strain because
they could facilitate binding to the ACE2 receptor for cellular
entry. In this respect, it is interesting to note that the N501Y
mutation appears in all the three mutant viral lineages but prob-
ably evolved independently of each other. Also, the mutation
E484K and K417N or K417T lie within the RBD of the spike
protein and have evolved independently in more than one viral
lineage. While these examples are just a few in the variety of
new mutant strains, they highlight the dynamics of genomic
changes within SARS-CoV-2. The important question whether
or not these mutated viral strains are still sensitive towards the
human immune response generated by an earlier infection or
by vaccination using the original version of the spike protein
remains to be answered by ongoing investigations. As of now
it seems that the current vaccines confer potent immunity also
against these new variants and it is therefore highly likely that
the Quantum Blue® SARS-CoV-2 RBD+ will also be able to
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detect antibodies directed against the mutated variants. This,
however, is subject of ongoing research.
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