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Abstract: Coronavirus disease 2019 (COVID-19) manifests
with high clinical variability and warrants sensitive and specific
assays to analyze immune responses in infected and vaccinated
individuals. Using Single Molecule Arrays (Simoa), we
developed an assay to assess antibody neutralization with high
sensitivity and multiplexing capabilities based on antibody-
mediated blockage of the ACE2-spike interaction. The assay
does not require live viruses or cells and can be performed in
a biosafety level 2 laboratory within two hours. We used this
assay to assess neutralization and antibody levels in patients
who died of COVID-19 and patients hospitalized for a short
period of time and show that neutralization and antibody levels
increase over time. We also adapted the assay for SARS-CoV-2
variants and measured neutralization capacity in pre-pandemic
healthy, COVID-19 infected, and vaccinated individuals. This
assay is highly adaptable for clinical applications, such as
vaccine development and epidemiological studies.

Introduction

The coronavirus disease 2019 (COVID-19), which is
caused by the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has led to high morbidity and
mortality globally. Serological assays for detecting SARS-
CoV-2 antibodies are of critical importance for several
reasons. First, serological assays provide a better understand-
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ing of the virus-induced host immune response.l"? Second,
screening convalescent plasma for immunoglobulin content
can improve the efficacy of antibody therapy.”! Third, there is
an urgent need to evaluate novel vaccines by detecting the
levels and types of immunoglobulins produced in response to
different vaccines, doses, and schedules.! Finally, serological
assays can identify asymptomatic individuals with previous
exposure to SARS-CoV-2.

There are currently two main serological assay formats.
The first format is based on the enzyme-linked immunosorb-
ent assay (ELISA). ELISA can provide relative quantifica-
tion of antibody levels and can be implemented at the point-of
care; however, it cannot distinguish between neutralizing and
non-neutralizing antibodies, limiting its utility. The second
format is the live-virus neutralization assay.””! This assay
detects neutralizing antibodies in a biological sample, such as
blood, and is currently the gold standard method for
determining antibody efficacy. However, it requires use of
infectious SARS-CoV-2 virus particles, which pose safety
considerations and require handling in a biosafety level (BSL)
3 lab. As a result, there have been efforts to develop simpler
antibody neutralization assays.®! For example, the pseudovi-
rus neutralization assay overcomes the need for live virus and
can be conducted in a BSL-2 lab.'¥! However, the pseudo-
virus neutralization assay still has several challenges.””’ First,
generating pseudoviruses is a complex process and requires
many steps including packaging, purifying, and titrating the
recombinant virus. Second, the assay requires use of live cells,
which adds additional complexity and reduces assay reprodu-
cibility. Finally, despite being a BSL-2 assay, using a live cell
that has been engineered to be sensitive to infection has
biosafety implications. The presence of a single replication-
competent viral particle in the sample can cause amplification
of the virus. Having a purely protein-based assay circumvents
these challenges.

In this work, we developed a SARS-CoV-2 neutralization
assay based on antibody-mediated blockage of the ACE2-
spike interaction without the need for live cells or viruses
using Single Molecule Arrays (Simoa). Previously, we have
developed competitive Simoa assays, which are ~50 fold
more sensitive than a conventional competitive ELISA.['
Here, we show that a competitive Simoa assay can be adapted
and used to assess antibody neutralization in blood. This assay
has high sensitivity and multiplexing capabilities. We used this
assay for two applications. First, we measured the neutraliza-
tion capacity and antibody levels in hospitalized COVID-19
patients. We show that there is an overall increase in
neutralization capacity and antibody levels over time. Second,
we developed a multiplex Simoa neutralization assay against
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the SARS-CoV-2 receptor binding domain and three variants,
and measured the neutralization capacity in pre-pandemic
healthy, COVID-19 positive, and vaccinated individuals. The
Simoa-based SARS-CoV-2 neutralization assay presented
here is a cell-free, quick, and highly sensitive alternative to
live-virus neutralization assays and can be used for a variety
of clinical applications. The assay is versatile and can be easily
adapted towards future detection of antibody neutralization
for other infectious diseases.

Results and Discussion

Development of an Antibody Neutralization Assay Using Single
Molecule Arrays (Simoa)

We developed a competitive bead-based antibody neu-
tralization assay using Single Molecule Arrays (Simoa).!? In
this assay format (Figure 1), SARS-CoV-2 spike protein is
first conjugated to micron-sized beads, creating a spike-
decorated surface that resembles the virus. Then, biotinylated
ACE2 and a sample containing antibodies against SARS-
CoV-2 spike are incubated with the beads, followed by
addition of streptavidin coated beta-galactosidase, which can
bind to the biotinylated ACE2. The beads are then resus-
pended in a fluorogenic substrate and loaded onto an array of
femtoliter sized wells in which each well can fit only one bead.
The wells are sealed with oil and active wells are counted
using the units of average enzyme per bead (AEB).["! In the
absence of anti-spike antibodies, the biotinylated ACE2 binds
to the spike-coated beads, leading to high signal. In the
presence of anti-spike antibodies, the biotinylated ACE2
competes with the antibodies for the binding sites on the bead
and thus, as the concentration of anti-spike antibodies in the
sample increases, the signal in the assay decreases. It is
important to note that the timing of incubations must be kept
constant across different samples in this competitive immuno-
assay since the amount of antibody as well as antibody avidity
varies between the plasma samples.""'*l To determine the
antibody neutralization capacity (NT50), we serially diluted
each patient plasma sample and then determined the dilution
factor that corresponded to 50 % loss in assay signal.
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Figure 1. Simoa neutralization assay. The assay is based on antibody-
mediated blockage of the ACE2-spike interaction. Spike-coated beads,
biotinylated ACE2, and patient plasma are mixed. After several washing
steps, streptavidin conjugated beta-galactosidase (SPG) is added. The
beads are then washed again, resuspended in resorufin -D-galactopyr-
anoside (RGP), and loaded into a microwell array for imaging. As the
concentration of anti-spike antibodies in the sample increases, the
signal in the assay decreases. To determine neutralization capacity
(NT50), the plasma sample is diluted and the signal at each dilution
factor is normalized to the AEB of the highest dilution factor.

To develop the Simoa assay, we first prepared beads
coated with the SARS-CoV-2 spike protein (Methods section
and Figure S1). We then added increasing concentrations of
ACE2 and showed that the signal also increased, confirming
that ACE2 interacts with the spike-coated beads (Figure 2 A).
We also tested beads coated with the SARS-CoV-2 nucleo-
capsid protein (Figure S1) as a control, and observed that as
the concentration of ACE2 increases, the signal of the assay
does not change, as expected (Figure2B). As another
validation, we tested the assay using a neutralizing anti-spike
monoclonal antibody (40592-R001) and observed that as the
concentration of the neutralizing antibody increases, the assay
signal decreases to background level, as expected (Fig-
ure 2C). To assess the potential cross-reactivity of the assay,
we tested antibodies against other coronaviruses, including
SARS-CoV and MERS-CoV (Figure 2C). Even at a high
concentration (15 pgmL™") of anti SARS-CoV (40069-R723)
and anti MERS-CoV (CR-3022) antibodies, there is minimal
neutralization capacity and the assay signal decreases by only
15% and 30 %, respectively. These results suggest that this
assay could be used for various applications, such as compar-
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Figure 2. Development of the Simoa neutralization assay for SARS-CoV-2 spike and nucleocapsid. A) As the concentration of ACE2 increases
using spike-coated beads, so does the signal. B) As the concentration of ACE2 increases using nucleocapsid-coated beads, the signal does not
increase. C) As the concentration of a neutralizing SARS-CoV-2 antibody increases, the assay signal decreases. As the concentration of SARS-CoV
and MERS-CoV antibodies increases, the assay signal decreases slightly. All measurements were obtained in duplicate.
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Figure 3. Simoa neutralization assay validation using patient plasma samples. A) Plasma samples from ten COVID-19 patients were serially
diluted and measured using the Simoa neutralization assay. B) Plasma samples from ten pre-pandemic controls were serially diluted and
measured using the Simoa neutralization assay. C) Plasma samples from ten pre-pandemic controls with respiratory illnesses were serially diluted
and measured using the Simoa neutralization assay. All measurements were performed in duplicate. D) CVs of duplicate measurements for each

of the sample dilutions presented in (A), (B), and (C).

ing and quantifying the neutralizing capacity of different
therapeutic antibodies.

Simoa Assay Validation in Serological Samples

To assess whether the assay can be used in clinical
samples, we tested plasma from COVID-19 patients (Fig-
ure 3A) and pre-pandemic patients, including patients with
various respiratory diseases, (Figure 3B and C) using the
neutralization assay. All ten of the COVID-19 patients had
antibodies with neutralizing capacity in their plasma (Fig-
ure 3 A and Table S1). For the ten pre-pandemic controls, we
could not calculate NT50 values, indicating that anti-spike
antibodies are not present in the plasma (Figure 3B). We also
could not calculate NT50 values in samples from patients with
other documented respiratory infections prior to October 1%,
2019 (Figure 3 C), indicating that cross-reactivity is minimal.
We note that the patients infected with other respiratory
diseases have lower overall assay signals, corresponding to
higher neutralization, compared to the pre-pandemic healthy
controls. Patients with different respiratory diseases likely
have antibodies that minimally cross-react with antibodies
against SARS-CoV-2. To evaluate the precision of our assay,
we measured each sample in duplicate and calculated the
coefficient of variation (CV) for each dilution factor (Fig-
ure 3D). We found high agreement between technical
replicates, with most CVs falling below 20%. To assess run-
to-run variability, we measured eight samples, including
COVID-19 positive samples and pre-pandemic controls, in

© 2021 Wiley-VCH GmbH

two consecutive runs (Figure S3). We observed high agree-
ment between the NT50 values for the two measurements
with low CVs (<20%). Overall, these results show that the
Simoa neutralization assay can be used to assess antibody
neutralization capacity in the plasma of COVID-19 patients
with good precision.

Performance of the Simoa Assay Compared to the Orthogonal
Pseudovirus Neutralization Assay and ELISA

We then sought to validate our Simoa assay using an
orthogonal neutralization assay. We obtained 28 plasma
samples from patients with COVID-19 and measured the
NTS50 values using both Simoa and pseudovirus neutralization
assays. We show that overall, there is good correlation
between our method and the pseudovirus neutralization
assay across the different samples, with a Pearson correlation
coefficient of 0.92 (Figure 4 A). We note that there may be
additional mechanisms of neutralization that are not depen-
dent on blocking the spike-ACE2 interaction.'>'®l For
example, antibodies can still bind to the spike protein and
neutralize the virus by halting membrane fusion without
disrupting the spike-ACE2 interaction. However, due to the
high correlation between the assays, these other mechanisms
are unlikely to be the dominant neutralization factors. We
then obtained serial samples from two different COVID-19
patients and measured antibody neutralization over time
using both Simoa and pseudovirus neutralization assays and
observed good agreement between the two methods (Fig-
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Figure 4. Validation of the Simoa assay using the orthogonal pseudovirus neutralization assay. A) 28 samples from patients with COVID-19 were
used to correlate the Simoa and the pseudovirus neutralization assays. The Pearson correlation coefficient was 0.92. B) Patient samples over time
were measured using both the Simoa and the pseudovirus neutralization assays and show good agreement (top). Anti-spike IgM and anti-spike
1gG levels were measured using Simoa and correlated with neutralization capacity (bottom). All Simoa measurements were performed in

duplicate.

ure 4B). We also measured anti-spike IgG and IgM levels in
these samples and show similar trends between antibody
levels and antibody neutralization over time (Figure 4 B).
We then evaluated the sensitivity of the Simoa neutral-
ization assay by comparing the assay performance to two
commercially available ELISA kits. We first measured SARS-
CoV-2 neutralizing and SARS-CoV non-neutralizing anti-
bodies using these assays (Figure 5 A). All three assays show
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Figure 5. Simoa has higher sensitivity than ELISA. A) Neutralizing
SARS-CoV-2 and non-neutralizing SARS-CoV antibodies were serially
diluted and measured using Simoa and two ELISA neutralization
assays. B) NT50 for six patient samples were measured using Simoa
and two ELISA neutralization assays. Error bars represent the standard
deviation of two measurements.

good agreement, with expected signal decrease for the
neutralizing antibody and minimal signal decrease for the
non-neutralizing antibody. We then measured NT50 values
for six COVID-19 patients with low neutralization capacity
(Figure 5B). We show that the Simoa assay is substantially
more sensitive than ELISA and enables quantification of
neutralization capacity. This improved sensitivity is important
for assessing the immune response in patients with COVID-
19.
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Assessing Antibody Levels and Neutralization Capacity in
Patients Hospitalized with COVID-19

To assess the utility of the Simoa assay in clinical settings,
we compared the neutralization capacity with antibody levels
in 130 samples from patients who were admitted to the
hospital with COVID-19. Our sample cohort consisted of
patients hospitalized with COVID-19 for less than ten days
who did not require treatment in the intensive care unit (ICU)
and hospitalized patients who died of COVID-19. We
measured the neutralization capacity and antibody levels of
IgG and IgM isotypes against the receptor binding domain
(RBD), S1, spike, and nucleocapsid, for a total of eight
antibody measurements, as previously described.'”? We then
compared the NT50 values to the antibody levels and
observed that as the antibody levels against RBD, S1, and
spike increased, so do the NT50 values (Figure 6 A). On the
other hand, antibodies against nucleocapsid show poor
correlation with NT50 (Figure S4). The neutralization capaci-
ty varied by approximately three orders of magnitude, with an
NT50 range of ~5 to ~3000. The capability of this assay to
measure a wide range of sample dilution factors, along with
the high assay sensitivity, allows us to quantify neutralization
capacities throughout disease progression.

We assessed antibody levels over time in the two patient
groups and observed that, overall, the group of patients who
died of COVID-19 had higher antibody levels compared to
the group of patients with a shorter period of hospitalization
(Figure S5). When we evaluated antibody neutralization over
time in the two patient groups (Figure 6 B), we observed that
the antibody levels and neutralization capacities increase over
the first 20 days post symptom onset, which is consistent with
previous reports."® Our results demonstrate the utility of
Simoa assays to comprehensively characterize the immune
response by profiling both antibody levels and neutralization
capacity for various clinical applications.
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Figure 6. Antibody neutralization capacity in COVID-19 patients. A) Correlation between NT50 values and 1gG levels (left) and IgM levels (right).
B) NT50 levels over time in the two patient groups. All measurements were performed in duplicate. Dotted lines represent the 95% confidence

interval. Horizontal line represents the detection limit.

Multiplex Simoa Neutralization Assay to SARS-CoV-2 RBD and
Its Variants

In response to the on-going emergence of SARS-CoV-2
variants, we adapted the Simoa assay to a multiplex assay
format to assess antibody neutralization capacities against
three SARS-CoV-2 variants of concern (VOCs), as classified
by the US Department of Health and Human Services.!”?"]
The first VOC has an N501Y mutation (B.1.1.7, Alpha
variant), the second VOC has K417N, E484K, and N501Y
mutations (B.1.351, Beta variant), and the third VOC has
T478K and L452R mutations (B.1.617.2, Delta variant) on the
receptor binding domain (RBD) epitope. A major advantage
of Simoa compared to traditional ELISA is the ability to
multiplex and thereby measure multiple target analytes in one
sample. In addition to interrogating more than one target,
multiplexing is advantageous as it increases throughput and
saves precious patient sample volume.

We first developed four singleplex Simoa neutralization
assays: one assay against the wild-type (WT) RBD, and three
against the variants (Figure S6). We used these assays to
quantify the neutralization capacity of a SARS-CoV-2
monoclonal neutralizing antibody (40591-MM43) against
each of the four RBD epitopes. As the concentration of

antibody increased, the assay signal decreased for each
variant (Figure 7A), indicating that this antibody had neu-
tralization potential against SARS-CoV-2 VOCs. We then
developed a four-plex Simoa assay, which can measure all four
of these targets simultaneously, and measured the neutraliza-
tion capacity of the antibody. The assay signals for the
singleplex and multiplex assays showed excellent agreement
for all four targets (Figure 7 A). We also tested the singleplex
and multiplex assays using a second monoclonal neutralizing
antibody (40592-R001) against each of the four variants
(Figure S7). The neutralizing antibody had a similar neutral-
ization capacity for the Alpha and Delta variants and the WT
RBD.*2! The neutralizing antibody had a substantially
lower neutralization capacity (~9 fold) against the Beta
variant, which could be due to the E484K mutation that has
been shown to escape serum antibody responses.”* %!

Next, we assessed the neutralization capacity in plasma
from eight healthy pre-pandemic controls, eight COVID-19
patients who had seroconverted, and eight vaccinated indi-
viduals (mRNA-1273 vaccine, 56 days post 1% dose) (Fig-
ure 7B and Figure 7C). We measured these samples using
both singleplex and multiplex Simoa assays to ensure agree-
ment between the two assay formats (Figures S8 and S9). As
expected, no neutralization was found in the healthy pre-
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Figure 7. Multiplex Simoa neutralization assay for the SARS-CoV-2 wild-type, Alpha, Beta, and Delta variants. A) Comparison of singleplex and
multiplex Simoa assays using increasing concentrations of a SARS-CoV-2 neutralizing antibody (40591-MM43). B) NT50 for the SARS-CoV-2 wild-
type, Alpha, Beta, and Delta variants in pre-pandemic controls, COVID-19 patients and vaccinated subjects. C) NT50 for each subject in the

COVID-19 and vaccinated groups.
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pandemic controls. The COVID-19 patients had overall
higher neutralization capacity against the WT, Alpha, and
Delta variants compared to the Beta variant. No neutraliza-
tion against the Beta variants was observed for some of the
patients. On the other hand, the neutralization capacity for all
the variants was high in the vaccinated individuals, suggesting
that this vaccine can lead to production of neutralizing
antibodies against the variants at the time at which the
samples were collected.” We demonstrate that this multiplex
Simoa assay can be rapidly adapted to detect the neutraliza-
tion capacity against novel SARS-CoV-2 variants. Particular-
ly, it has been recently shown that the levels of neutralizing
antibodies are related to vaccine efficacy.””*! We anticipate
similar adaptability of the assay for future infectious disease
outbreaks.

Conclusion

In this study, we developed a simple assay for determining
antibody neutralization using Single Molecule Arrays (Si-
moa). This assay shows high sensitivity and multiplexing
capabilities, enabling high resolution profiling of neutraliza-
tion capacity for several targets. Additionally, the assay can
complement traditional serology assays that measure anti-
body levels by quantifying the antibodies that inhibit the viral
antigen-ACE2 interaction. More specifically, antibodies that
have higher off-rates, or lower affinities, to spike than ACE2
will be displaced. As a result, the information obtained from
this assay closely resembles the biological immune response,
in which antibodies with lower dissociation constants for
spike, or higher affinities than ACE2, demonstrate substantial
neutralization.

We demonstrated the utility of this assay for two
applications. First, we used both the neutralization assay
and the Simoa serology assay to characterize the immune
response in hospitalized COVID-19 patients. We observed an
overall increase in neutralization capacity over time in our
sample cohort. We found that patients who died of COVID-
19 had higher levels of antibodies than patients who were
hospitalized for a shorter period. These results are in agree-
ment with previous reports.”**? However, the relationship
between disease severity and the production of neutralizing
antibodies is presently unclear. Future studies can use this
assay format to determine the antibody potency by measuring
the neutralization capacity and levels of antibody isotypes for
predicting disease outcome.! Second, we developed a multi-
plex Simoa assay to assess the neutralization capacity against
SARS-CoV-2 variants. We measured the neutralization
capacity in pre-pandemic healthy, COVID-19 positive, and
vaccinated individuals against WT RBD and three variants.
The ability to quantify neutralization capacity against the
different variants can be used to guide vaccine development
and epidemiological studies. The Simoa neutralization assay
we developed here has high reproducibility and specificity,
with minimal cross-reactivity. The assay is highly versatile and
is broadly applicable to future detection of antibody neutral-
ization for SARS-CoV-2 and other infectious diseases.
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