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ABSTRACT: Neutralizing monoclonal antibodies and nanobodies have shown
promising results as potential therapeutic agents for COVID-19. Identifying such
antibodies and nanobodies requires evaluating the neutralization activity of a large
number of lead molecules via biological assays, such as the virus neutralization test
(VNT). These assays are typically time-consuming and demanding on-lab facilities.
Here, we present a rapid and quantitative assay that evaluates the neutralizing efficacy of
an antibody or nanobody within 1.5 h, does not require BSL-2 facilities, and consumes
only 8 uL of a low concentration (ng/mL) sample for each assay run. We tested the
human angiotensin-converting enzyme 2 (ACE2) binding inhibition efficacy of seven

antibodies and eight nanobodies and verified that the IC, values of our assay are comparable with those from SARS-CoV-2
pseudovirus neutralization tests. We also found that our assay could evaluate the neutralizing efficacy against three widespread SARS-
CoV-2 variants. We observed increased affinity of these variants for ACE2, including the § and y variants. Finally, we demonstrated
that our assay enables the rapid identification of an immune-evasive mutation of the SARS-CoV-2 spike protein, utilizing a set of

nanobodies with known binding epitopes.

B INTRODUCTION

COVID-19 poses a threat to human health and has a huge
societal impact. In the past 2 years, millions have died of the
disease.””* In the battle against COVID-19, monoclonal
neutralizing antibodies and nanobodies have been explored
as therapeutic agents that can prevent severe symptoms for
infected patients, potentially saving millions of lives. To date,
pharmaceutical companies such as Regeneron and Eli Lilly
have developed neutralizing monoclonal antibody products
that proved to have therapeutic efficacy against COVID-19.
However, there are key challenges related to screening for
neutralizing antibodies and nanobodies. Virus neutralization
assays (VNAs) are currently the gold standard for in wvitro
evaluation of neutralizing antibodies.”® However, such
neutralization assays need to be performed in Biosafety Level
3 (BSL-3) laboratories, whereas their safer replacement,
pseudovirus neutralization assays (pVNAs), requires BSL-2
facilities.® Live virus and pseudovirus neutralization assays take
2—4 days to complete. The safety concerns and long assay
times drastically limit accessibility and throughput for
neutralizing antibody evaluation. On the other hand, high-
throughput immunoassays such as those based on surface
plasmon resonance’ or sandwiched enzyme-linked immuno-
sorbent assays (ELISAs)*™'° can be used to examine the
binding capability and affinity between antibodies and the
SARS-CoV-2 spike protein. However, they cannot differentiate
the neutralizing antibodies from binding but non-neutralizing
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antibodies. Therefore, a fast and accessible assay to screen
neutralization activities of antibodies is highly desired.

Here, we present a rapid (<90 min; see Figure Sl) assay for
screening of potential neutralizing antibodies and nanobodies
based on the competitive inhibition of SARS-CoV-2 spike
protein interaction with the extracellular domain of the human
angiotensin-converting enzyme 2 (ACE2). In this study, we
tested and compared four different versions of the SARS-CoV-
2 spike proteins, i.e., the receptor-binding domain (RBD), the
S1 subunit, the S-extracellular domain (S-ECD, including the
S1 subunit and the extracellular region of S2 subunit)
monomer, and the S-ECD homotrimer, and evaluated the
feasibility of our assay with seven SARS-CoV-2 spike RBD-
specific monoclonal antibodies. We found that the S-ECD
homotrimer can generate the most comparable results with
SARS-CoV-2 pVNAs. With this approach, we successfully
identified monoclonal antibodies and nanobody Fc fusions,
with potent inhibition activity against the wild-type SARS-
CoV-2 spike protein. We further examined the inhibitory
activity of these antibodies and nanobodies against three
widespread SARS-CoV-2 variants. Our results show that the
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Figure 1. Schematic of the rapid in vitro inhibition assay (RIVIA, left panel) and pseudovirus neutralization assay (pVNA) using HEK 293 cells

(right panel).

inhibition activities decrease significantly in many antibodies
and nanobodies, but some of these agents maintain nearly the
same inhibition activities, suggesting that their binding
epitopes may be less affected by prevalent RBD mutations
and thus can potentially be used as broader neutralizers against
SARS-CoV-2 variants.

B MATERIALS AND METHODS

Assay System. The assays run on an Xpress ELISA system
whose detailed description is reported in previous publications
and patents."''? In brief, the disposable cartridge is made of
polystyrene through injection molding and consists of 12
microfluidic assay reactors (800 ym in diameter), each of
which requires only 8 yL of sample or reagent. In each step,
the drawing and withdrawing of sample or reagent were
controlled by a multichannel pump and can be completed
within 1 s.

Materials. 1x PBS buffer (DY006), 10% BSA buffer
(SLBR9934V), and wash buffer concentrate (WA126) were
purchased from R&D Systems. Streptavidin Poly-HRP
(PI121140), Poly-HRP dilution buffer (ENNS500), the chem-
iluminescence substrate (SuperSignal ELISA Femto Substrate,
37075), distilled water (UltraPure DNase/RNase-free,
10977023), and SuperBlock (PBS) buffer (37515) were
purchased from Thermo Fisher.

Human recombinant ACE2 protein (hFc Tag, 10108-
HO02H), SARS-CoV-2 (2019-nCoV), spike RBD-His recombi-
nant protein (40592-VO8H), and SARS-CoV spike/S1 protein
(S1 subunit, His-tag, 40150-VO8B1) were provided by Sino
Biological. Recombinant SARS-CoV-2 spike His protein
(10549-CV), recombinant SARS-CoV-2 spike GCN4-1Z His
protein (10561-CV), recombinant SARS-CoV-2 B.1.351 spike
GCN4-1Z His protein (10786-CV), recombinant SARS-CoV-2
B.1.1.7 spike GCN4-I1Z His protein (10796-CV), and
recombinant SARS-CoV-2 P.1 spike GCN4-1Z His-tag protein
(10795-CV) were purchased from R&D Systems. The
trimerization for the four S-ECD homotrimers is achieved
using the GCN4-IZ trimerization tag. Biotinylation was
accomplished using EZ-link NHS-PEG4-biotin (21330) from
Thermo Fisher.

Humanized chimeric antibody D006 (40150-D006), neu-
tralizing antibody MM43 (mouse mAb, 40591-MM43),
MMS7 (mouse mAb, 40592-MMS7), and neutralizing anti-
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body R001 (rabbit mAb, 40592-R001) were provided by Sino
Biological. Anti-SARS-CoV-2 spike RBD neutralizing antibody
human IgG3 (AS3S) was purchased from Acro Biosystems
(SAD-S35). Neutralizing antibody CB6 (human)'* and
CR3022 (human)'® were reported previously and subse-
quently expressed and purified in-house by the Tessier group
at the University of Michigan for the assays.

Nanobody Fc fusions KC3.ep3,'®"” Ty1,'® VHH-72," and
the Nb series”® were reported to exhibit neutralizing abilities
against the SARS-CoV-2 virus. The ones tested in the assays
were all expressed as bivalent Fc fusions and purified by the
Tessier group.

Lenti-X Concentrator (631232) and Lenti-X 293T cells
(632180) were purchased from Takara. Luciferase substrate
(E6110) was from Promega ONE-Glo.

Reactor Preparation. As illustrated in Figure S1, ACE2
was first immobilized on the active inner surface of the
reactors. The working solution of ACE2 was in 1X PBS (pH
74) at 4 pug/mL. After this, two consecutive blocking steps
(2.5% BSA, then Superblock) were used to reduce the noise
level. After each of the steps mentioned above, a washing step
was followed. A 1X wash buffer was used by diluting the wash
buffer concentrate in UltraPure DNase/RNase-free distilled
water.

Assay Protocols. A conceptual illustration of the assay is
shown in Figure 1. Details of the protocols, including
incubation time, can be found in Figure SI. The working
solution for samples was a blocking buffer (2.5% BSA), which
was prepared by diluting 10% BSA in 1X PBS.

Tenfold serial-diluted antibody solutions starting at 50 pug/
mL were mixed with specific concentrations of biotinylated S
proteins and left at room temperature to react. The
biotinylated RBD, S1 subunit, S-ECD monomer, and S-ECD
homotrimer concentrations were 20, 100, 70, and 70 ng/mL,
respectively. These concentrations were chosen to produce
comparable and strong chemiluminescence intensity under the
same conditions in the absence of antibodies or nanobodies.
Then, the antibody and S protein mixture’s reacted solution
was drawn into the reactors to react with ACE2 immobilized
on the reactor’s inner surface. For the detection steps, 2000X
diluted Poly-HRP solution was used, followed by the
chemiluminescence substrate. With current market prices, the
cost for performing one trial of RIVIA (12 channels per trial
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for each antibody) is less than $15, including the cost of ACE2,
the S-ECD homotrimer, streptavidin Poly-HRP, and the
chemiluminescence substrate.

Signal Reading and Data Processing. After the final
step, a CMOS camera was used to read the chemiluminescence
signal. A multiple-exposure approach®’ was used to increase
the dynamic range. The signal is normalized to that obtained
with 3 s of exposure time. The binding inhibition rates in
RIVIA are calculated using the following formula:

<1 - ) X 100%. The baseline is calculated as the

averaged signal intensity for the control channels where
antibody concentrations are 0 ug/mL. The ICs,, half-maximal
inhibitory concentration, from RIVIA is calculated by linear
fitting of the data points in the linear regime that are at the
proximity of the half-inhibition concentration. For the
convenience of data presentation on linear-log scale figures,
for all antibodies and nanobodies, the baseline measurements
(o ng/mL) are marked as 0.1 ng/mL on the X-axis, in all
relevant figures.

Pseudovirus Neutralization Assays. SARS-CoV-2 pseu-
dovirus neutralization assays were conducted following
previous reports.”’zz_24 For pseudovirus particle preparation,
Lenti-X 293T cells were seeded at 6 X 10° per well in 6-well
plates in RPMI media containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S) and cultured at
37 °C with 5% CO, until cells reached 50—70% confluency.
Cells were transfected with lipofectamine 2000 and the
following third-generation lentiviral plasmid system: (1)
HDM-Hgpm2 plasmid (BEI number NR-52517) encoding
HIV Gag-Pol under CMV promoter (0.22 ug), (2) HDM-
tatlb plasmid (BEI number NR-52518) encoding HIV Tat
under CMV promoter (0.22 ug), (3) pRC-CMV-Revlb
plasmid (BEI number NR-52519) encoding HIV Rev (0.22
ug), (4) pHAGE-CMV-Luc2-IRES-ZsGreen-W (BEI number
NR-52516) lentiviral transfer plasmid encoding the coex-
pression of luciferase and ZsGreen (1.00 ug), and (5) pCMV3
SARS-CoV-2 S untagged delta 19AA C-term plasmid encoding
the SARS-CoV-2 spike (S) protein with a 19-amino acid
deletion at the C-terminus (0.34 ug). At 24 h post transfection,
the medium was changed to fresh RPMI with 10% FBS and 1%
P/S. To harvest SARS-CoV-2 pseudovirus particles, the cell
supernatant was collected and passed through a 0.45 ym filter
72 h post transfection. Pseudovirus particles were then
concentrated using a Lenti-X Concentrator following the
manufacturer’s protocol with a 4 °C overnight incubation at
the incubation step. The virus pellet was resuspended in a
volume of 50 uL of Opti-MEM per well of virus harvest.

For pseudovirus neutralization assays, 293T-ACE2 cells
were seeded at 8,000 cells per well in white bottom 96-well
plates in Dulbecco’s modified Eagle’s medium (DMEM) with
10% FBS and 1% P/S at 37 °C and 5% CO,. 293T-ACE2 cells
were treated 24 h post seeding with a final concentration of 5
pug/mL polybrene and mixtures containing 350 TCIU SARS-
CoV-2 pseudovirus per well and antibody or nanobody
treatments. The mixtures of antibody or nanobody and
SARS-CoV-2 pseudovirus particles were incubated together
for 1 h at 37 °C prior to incubation with 293T-ACE2 cells. At
48 h post infection, neutralizing activity was determined via
chemiluminescence detection using a microplate reader
(Molecular Devices SpectraMax set at S00 ms integration
per well). Prior to chemiluminescence detection, luciferase

signal intensity

baseline
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substrate was added to each well following the manufacturer’s
protocol.

B RESULTS

Evaluation of Spike Proteins for Inhibition Assay. The
rapid in vitro inhibition assay (RIVIA) aims to simulate VNAs
and obtain similar quantitative results in a much shorter time.
An optimized RIVIA protocol should obtain a comparable
inhibition efficacy with that obtained from a VNA for any
antibody tested. By comparing the IC;, (half-maximal
inhibitory concentration) obtained by the two assays, one
can evaluate how successfully RIVIAs simulate VNAs.

To mimic the binding process between SARS-CoV-2 and
human epithelial cells, we selected the recombinant extrac-
ellular domain (ECD) of the ACE2 receptor to be the capture
probe in our RIVIA. While the S-ECD homotrimer is the
natural form of the spike protein found on a virus, other forms
of the spike proteins are also commercially available and need
to be investigated. RBDs are the functional part of the spike
proteins and are widely used in many existing assays™> ">’ due
to their high affinities to ACE2.”® The S1 subunit contains the
RBD and the N-terminal domain (NTD), and the full-length
S-ECD monomer contains the S1 and S2 proteins. The S1
subunit and S-ECD monomer have more structural informa-
tion than RBD while being more accessible to produce or
purchase than the S-ECD homotrimer. It is critical to identify
the optimal form of the spike protein for our assay.

We selected antibodies with different affinities and binding
epitopes to ensure that our assay could be generalized and
applied to a wide range of SARS-CoV-2 antibodies. We
performed assays using animal-derived SARS-CoV-2 antibod-
ies R0OO1 (rabbit mAb). MM43 (mouse mAb), and MMS7
(mouse mAb), and human-originated antibodies CB6
(human), AS35 (human), and CR3022 (human). All of the
aforementioned antibodies were previously reported to have
strong neutralizing efficacy against SARS-CoV-2. Non-
neutralizing antibody D006 (humanized chimeric) was
selected as a negative control. The antibody CR3022 was
discovered in SARS-CoV patients but was shown to have
cross-reactivity against the S1 subunit of SARS-CoV-2.'*’
The neutralization efficacy of CR3022 toward SARS-CoV-2 is
weak,””*" and we refer to it as a non-neutralizing antibody in
this work.

In RIVIA, serial-diluted antibodies were incubated with four
different forms of biotinylated SARS-CoV-2 S proteins for an
hour. Then, each mixture was drawn into the microfluidic
reactor with ACE2 immobilized on its inner surface. Spike
proteins not fully inhibited then bind to ACE2 and are
subsequently detected by Poly-HRP and a chemiluminescence
substrate. A trade-off between complete incubation and short
assay time exists. After some iterations, we have found that 1 h
was sufficient for incubation, which provides high-quality
results while keeping the total assay time (including incubation
time and subsequent detection time) within 1.5 h.

At the same time, in Figure S2, we performed SARS-CoV-2
pVNAs with HEK 293 cells in a BSL-2 lab, with similar reagent
arrangements for a side-by-side comparison. The results show
that D006 is a non-neutralizing antibody, and CR3022 only
demonstrated neutralization activity at extremely high
concentrations. RO01 is the strongest neutralizing antibody,
followed by CB6. MMS7, AS35, and MM43 display
intermediate neutralizing activities.
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Figure 2. Optimization of RIVIA protocol. Tenfold serial-diluted antibodies starting at S0 yg/mL were tested with four different types of SARS-
CoV-2 spike proteins. (A) RBD, (B) the S1 subunit, (C) the S-ECD monomer, and (D) the S-ECD homotrimer. Error bars are obtained by
duplicate measurements. The dashed lines mark 50% inhibition. The corresponding ICs,s are tabulated in Table S3.

Figure 2A shows the results of RIVIA using RBD. R001 has
the highest neutralizing efficacy, followed by CB6. AS3S,
MM43, and MMS7 have similar neutralizing efficacy. MM43,
for example, has an IC;, at 582 ng/mL. CR3022 is the weakest
neutralizing antibody with an ICs, of 7527 ng/mL. However,
unlike the pVNA results in Figure S2, RIVIA in this format
overestimated the neutralizing efficacy of the weakest
neutralizing antibody, CR3022, at low concentration. More-
over, the non-neutralizing antibody D006 can still inhibit the
binding of RBD by more than 50% when the antibody
concentration is higher than 50 ng/mL. This false-positive
result could be caused by the small size of the RBD. The
binding of D006 to a secondary epitope on RBD may also
block the binding between RBD and ACE2.

Figure 2B shows the results of RIVIA using the S1 subunit.
ROO1 remains as the strongest neutralizing antibody, followed
by MM43 and CB6. CR3022 is the weakest neutralizing
antibody with an ICg, at 7700 ng/mL. While D006 is correctly
shown to be non-neutralizing in this assay format, the
neutralizing efficacy of CR3022 is still overestimated. RIVIA
using the S-ECD monomer (Figure 2C) is similar to RIVIA
with the S1 subunit in Figure 2B. ROO01 is still the most
effective neutralizing antibody, followed by MM43, CB6,
MMS7, and AS35. D006 is also correctly identified as non-
neutralizing. However, the neutralizing efficacy of CR3022 is
still overestimated. Figure 2D shows the results of RIVIA using
the S-ECD protein homotrimer, which is similar to RIVIA with
the S1 subunit and the S-ECD monomer in Figure 2B,C.
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CR3022 now lacks a neutralizing effect at low concentrations
until it reaches a very high concentration (~20 000 ng/mL),
which agrees with the pVNA finding in Figure S2. Note that
for all antibodies, the baseline measurments (0 ng/mL) are
marked as 0.1 ng/mL on the X-axis.

Comparing the results from the four RIVIA formats with
those from the pVNA, RIVIA with RBD fails in terms of
neutralizing efficacy. D006, a binding but non-neutralizing
antibody, is incorrectly shown as a neutralizing antibody.
RIVIA with the S1 subunit and S-ECD monomer can eliminate
the false-positive results related to D006, but the use of both
the S1 subunit and S-ECD monomer overestimates the
neutralizing efficacy of CR3022 at low concentrations. In
contrast, the S-ECD homotrimer is the optimal S protein for
RIVIA. This is expected since the S-ECD homotrimer closely
mimics the physiological configuration of the S protein on the
virus surface.”” >* D006 is correctly shown as a non-
neutralizing antibody in this assay format, and CR3022 does
not exhibit neutralizing abilities at lower concentrations (ICs,
> 1000 ng/mL). All strong neutralizing antibodies can be easily
distinguished from D006 and CR3022, and all of the ICss of
antibodies are within the same order of magnitude as those
measured by pVNAs. Therefore, RIVIA with the S-ECD
homotrimer best simulates pVNAs.

Evaluation of Nanobodies for SARS-CoV-2. Nano-
bodies are single-domain proteins that can selectively bind to a
specific antigen. Benefitted from their relatively small size, low
molecular weight (~15 kD), and simple structure compared to
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nanobody, Nb21. Error bars are obtained by duplicate measurements. The dashed lines mark 50% inhibition. The corresponding ICss are

tabulated in Table S4.
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Figure 4. Testing the S-ECD homotrimer wild-type and three variants using RIVIA. Tenfold serial-diluted antibodies and nanobodies starting at 50

pug/mL were tested. (A) Wild-type, (B) a variant (B.1.1.7), (C) f8 variant (B.1.351), and (D) y variant (P.1). Error bars are obtained by duplicate
measurements. The dashed lines mark 50% inhibition. The corresponding ICss are tabulated in Table SS.

antibodies, nanobodies can be readily engineered and
produced using standard approaches.” Genetically modified
nanobodies have been increasingly used in research labo-
ratories for imaging, biosensing, and clinical therapies in recent
years.”*"*® Here, we tested a wide range of nanobody Fc
fusions developed by groups from institutions worldwide to
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demonstrate that our system is applicable in evaluating the
neutralizing efficacy of nanobodies for SARS-CoV-2. The assay
protocol follows the optimized assay format determined in the
Evaluation of Spike Proteins for Inhibition Assay section,

where the S-ECD homotrimer is used.
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Figure 5. Screening of immune-evasive mutations on epitopes using RIVIA. Tenfold serial-diluted nanobodies starting at S0 pg/mL were tested.
(A) Nb21, (B) Nb34, (C) Nb93, and (D) Nb9S. Error bars are obtained by duplicate measurements. The dashed lines mark 50% inhibition. The

corresponding ICs,s are tabulated in Table S6.

Figure 3A shows the inhibition of the S-ECD homotrimer
using nanobody Fc fusions. Among the series of Nb
nanobodies, Nb21 has the strongest neutralizing efficacy with
an ICyy of 2 ng/mL, followed by mNb6é at 3 ng/mL. The
second tier nanobodies are Nb93 and Nb34, both at 11 ng/
mL, and KC3.ep3 at 22 ng/mL. Nb9S and VHH-72 are the
weakest nanobodies at 149 and 790 ng/mL, respectively. The
results agree relatively well with those from the pVNA shown
in Figure S2, suggesting that RIVIA can also simulate the
pVNA for nanobodies.

In Figure 3B, we compare the neutralizing efficacy of the
strongest antibody with the strongest nanobody, which reveals
that Nb21 has a lower ICy, and neutralizes more effectively
than ROO1. Since the monoclonal antibody and nanobody Fc
fusion have different molecular weights (R001 has a molecular
weight of ~150 kD and Nb21 Fc fusion has a molecular weight
of ~85 kD), molar concentrations are used in Figure 3B for
comparison.

RIVIA for Evaluating SARS-CoV-2 Variants. Highly
transmissible and immune-evasive variants pose a severe threat
to the progress toward herd immunity worldwide. A fast and
quantitative assay that can screen strongly neutralizing
antibodies and nanobodies against emerging variants could
help develop vaccines and therapies. Here, we tested a selected
range of antibodies and nanobodies against three prevalent
variants, @ (B.1.1.7),  (B.1.351), and y (P.1). Tenfold serial-
diluted antibodies and nanobodies starting at 50 yg/mL were
mixed with biotinylated S-ECD homotrimer variants at 140
ng/mL. The biotinylation of four S-ECD homotrimer variants
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(wild-type, @, B, and y) was performed in one batch to
minimize interbatch biotin concentration variations.

Figure S3 shows the binding of S-ECD homotrimer variants
to ACE2 at the same concentration in the absence of
antibodies. The wild-type has the lowest affinity of all, whereas
the corresponding 8 and y variants have increased affinity. The
o variant has the highest affinity toward ACE2. This
observation agrees well with recent reports that these prevalent
variants have mutations that increase their affinity for
ACE2.%

Figure 4A shows the RIVIA results for the wild-type. These
results are extracted from Figures 2D and 3A. Figure 4B shows
the RIVIA results for the a variant. This variant does not
exhibit immune evasion, and thus it can be neutralized by the
neutralizing antibodies or nanobodies at moderate concen-
trations. Nb21 and ROO1 are the strongest neutralizers, both
having ICs, values of 13 ng/mL. MM43 has an IC;, of 47 ng/
mL, and KC3.ep3 is at 1070 ng/mL. However, compared to
the wild-type, the ICys of all of the antibodies and nanobodies,
especially those of CB6 and KC3.ep3, increase significantly for
the a variant, which is caused by the increased affinity of the
variant for ACE2.%7~*'

Figure 4C,D shows the RIVIA results for the f and y
variants, respectively. In contrast to the a variant, the # and y
variants show substantial immune evasion and share some
immune-evasive mutations.””*' Therefore, many antibodies
and nanobodies in this study fail to neutralize them effectively.
Nb21, a strong neutralizing nanobody for the wild-type and
variant, loses most of its neutralizing efficacy. R001 can only

https://doi.org/10.1021/acs.analchem.2c00062
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neutralize at a concentration above 50 000 ng/mL. All other
antibodies and nanobodies (CB6, KC3.ep3, and mNb6) show
little neutralizing efficacy. Only MM43 retains a strong
neutralizing antibody with an ICs, of 16 ng/mL. Finally,
comparing the results in Figure 4C,D, the f variant exhibits
stronger immune evasion than the y variant, which agrees with
previous findings.****

Screening of Immune-Evasive Mutations on Variants.
Antibodies and nanobodies with defined epitopes in the wild-
type spike protein enable an analysis of the impacts of spike
protein mutations in emerging variants on the binding of such
affinity molecules. We used RIVIA to rapidly screen the
impacts of evasive immune mutations on the binding of a panel
of nanobodies to the S protein of different viral variants. This
panel of previously reported nanobodies included those that
bound to different epitopes on the S-ECD homotrimer.”’ We
tested these nanobodies against the f variant, which has the
highest efficiency of immune evasion among the three tested
variants.*'

Again, we used the respective S-ECD homotrimer for the
wild-type and f variants. Figure SA compares the neutraliza-
tion efficacy of Nb21 against the wild-type and f variant S-
ECDs. While Nb21 is a strong neutralizing nanobody against
the wild-type, it fails to neutralize the f variant. Figure 5B
shows the neutralization effect of nanobody Nb34. Nb34 does
not neutralize the wild-type as effectively as Nb21. However, it
neutralizes the f variant with an ICsy of 10 ng/mL. As shown
in Figure 5C,D, Nb93 and Nb9S neutralize the § variant with
IC;, values of 18 and 44 ng/mlL, respectively. Since all four
tested Nbs bind to different epitopes, we infer that the
mutations in the epitope of Nb21 may be related to the
immune evasion ability of the f variant.

B CONCLUSIONS

In this work, we demonstrated that RIVIA can simulate pVNAs
for fast screening of antibodies and nanobodies. As compared
to the pVNA, RIVIA has a number of advantages. RIVIA can
be completed within 1.5 h, much shorter than 24—48 h
typically required for the pVNA. Moreover, due to the
microfluidic nature of the reactor, only 8 uL of low
concentration reagent or sample is required. For example,
only 70 ng/mL of the S protein is needed, while pVNAs
require ug/mL levels. This leads to an estimate of less than $15
for one full RIVIA trial that includes six duplicated data points
at six different concentrations. Although some in vitro assays
such as lateral flow tests**** can be used to rapidly evaluate
the efficacy of neutralizing antibodies/nanobodies, they are
unable to provide quantitative results.

In our work, we systematically studied various types of
competitors, i.e, RBD, the S1 subunit, the S-ECD monomer,
and the S-ECD homotrimer, and found that the S-ECD
homotrimer is the optimal choice, as it mimics the
physiological configuration of the S protein on the virus
surface. RBD, on the other hand, is prone to generating false-
positive results (as shown in D006 in Figure 2A), which could
be caused by the small size of RBD; the binding of an antibody
on the secondary epitope of RBD may also block the binding
between RBD and ACE2. This potential limitation of RBD is
worth further investigation since RBD is still a pogular
competitor for in vitro SARS-CoV-2 neutralization assays.”> ™’

We also tested variants of the virus in our system and found
that three variants, @, f, and y, have higher affinities toward
ACE2 than the wild-type. We tested the neutralizing efficacy of

4510

antibodies and nanobodies against them and found that both
the f and y variants are immune-evasive. Finally, we
demonstrated another capability of RIVIA, i.e., rapid screening
of immune-evasive mutations using the nanobodies with
known binding epitopes. We tested four nanobodies, Nb21,
Nb34, Nb93, and Nb9S5, that bind to different classes of RBD
epitopes. Since Nb21 loses neutralizing ability while the other
three nanobodies remain effective, we infer that the immune-
evasive mutations of the f and y variants exist in the epitope
recognized by Nb21. In the future, the concept of RIVIA will
also be applied to the screening of neutralizing antibodies for
other SARS-CoV-2 variants, such as Delta, Omicron BA.1, and
Omicron BA.2. In addition, we found that the slope of the
inhibition curves in RIVIA correlates with the binding affinity
between the antibody and the spike protein. For example, as
shown in Figure 2D, the slope of CB6 (nM level K;) is smaller
than that of RO01 and MM43 (pM level Ky). These
correlations will be investigated in our future research.

In a world where SARS-CoV-2 variants are emerging every
now and then, RIVIA provides a more responsive approach for
fast-filtering neutralizing antibodies that remain -effective.
Variants of S-ECD homotrimers used in RIVIA are easier
and faster to develop and produce compared to the variants of
pseudovirus. The fast response toward variants means that
RIVIA can become a rapid and quantitative tool for the
development of up-to-date effective neutralizing antibodies
against the everchanging viruses.
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