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Abstract

There is clinical need for a quantifiable point-of-care (PoC) SARS-CoV-2 neutralizing
antibody (nAb) test that is adaptable with the pandemic's changing landscape. Here,
we present a rapid and semi-quantitative nAb test that uses finger stick or venous
blood to assess the nAb response of vaccinated population against wild-type (WT),
alpha, beta, gamma, and delta variant RBDs. It captures a clinically relevant range of
nAb levels, and effectively differentiates prevaccination, post first dose, and post sec-
ond dose vaccination samples within 10 min. The data observed against alpha, beta,
gamma, and delta variants agrees with published results evaluated in established
serology tests. Finally, our test revealed a substantial reduction in nAb level for beta,
gamma, and delta variants between early BNT162b2 vaccination group (within
3 months) and later vaccination group (post 3 months). This test is highly suited for

PoC settings and provides an insightful nAb response in a postvaccinated population.
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1 | INTRODUCTION
Highly transmissible SARS-CoV-2 variants such as B.1.1.7 (alpha) and
B.1.617.2 (delta) have emerged and displaced the “wild-type”
(WT) virus and other variants within countries with high vaccination
rates. With 38.9% of global population now vaccinated (as of
November 5, 2021, live update from https://ourworldindata.org/
covid-vaccinations), reports of breakthrough infections among
vaccines indicate the potential need for future vaccine boosters,
particularly in vulnerable populations.* A rapid, easy to use point-of-
care (PoC) test that measures the level of immune protection against
SARS-CoV-2 in both recovered as well as vaccinated individuals over
time would be an important tool in guiding public health policy. Cur-
rently, standard viral neutralization test (VNT) and pseudovirus neu-
tralization test (pVNT) have played critical roles in evaluating
protective immunity, however, their use is limited due to the need for
BSL2 or BSL3 laboratory facilities, extended experimental time and
relevant expertise. Moreover, the reproducibility varies depending on
cell type, virus/pseudovirus generation, experimental protocol, and
detection method.*> While enzyme-linked immunoassay (ELISA)-
based surrogate neutralization test can provide reliable information
on immune protection, it requires skilled operators and dedicated
facilities that are difficult to integrate into PoC testing.®” PoC lateral
flow tests are currently limited, as they either detect total immuno-
globulin level which is not a reliable indicator for immune protection
or only provide qualitative assessment.® The availability of a quick
and accurate PoC nAb test to track vaccination-induced immune
responses especially against variants at both the population as well as
individual level would be a valuable tool in enabling public health
authorities to manage breakthrough infections and to develop an
effective booster vaccination strategy for more vulnerable individuals.
We previously developed a rapid paper-based SARS-CoV-2 neu-
tralization assay known as cellulose pulldown virus neutralization test
(cpVNT) that detects SARS-CoV-2 neutralizing antibody (nAb) in
plasma or serum within 10 min.*° The principle of cpVNT is based on
the complex formation between the receptor binding domain (RBD)
of the SARS-CoV-2 and the angiotensin-converting enzyme Il (ACE2)
receptor of the host cell. The RBD is fused with cellulose binding
domain (RBD-CBD) to enable capture by cellulose paper while ACE2
is conjugated with reporting molecules for signal generation. The
presence of nAb in the sample disrupts RBD-CBD/ACE2 complex for-
mation leading to a reduction in the overall signal detected. To
develop a PoC nAb detection test, we improved our cpVNT assay
enabling it to be used directly on whole venous or capillary blood
including finger stick blood samples. This bypasses the requirement
for extensive sample processing or a phlebotomist. Comparison of this
modified cpVNT test with established pVNT as well as an ELISA-

based assay showed high degree of concordance. Importantly, the
modified cpVNT test can be easily adapted for the rapid evaluation of
nAb responses to SARS-CoV2 variants among vaccinated population,
providing critical insights into changes in nAb responses to vaccine

types, variant mutations, and time postvaccination.

2 | MATERIALS AND METHODS

21 | Study participants

Heathy adults age between 21 and 65 years old scheduled for
Singapore national vaccination program were enrolled to the study in
compliance with all relevant ethical regulations and was approved by
Institutional Review Board of Nanyang Technological University (IRB-
2021-04-020). All participants provided informed consent before par-
ticipation under voluntary basis and reported with no prior SARS-
CoV-2 infection at point of recruitment. The venous blood collection
was performed by certified phlebotomists while finger-prick blood
was collected using Haim Winnoz blood collection device or manual
collection. Pre-SARS-CoV-2 plasma samples were collected under IRB
003/2010, IRB 11/08/03, IRB 13/09/01, and IRB-2016-01-045
stored in —80°C. Whole-blood samples from healthy volunteers vacci-
nated more than 3 months was provided by National Centre for Infec-
tious Diseases (NCID) under DSRB 2012/00917. There were no

breakthrough infections reported from these samples.

2.2 | Blood sample processing and storage

Blood samples were kept at 4°C for delivery, venous blood storage in
heparin tubes (BD Vacutainer; #367874) while finger stick blood were
stored in either heparin (Xinle Medical MP0540) or EDTA (Xinle Medi-
cal MP0581) microtainer tubes. A portion of the sample volume was
separated into plasma content by centrifugation at 4000g for 5 min in
4°C. Plasma were stored in —20°C. Both WHO International Standard
(20/136) and Reference Panel for anti-SARS-CoV-2 immunoglobulin
(20/268) plasma were purchased from National Institute for Biological

Standards and Control and were stored in —20°C upon receipt.

2.3 | Protein production and purification

The expression and purification of soluble extracellular fragment of
human ACE2 (residues 19-615; GenBank: AB046569.1) and WT
SARS-CoV2-Spike (EMBL: QHD43416.1 with silent mutations c.
A1452>G and ¢.T1470>C) RBD fused to CBD followed the same


https://ourworldindata.org/covid-vaccinations
https://ourworldindata.org/covid-vaccinations

LIM ET AL.

BIOENGINEERING &

TRANSLATIONAL MEDICINEJSLf11

protocol as described in Kongsuphol et al.l° Similarly, alpha c.
A1501>T (p.N501Y), beta c.A1501>T, ¢.G1251>C, c.G1450>A (p.
N501Y K417N E484K), gamma c.A1501>T, c.A1250>C, c.G1450>A
(p.N501Y K417T E484K), delta c.T1355>G, c.C1433>A (p.L452R
T478K), kappa c.T1355>G, ¢.G1450>C (p.L452R E484Q), epsilon c.
T1355>G (p.L452R), delta plus c.T1355>G, c.C1433>A, c.G1450>A
(p.L452R T478K K417N), eta c.G1450>A (p.E484K), lambda c.
T1355>A c. T1469>C (p.L452Q, F490S), and AD c.A1501>T, c.
C1433>A (p.N501Y T478K) RBD-CBD variants were expressed in
Expi293F cells (Thermo Fisher Scientific; A1435101) according to the
supplier's protocol. The purification protocol followed that of WT
RBD-CBD. In brief, the proteins were subjected to affinity chromatog-
raphy with Ni-NTA cartridges (Qiagen; 1046323) and size exclusion
chromatography with HiLoad 16/60 Sephadex 200 (Cytiva) in 20 mM
HEPES pH 7.5, 300 mM NaCl, 10% glycerol. The His-MBP tag of
RBD-CBD variants were removed by incubation with TEV protease
overnight in 1:40 mass ratio at 4°C. The untagged proteins were fur-
ther purified by reverse affinity chromatography with HisPur-Ni-NTA
resin in 20 mM HEPES pH 7.5, 300 mM NaCl, 10 mM imidazole.
Finally, the purified RBD-CBD variants were concentrated and stored
in 20 HEPES pH 7.5, 300 mM NacCl, 10% glycerol and 0.5 mM TCEP
at —80°C.

2.4 | Fluorescence conjugation of monoFc-ACE2
Alexa Fluor 594 conjugation of monoFc-ACE2 was carried out by
using Alexa Fluor 594 Conjugation Kit (Fast)—Lightning-Link (abcam;
ab269822). For each labeling reaction, 100 pl of 1 mg/ml of monoFc-
ACE2 in phosphate buffer saline (PBS) pH 7.6 was mixed with 10 pl of
Modifier reagent. The 110 pl of mixture was transferred to Alexa
Fluor 594 Conjugation Mix followed by 30-min incubation at room
temperature in the dark. Then, the reaction was stopped by adding
10 pl of Quencher reagent and for 15-min incubation in the dark.
Finally, the labeled protein was stored in aliquots of 5 ul at —80°C
freezer before use.

2.5 | Cellulose pulldown virus neutralization test

Every testing cassette was assembled by using one layer of Whatman
No. 1 chromatography paper (GE Healthcare; #3001-861) as cellulose
test strip and two layers of Whatman gel blotting paper, Grade
GBO005 (GE Healthcare; #10426981) as absorbent pads into a cassette
housing (Racer Technology Pte. Ltd.). Then, both the test and control
spots were blocked with 5 pl of 5% bovine serum albumin (BSA) in
PBS pH 7.6. The control spot is further treated with 5 pl of 5 pM
RBD-CBD before air-dry. For each test, 20 ul of venous or finger
pricked whole blood sample was first incubated with 20 pl of 10 nM
RBD-CBD in PBS pH 7.6, 1% BSA for 3 min. After that, 40 pl of 5 nM
Alexa Fluor 594-labeled monoFc-ACE2 (ACE2-AF594) in PBS pH 7.6,
1% BSA was added to the mixture and incubated for another 5 min.

The final 80 pl reaction was applied equally onto the test and control

spot with 40 pl for each. Once sample was fully absorbed, both test
and control spots were washed once with 40 ul of PBS pH 7.6. The
cassette was then placed in an Atto Testbed for fluorescence mea-
surement. All steps described above were performed at room

temperature.

2.6 | Fluorescence measurement and percent
blocking calculation

The Atto Testbed (Attonics Systems Pte Ltd) comprised of an LED
lamp (Thorlabs Inc.; M590L4), Silicon Avalanche Photodiode detector
(SIAPD) (Thorlabs Inc.; APD440A) and mCherry filter set (Thorlabs
Inc.; MDF-MCHA) including an excitation filter (578/21), an emission
filter (641/75) combined with a dichroic beam-splitter. The testbed
was designed specifically to fit the testing cassette dimension for fluo-
rescent signal detection. Fluorescence intensity was recorded as
SiAPD output in mV. The percent blocking was calculated using the
Equation (1) (see Section 3). All samples were tested in triplicates with
their mean represented as single data point and the median percent

blocking of each group with a given sample size was reported.

2.7 | Surrogate virus neutralization assay cPass
(Genscript)

The assay was performed as per manufacturer's protocol by first dilut-
ing the selected plasma samples 1:10 in the sample dilution buffer
provided by the kit, and incubated with horseradish peroxidase (HRP)-
conjugated RBD for 30 min at 37°C. Then, the sample-RBD mixtures
were transferred to an ACE2 coated ELISA plate for 15-min incubation
at 37°C before washing with the kit's washing solution. The sample
read-out was performed by adding 100 pl 3,3',5,5'-tetramethylbenzidine
(TMB) solution per reaction well for 15 min, followed by 50 pl of stop
solution. Absorbance was measured at 450 nm using Infinite 200 PRO
multimode TECAN plate reader and the percent of inhibition were calcu-

lated according to manufacturer's recommendation.

2.8 | Biolayer interferometry

The streptavidin biosensor tips (Sartorius) were preincubated with
20 nM of the monoFc-ACE2, chemically biotinylated with EZ-link
Sulfo-NHS-LC-Biotinylation kit (Thermo Fisher Scientific; #21435).
The binding of WT and all RBD-CBD variants were measured as opti-
cal thickness response for 600 s of association phase followed by
900 s of dissociation phase. The concentration of RBD-CBDs were
prepared in serial dilutions ranging from 3.125 to 100 nM (except for
gamma RBD-CBD; 2.5-80 nM). Analysis of binding response was per-
formed by Octet Data Analysis software using global 1:1 fitting for Kp
calculation. All experiments were performed using 8-channel Octet
RED9%6e system (Forté Bio) in PBS, 0.2% BSA, and 0.05% Tween
20 at 25°C.
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29 | SARS-CoV-2 pseudovirus neutralization assay
We applied the same protocol for production of SARS-CoV-2 pseudo-
typed lentiviral particles and pseudovirus neutralization assay as previ-
ously reported.’® Briefly, to produce SARS-CoV-2 pseudovirus,
HEK293T cells at 36 x 10° cell density were transfected with 27 ug
pMDLg/pRRE (Addgene; #12251), 13.5 pg pRSV-Rev (Addgene;
#12253), 27 ug pTT5LnX-WHCoV-5t19 (SARS-CoV2 Spike) and
54 ug pHIV-Luc-ZsGreen (Addgene; #39196) using Lipofectamine
3000 (Invitrogen; #L3000-150). Then the cells were grown for 3 days
in 37°C, 5% CO, incubator. Harvested and filtered viral supernatant
were concentrated and quantified by using Lenti-X p24 rapid titre kit
(Takara Bio; #632200). Twenty pre- and postvaccinated individual
plasma were diluted to 1:80 titre with PBS and mixed with equal vol-
ume of pseudovirus to 50 pl followed by 1 h incubation at 37°C. The
neutralization assay was performed by transferring the plasma-
pseudovirus mixture to monolayered CHO-ACE2 cells (5 x 10% cells)
in 100 pl of complete medium containing Dulbecco's modified Eagle
medium/high glucose with sodium pyruvate (Gibco; #10569010),
10% FBS (Hyclone; #5V301160.03), 10% MEM nonessential amino
acids (Gibco; #1110050), 10% geneticin (Gibco; #10131035), and
10% penicillin/streptomycin (Gibco; #15400054). After 1-h incuba-
tion, 150 pl of complete medium were added for subsequent 48-h
infection. Each plasma samples were tested in triplicates. The read-
out was performed on Tecan Spark 100 M after luciferase assay with
ONE-glo EX reagent (Promega; #E8130) where the percent of neutral-

ization was determined by:

Readout (unknown)—Readout (infected control) +100%.

9 iration —
% Neutralization = Readout (uninfected control)—Readout (infected control)

210 | Statistical analysis

The nAb response was represented by the median percent blocking in
our results. Since we do not assume a normal distribution, a nonpara-
metric Kruskal-Wallis test with Dunn multiple comparison was per-
formed for comparing Pre-Vac, post first dose (1-3 weeks), post first
dose (3-6 weeks), and post second dose vaccination groups. Mean-
while two-sided Mann-Whitney test was performed for the two-
group comparison in analyzing between (i) BNT162b2 and mRNA-
1273 post first dose (3-6 weeks) vaccinated samples and (ii) nAb
response within 3 months and post 3 months cohorts. The Friedman
test with multiple comparison was performed for the same sample set
that repeated against RBD-CBD WT and the variants.

3 | RESULTS

3.1 | Rapid detection of SARS-CoV-2 nAb in blood
using modified cpVNT

To adapt the previous cpVNT for the analysis of whole blood PoC
diagnostic samples, it was important to change the enzyme/substrate-

based reporter system of HRP/TMB as well as the overall assay
workflow. The two key modifications introduced are (i) the change to
a fluorescent reporter molecule and (ii) sequential incubation steps
(Figures 1a and S1A). For this, we selected Alexa Fluor 594 as the
reporter in consideration of its high quantum yield, excellent photo-
stability, and minimal interference with blood. In addition, to improve
the test performance and minimize the nonspecific background from
whole blood sample, we altered the cpVNT workflow to a two-step
incubation, as compared to the one-step incubation reported previ-
ously. First, 20 pl of blood sample was mixed with 20 pl of 10 nM
RBD-CBD for 3 min before adding 40 pl of 5 nM fluorescence-labeled
human ACE2 (ACE2-AF594) and incubating for additional 5 min at
ambient temperature. Equal amount of the final 80 pl mixture was
then applied to the cassette's test and control spot, respectively,
followed by one washing step with 40 ul of PBS for each spot
(Figure 1a,b). The additional 3-min incubation step introduced in this
study allowed nAb in the blood sample to effectively interact with
RBD-CBD prior to exposure to ACE2 (Figure S1B,C).

Since the presence of nAb is inversely related to the fluorescence
intensity, a control reaction is necessary to verify the reagent func-
tionality, as the loss of signal should only be due to the presence of
nAb. Therefore, we preimmobilized the control spot with 5 pl of 5 uM
of RBD-CBD on the cellulose paper to capture ACE2-AF594 free
from RBD-CBD/ACE2-AF594 complex and produce high level of fluo-
rescent signal regardless of the level of nAb present in the blood
(Figures 1a and S1D). A portable fluorescent reader, Atto Testbed pro-
duced by Attonics Systems Pte. Ltd., Singapore is customized to allow
the detection of fluorescence signal under a PoC setting. The reader
excites the fluorophores using LED light. The emitted fluorescent
intensity is then detected using a silicon avalanche photodiode and
reported as a voltage change in mV unit. This voltage output (mV) can

be converted to percentage of blocking according to Equation (1):

. Voltage output of test spot — Baseline
%Blocking=( 1—
/Blocking < Voltage output of Negative control, NC — Baseline
x 100%

&)

To evaluate this new test format, we made a series of contrived blood
samples by spiking 1, 5, 10, 25, 50, and 100 nM of mouse monoclonal
SARS-CoV-2 nAb into a blood prepared with pre-SARS-CoV-2 pan-
demic plasma and washed red blood cells. The assay demonstrated an
ICso of 3.38 nM nAb using blood as sample matrix (Figure 1c,d).

3.2 | Evaluation of postvaccination nAb responses
using modified cpVNT

Modified cpVNT relies on the reduction of fluorescent signal in
response to neutralizing antibodies competing with labeled ACE2.
Two important fluorescent signals contribute to the determination of
the signal dynamic range and nAb result interpretation, (i) the maxi-
mum fluorescence

intensity obtained from negative control
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Schematic of cpVNT workflow and results obtained with contrived whole-blood sample. (a) Graphical representation of the

modified cpVNT workflow before detection in fluorescent reader. (b) Cartoon depicting of possible molecular events occur in samples with and
without nAb on the test spot and reagent control spot. (c) Measurement of fluorescence intensity from prevaccination whole blood samples
titrated with 1, 5, 10, 25, 50, 100 nM SARS-CoV-2 monoclonal neutralizing antibody (nAb). (d) The percent blocking calculated from Equation (1)
with nAb concentration presented in log scale. cpVNT, cellulose pulldown virus neutralization test; nAb, neutralizing antibody

(NC) samples with no nAb (prevaccination [Pre-Vac] samples); this
value was used to set a reference point for calculation of blocking per-
centage in the presence of nAb and (ii) nonspecific background fluo-
rescence observed from the test when RBD-CBD was absent from
the reaction; this value was used to draw a baseline between specific
and nonspecific signals (see Equation 1). The NC value was defined by
the median of fluorescence intensity measured from 60 Pre-Vac blood
samples in triplicates (Figure S2A), while the baseline value was the
median of triplicate reads from 31 blood samples regardless of vacci-
nation status when RBD-CBD was absent (Figure S2B). With this
approach, the NC value using two independent batches of
ACE2-AF594 resulted in a median fluorescence intensity of 1141 mV
(Table S1 and Figure S2A) while the baseline signal had a median
intensity value of 230 mV (Figure S2). To calculate the percentage of
blocking based on the nAb levels of individual, we then applied the
NC as well as baseline value to formulate Equation (1).

Once NC and the baseline were established, the nAb levels that
block RBD and ACE2 interaction were measured in 170 blood samples
using modified cpVNT at different stages of vaccination: prevaccination
(Pre-Vac), 1-2 weeks post first dose (P1 1-2W), 3-6 weeks post first
dose (P1 3-6W), and 3-16 weeks post second dose (P2). The Pre-Vac
(n = 36) group's percent blocking was measured with a median of 1.96%,
this number increased to 14.3% in P1 1-2W group (n = 10) and P1 3-
4W group at 36.5% (n = 50). Finally, we observed 89.1% for P2 samples
(n = 74) (Figure 2a). A similar trend was observed when grouping the

samples into individuals vaccinated with either BNT162b2 (Figure 2b) or
mRNA-1273 (Figure 2c). The negative value of percent blocking
observed in the Pre-Vac and P1 1-2W was likely due to viscosity varia-
tion among blood samples that could interfere with the binding kinetics
of RBD-CBD with cellulose paper in the assay. Overall, the data showed
a significant difference between Pre-Vac and P1 3-6W samples across
the two different types of vaccines, that is, BNT162b2 (p < 0.05) and
mMRNA-1273 (p < 0.001) (Figure 2b,c). There was also a significant differ-
ence (p < 0.05) in median percent blocking for P1 3-6W group when
compared between BNT162b2 recipients (23.4%, n = 30) and mRNA-
1273 recipients (51.2%, n = 20) (Figure 2d). However, in P2 samples,
both vaccines show comparable median percent blocking at 84.5% for
BNT162b2 and 90.9% for mRNA-1273 recipients (Figure 2b,c). Mapping
of the nAb response in 22 individuals who received either BNT162b2 or
mRNA-1273 showed differential responses at P1 phase (Figure 2e). Both
vaccines induced a heterogeneous though elevated response in all indi-

viduals tested as early as Week 2 post first dose of vaccine.

3.3 | Modified cpVNT can detect wide range of
nAb activities comparable to sVNT and pVNT

We used the WHO International Standard for anti-SARS-CoV-2
immunoglobulin (20/136) and Reference Panel (20/268) to assess the
detection range of modified cpVNT and to better interpret the clinical
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measured from 170 whole blood samples of prevaccination, Pre-Vac (n = 36), post first dose (1-2W n = 10, 3-6W n = 50) and post second dose
(n = 74). The gray line is the median from each group while each dot represents the mean from three independent experiments. (b) The nAb
percent blocking measured in individuals opt for BNT162b2 (n = 4 from P1 1-2W, n = 30 from P1 3-6W, n = 40 from P2) or (c) mRNA-1273
(P1 1-2W n = 6; P1 3-6W n = 20; P2 n = 34). Kruskal-Wallis test with Dunn's multiple comparison was performed between each vaccination
status. (d) Comparison of nAb percent blocking at P1 3-6W BNT162b2 and P1 3-6W mRNA-1273. Two-tailed Mann-Whitney test was
performed between the two vaccine brands. The significance values *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Total samples: Pre-Vac
versus P1-3-6W, p < 0.001; Pre-Vac versus P2, p < 0.0001. BNT162b2: Pre-Vac versus P1-3-6W, p < 0.05; Pre-Vac versus P2, p < 0.0001.
mMRNA-1273: Pre-Vac versus P1-3-6W, p < 0.001; Pre-Vac versus P2, p < 0.0001. (e) Twenty-two individual samples percent blocking mapped
over pre and post vaccination period comparing between two types of vaccines, BNT162b2 n = 12, mRNA 1273 n = 10. The window period
between first and second dose of vaccination ranged from 4 to 6 weeks depending on individual's choice. cpVNT, cellulose pulldown virus
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data we have measured.** The International Standard comprising of
plasma sample with assigned 1000 IU/ml nAb activity resulted in
96.7% blocking in our modified cpVNT (Figure 3a). This percent block-
ing corresponded to the value observed from subjects in the P2 vacci-
nation group (Figure 2a). The Mid-titre and Low-titre plasma from
WHO Reference Panel with 210 and 44 IU/ml nAb activity, respec-
tively, were measured with 66.7% blocking (Mid) and 34.9% blocking
(Low) in the modified cpVNT (Figure 3a). This showed that the test
can produce a dose dependent response that captures the clinical
range of nAb activity in plasma in under 10 min assay time. Since
plasma represents approximately 55% of whole blood, the percent
blocking test results in plasma samples was expected to be higher
than that of whole-blood due to the lack of erythrocytes. To correlate

the percent blocking in the WHO standard and reference panel
plasma to corresponding whole blood, we analyzed 30 matching sam-
ples of blood and plasma in the modified cpVNT. We found that the
percent blocking in blood samples is approximately 0.87 times of that
in plasma samples assuming the relationship between the two sample
types are linear (Figure 3b). We observed that the overall median per-
cent blocking in Pre-Vac samples was found below 30% blocking in
modified cpVNT using blood as matrix (Figure 2a). It corresponds to
44 1U/ml nAb activity which is close to the estimated protective neu-
tralization against SARS-CoV-2 of approximately of 54 1U/ml by
Khoury et al.'s predictive model'? (Figure 3b). Hence, 30% blocking
which correlates to 44 |U/ml was set as the cut-off value for the mod-

ified cpVNT to compare its performance with other neutralization
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FIGURE 3 Comparison of modified cpVNT with international standards and established serology tests. (a) The performance of the First WHO
International Standard Anti-SARS-CoV-2 immunoglobulin (20/136), Reference Panel for anti-SARS-CoV-2 Mid-tire and Low-titre plasma using
modified cpVNT. (b) The correlation of percent blocking measured from 30 matching plasma and blood samples at prevaccination (Pre-Vac), post
first dose (P1) and post second dose (P2) phase using modified cpVNT gave Pearson r, 0.908. The percent blocking for cpVNT with blood samples
that correspond to 1000, 220, and 44 1U/ml are determined by assuming a linear correlation between the two sample types (see accompanying
table). (c) Comparison of percent blocking measured in the modified cpVNT with percent inhibition of sVNT (cPass) in 44 matching Pre-Vac, P1,
and P2 venous blood and plasma samples. The sensitivity was calculated as 81.5% (Cl: 61.9%-93.7%), and specificity is 100% (Cl: 81.5%-100%)
when both cpVNT and sVNT's (cPass) thresholds were set at 30% blocking. (d) Comparison between cpVNT and pseudovirus neutralization test
(pPVNT) with 20 individuals' sample. The pVNT was performed with plasma in 1:80 dilution. The sensitivity is 100% (Cl: 47.8%-99.9%) and
specificity is 66.7% (Cl: 38.4%-88.2%) with 30% blocking as the threshold for cpVNT and 50% neutralization for pVNT. All experiments were
performed in triplicates. Cl, confidence interval; cpVNT, cellulose pulldown virus neutralization test; nAb, neutralizing antibody; pVNT,

pseudovirus neutralization test

tests (Figure 3b). Our test showed 81.5% sensitivity (confidence
interval [Cl]: 61.9%-93.7%) and 100% specificity (Cl: 80.5%-100%)
when compared with the commercially available sVNT Genscript
cPass (Figure 3c), which was validated to be comparable to gold
standard plaque reduction neutralization test with live virus.®*3#
Meanwhile, as compared to the lab based pVNT test, the modified
cpVNT showed 100% sensitivity (Cl: 54.1%-99.9%) and 71.4%
specificity (Cl: 41.9%-91.6%) (Figure 3d). For reference, the WHO
plasma of nAb activity at 1000, 210, and 44 |IU/ml when performed
with sVNT cPass yielded 94%, 78%, and 19% inhibition, respec-
tively (Table S3). The lower specificity and sensitivity relative to
ELISA and pVNT can be attributed to the difference in sample type
(whole blood vs. plasma/serum) and different assay procedures.

However, the biological or public health implication of these differ-
ences at the lower nAb range between the different tests is not
clear at this stage.

To ensure that the modified cpVNT is suitable for PoC setting
with finger stick blood, we assessed the correlation of nAb detected
in venous vs finger stick blood sample matrix. A total of 46 matched
pairs from Pre-Vac, P1, and P2 samples show a high linear correlation
between the two blood sample types, with a Pearson r value of
0.9758 (p < 0.001) and an R? of 0.9523 (Figure $2C). This demon-
strates the suitability of our modified cpVNT for PoC deployment, as
only 20 pl of finger stick blood samples is necessary to measure the
nAb response in 10 min. Moreover, the outcomes are comparable to

established lab-based neutralization tests.
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3.4 | Assessment of postvaccinated nAb percent
blocking against SARS-CoV-2 variant RBDs

Given the emergence of several SARS-CoV-2 variants and the accompa-
nying uncertainty of the effectiveness of vaccine-induced nAbs against
them, there has been burgeoning interest in evaluating nAb responses
to variant RBDs. In light of this, we first recombinantly produced four
variants of concern (VOCs): alpha B.1.1.7, beta B.1.351, gamma P.1,
delta B.1.167.2 and five variants of interest: kappa B.1.167.1, epsilon
B.1.427/B.1.429, delta plus AY.1, eta B.1.525, lambda C.37 fused with
CBD and evaluate their binding activity with ACE2 using biolayer inter-
ferometry (Figures S3 and S4A). These variants contain mutations in the
RBD region, which may reduce the binding affinities of antibodies gen-
erated against the WT protein and/or increase ACE2 receptor binding.*®
We found that the binding affinity of alpha, beta, gamma, and delta are
higher than that of WT, especially gamma that showed a threefold
increase (4.3 nM) in binding affinity comparing to WT (12.7 nM) consis-
tent with previous reports'>¢ (Table 1). Furthermore, our result sup-
ports published data that the N501Y mutation in the alpha and gamma
variants of RBD contributes to the slow off-rate of the complex!’
(Table 1). Meanwhile T478K appears to promote fast complex formation
based on comparison among delta, kappa, epsilon, and a delta plus vari-
ant that shared the L452R mutation (Table 1). We engineered a hypo-
thetical RBD variant containing N501Y, T478K mutation and annotated
it as “AD” (alpha-delta) variant that is speculated to have fast on-rate
and slow off-rate with ACE2. This hypothetical variant confirmed our
hypothesis where it binds ACE2 with the highest binding affinity (Kp of
3 nM) among the 10 variants (Table 1). Next, we assess the activity of
these RBD-CBD variants on the modified cpVNT with Pre-Vac blood.
Although variants with high affinity to ACE2 showed increased fluores-
cence intensity than WT RBD-CBD in the modified cpVNT assay at the
same reagent concentration, that is, alpha (1.8-fold), beta (1.6-fold),
gamma (2.1-fold), delta (1.3-fold), the correlation is not direct. As we
observed variant RBD-CBDs epsilon and lambda still generate compara-
ble signal as WT despite the lower ACE2 binding affinity, while AD vari-
ant showed merely 1.6-fold increase in signal despite binding ACE2

strongly (Figure S4A). Besides the binding kinetics, the capture rate of
RBD-CBD on the cellulose paper and possible avidity of the different
RBD-variants on ACE2 could contribute to the effect.

We then tested the four VOCs: RBD-CBD alpha, beta, gamma, and
delta with 33 blood samples from participants within 3 months of com-
pleting vaccination. There were considerable variations in the nAb
responses to the different variants. The nAb percent blocking against
beta and gamma variants being reduced significantly to 72.4% and
70.1%, while the percent blocking reduced only minimally to 87.2% and
91.9% for alpha and delta, respectively, as compared to WT (95.6%)
(Figure 4a). These were in line with previous reports using pVNT and
VNT, whereby neutralization of beta and gamma variants had consider-
able reduction for both mRNA vaccines.'®"2° About 91.8% nAb block-
ing was observed against the engineered AD variant even though the
RBD-CBD variant binds strongly to ACE2, suggesting that vaccine
induced nAb can outcompete stronger interaction (Figure S4B). While
this data indicated a heterogenous response it was important to evalu-
ate whether our test was able to stratify response in relation to the dif-
ferent vaccines used. The median percent blocking for BNT162b2
recipients against alpha was 78% (p < 0.01) and delta was 89.2% (p = n.
s.) as compared to WT (94.8%). (Figure 4b). The most substantial reduc-
tions of nAb response were observed with beta and gamma variants
reaching 55.7% and 49.6% blocking, respectively, among BNT162b2
recipients (Figure 4b). In the cohort of mRNA-1273 recipients, we
observed reduction to 87.5% with beta variant (p < 0.0001) and 80.5%
with gamma variant (p < 0.0001).

Next, we also examined and compared the percent blocking of
nAb in whole-blood samples from participants within 3 months or
greater than 3 months after completion of vaccination against WT
and four VOCs RBD-CBD. Only samples from BNT162b2 recipients
were available to us for the greater than 3 months cohort as it was
the first vaccine rolled-out in the Singapore national vaccination pro-
gram. There was a modest drop of nAb percent blocking from 96% to
68% (28%, p < 0.0001) observed in WT RBD-CBD and 77.6%-40.2%
(37.4%, p <0.001) in alpha RBD-CBD between the two groups of
samples (Figure 4d). Meanwhile a more substantial reduction was seen

TABLE 1 Binding kinetics of wild-type and RBD-CBD variant with biotinylated ACE2
RBD Lineage name Mutation on RBD Binding affinity, Kp (nM) ka (1/Ms) kdis (1/s)
WT 12.7 99,200 0.00127
Alpha B.1.1.7 N501Y 8.17 122,000 0.000997
Beta B.1.351 N501Y, K417N, E484K 9.59 132,000 0.00126
Gamma P.1 N501Y, K417T, E484K 4.3 220,000 0.000954
Delta B.1.167.2 L452R, T478K 9.19 231,000 0.0021
Kappa B.1.167.1 L452R, E484Q 222 70,400 0.00156
Epsilon B.1.427/B.1.429 L452R 20.7 96,900 0.002
Delta plus AY.1 L452R, T478K, K417N 252 103,000 0.0026
Eta B.1.525 E484K 18.7 160,000 0.0029
Lambda C.37 L452Q, F490S 26.1 93,300 0.00244
AD N501Y, T478K 3.01 153,000 0.000459

Abbreviations: ACE2, angiotensin-converting enzyme II; AD, alpha-delta; CBD, cellulose binding domain; RBD, receptor binding domain.
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FIGURE 4 Assessment of nAb response to variants of concern depending on vaccine brand or time postvaccination with our modified
cpVNT. (a) Whole blood samples (n = 39) from participants who completed vaccination within 3 months were tested with wild-type (WT) RBD-

CBD and variant RBD-CBD. Friedman test with multiple comparison was
***p < 0.001, ****p < 0.0001. WT versus alpha, p < 0.01; WT versus beta,

performed comparing the variants against WT, *p < 0.05, **p < 0.01,
p < 0.0001; WT versus gamma, p < 0.0001; WT versus delta, n.s. (b).

The percent blocking of nAb measured from 20 P2 samples of BNT162b2 recipients (<3 months) when tested with RBD-CBD variants.
(c) Similarly, percent nAb blocking of 19 P2 samples (<3 months) from mRNA-1273 recipients tested with the RBD-CBD variants. (d) The nAb

response in BNT16b2 recipients against WT and RBD-CBD variants whe|

n comparing two groups: within 3 months (n = 20) and more than

3 months (n = 37) after complete vaccination. Two-sided Mann-Whitney test was performed between the two groups for each variant, WT

p < 0.0001, alpha p < 0.001, beta p < 0.0001, gamma p < 0.001, delta p <

0.0001. CBD, cellulose binding domain; cpVNT, cellulose pulldown virus

neutralization test; nAb, neutralizing antibody; RBD, receptor binding domain

in beta (47.8%, p < 0.0001), gamma (49.5%, p < 0.001), and delta vari-
ant (53.5%, p < 0.0001), respectively (Figure 4d). It is interesting to
observe the stark decline of nAb blocking for delta variant in the post
3 months cohort especially when no significant difference of nAb
response was detected from WT for samples vaccinated within
3 months (Figure 4a). The modified cpVNT results agree with recent
findings where BNT162b2 vaccine induced protection wanes within
4-5 months especially against the delta variant despite earlier findings
suggest effective neutralization.?*?? This demonstrates that this test

can be effectively adapted in the event of future VOC emergence to

quickly assess vaccines' responses and even to identify vulnerable

individuals for booster shots to prevent breakthrough infections.

4 | DISCUSSION

The rapid modified cpVNT can improve our understanding of the rela-
tionship between nAb response and RDB/ACE?2 interaction, especially in
response to emerging and predictive mutants. Given the complex innate
and cell-mediated immune response against infection and immune
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protection development, factors like synergistic mutations and epitope
remodeling to prevent nAb recognition are key to a variant's immune
escape characteristics.>> We tested the influence of RBD/ACE2 interac-
tion on nAb blocking with the hypothetical AD variant that carries
N501Y and T478K mutations. It was found unable to evade vaccine
induced nAb inhibition where it shows 91.8% nAb blocking in the modi-
fied cpVNT similar to WT RBD-CBD despite its high affinity to ACE2
(Figure S4B). Since a single T478K mutation did not present compromis-
ing effect on the binding of potent neutralizing mAbs previously,?* we
observed that the additional N501Y mutation in AD variant does not
affect nAb binding within the modified cpVNT's reaction time
(Figure S4B). In contrast, the beta variant despite showing modest
increase in affinity toward ACE2 (Kp 9.6 nM) than WT (Kp 12.7 nM),
exhibited significantly lower nAb percent blocking than WT (Figure 4a).
As the K417 and E484 sites are known to escape both Class 1 and Class
2 anti-RBD antibodies,?> the combined effect of RBD/ACE2 binding and
poor nAb recognition generate more pronounced immune escape
response. These examples indicate that the modified cpVNT can be used
to systematically assess the RBD mutations and improve our understand-
ing of its underlying molecular mechanism versus nAb response.

With the emergence of highly transmissible SARS-CoV-2 variants,
the durability and persistence of vaccine effectiveness is of major con-
cern. Although nAb response strongly correlates with immune
protection,*? cellular immunity is essential in providing sustained immune
protection upon exposure, particularly against severe illness. Therefore,
both humoral and cellular immune response are required for a complete
assessment of SARS-CoV-2 immunity. While standardized methods for
rapid assessment of cellular immunity responses are underway,?® nAb
level measurement remains a reliable indicator for immune protection at
PoC level and deems to be critical at this point. It has been estimated that
90% of convalescent plasma/sera's neutralizing activity targets the
immunodominant RBD,?”"?° hence the current modified cpVNT format
that measures the nAb response to RBD-associated mutations represents
a good proxy for assessing individual's immune protection. The standard-
ized percent blocking provided by the customized reader, permits consis-
tent results interpretation as opposed to colorimetric scoring. Besides, as
demonstrated here, the test only requires a simple change in one reagent
while retaining the test format, instrumentation, and capability to evaluate
nAb responses to a new variant. This feature is quintessential for keeping
up with the rapidly evolving virus, for example the new mu variant in
Colombia that was reported to escape vaccine induced immunity.°

Our data also shows the strength of the modified cpVNT as a PoC
test to provide insights on the deteriorating vaccine efficacy observed
globally against the delta variant and the climbing breakthrough infec-
tions among vaccinated population. The significant decline of nAb
response against the delta variant observed among post 3 months'
BNT162b2 vaccinees in our study provides a possible reason for the
increased breakthrough infections observed globally. The report that
BNT162b2 recipients who completed their vaccination between January
and April in Israel had an increased risk of breakthrough infections with
delta variant is in line with our interpretation.3* Thus, our test's ability to
detect variant specific nAb waning effects among a vaccinated popula-

tion provides an extremely valuable tool to pre-emptively test nAb

responses against emerging variants and through this inform booster

planning and public health management.
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