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Editorial on the Topic

Neutralizing Antibodies in the Prevention and Treatment of COVID-19

The COVID-19 therapeutic landscape rapidly evolved throughout the course of the SARS-CoV-2
pandemic. However, the ingenuity of our community quickly coalesced to identify novel ways to
combat this deadly disease. One prime example is the infusion of anti-SARS-CoV-2 neutralizing
antibodies as passive immunity to treat high-risk COVID-19 patients who are vulnerable to severe
outcomes. Initially, convalescent plasma obtained from volunteers who have recovered from
SARS-CoV-2 infections was used as a potential therapy for COVID-19 patients. Next, the rapid
development of anti-SARS-CoV-2 monoclonal antibodies was added to our COVID-19 therapeutic
armamentarium and was a stunning example of how contemporary technology can lead to
discovery and validations of novel therapeutics. Neutralizing antibodies also play a key role in
the immunity conferred by SARS-CoV-2 vaccines. Indeed, COVID-19 vaccination stimulates the
production of high titers of neutralizing antibodies, which largely mediates the effect of infection
prevention. Unfortunately, RNA viruses, such as SARS-CoV-2, are prone to mutations, and
accordingly, SARS-CoV-2 variants have emerged that have developed resistance to neutralizing
antibody therapies. As such, continued is needed to identify, develop and improve neutralizing
antibodies in prevention and treatment of COVID-19. This Topic is a collection of pertinent studies
that contribute to our understanding of the benefits of neutralizing antibody therapies in COVID-19
and develops tools for their improvement.

Convalescent plasma gained traction as a therapy for SARS-CoV-2 infections in the early days of
the pandemic. The concept was that neutralizing antibodies in the plasma of individuals who have
recovered from COVID-19 could be passively transferred to newly-infected individuals to reduce
their viral load and alter the course of the infection towards clinical improvement and recovery.
Initial retrospective cohort studies suggested benefit with the infusion of high-titer convalescent
plasma particularly when given early in the hospital course. Subsequently, data from randomized
controlled trials emerged as the pandemic progressed that muddled the support for its use as a
therapy for those infected with SARS-CoV-2. Indeed, the meta-analysis by Jorda et al. finds that
convalescent plasma had no benefit as a therapy in COVID-19. This conclusion was also reached by
the NIH and IDSA (Infectious Disease Society of America) who do not recommend giving
convalescent plasma to hospitalized COVID-19 patients. However, the US FDA currently
continues to allow for the use of high titer convalescent plasma under emergency use
org May 2022 | Volume 13 | Article 93806915
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authorization (EUA) for immunocompromised patients early in
the course for COVID-19, even in the outpatient setting. Wirz
et al. provides insight to the benefits of early use of convalescent
plasma into patients infected with SARS-CoV-2; Only patients
transfused before seroconversion, which de facto equates to early
in the disease course, had demonstratable increase in plasma
anti-SARS-CoV-2 antibody levels. Additionally, Yue et al. found
the neutralizing ability of convalescent plasma is attenuated if
collected prior to the emergence of variants of concern and is
another consideration when choosing this treatment modality.

Monoclonal antibodies (mAb), another treatment from the
passive transfer of neutralizing antibodies, were the next iteration
of SARS-CoV-2 therapies that first obtained FDA EUA in
November 2020. Lee et al. provide evidence for Regdanvimab
as a mAb treatment to prevent progression to severe disease in
high-risk patients. In the US, the FDA had granted emergency
use authorizations for bamlanivimab, bamlanivimab-etesevimab,
casirivimab-indevimab, sotrovimab, and bebtelovimab at various
time points. However, their longevity has been short-lived
because of the emergence of SARS-CoV-2 variants of concern
(VOC) with mutations of the spike protein at the binding epitope
can lead to resistance (Yue et al. and Tian et al.) Thus, the work
by Shan et al. that identified a mAb that binds a conserved
epitope in the receptor binding domain of the spike protein on
the SARS-CoV-2 virus is pertinent due to the ability to
potentially resist new VOCs that may emerge. Favorskaya et al.
develop dimeric molecules that potently neutralize SARS-CoV-2
and decreases the chance of resistance to VOCs. Moreover,
Mariotti et al. present a murine model to isolate and
characterize mAbs that could help identify future mAbs for
therapeutics and diagnostics. Additionally, Buratto et al.
developed an in silico method to identify the binding affinity of
the ACE2 receptor to the spike protein providing a platform to
study SARS-CoV-2 mutations and help future development of
neutralizing antibodies. A theoretical concern for mAbs was that
treatment in SARS-CoV-2 infections would suppress the natural
immunity from infection, but the findings of Zhang et al.
dispelled this notion by showing sufficient maturation of anti-
SARS-CoV-2 humoral immunity despite mAb treatment.
Frontiers in Immunology | www.frontiersin.org 26
Finally, the development of vaccinations was another major
breakthrough in our COVID-19 fight. Interestingly, Forgacs et al.
show that the SARS-CoV-2 infection behaves as an antigenic boost
that can augment the immunogenic response after COVID-19
vaccinations. The protective effect is largely mediated by the
production of neutralizing antibodies, but several of the papers in
this Topic discuss the need for standardized methods to evaluate
efficacy that may not be fully represented by neutralizing antibody
levels (Liu et al., Ravlić et al., Polvere et al.).The articles in this Topic
highlights the collective efforts of our scientists around the world in
developing antibody-based therapies for the prevention and
treatment of COVID-19.
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Background: Transfusion of COVID-19 convalescent plasma (CCP) containing high titers
of anti-SARS-CoV-2 antibodies serves as therapy for COVID-19 patients. Transfusions
early during disease course was found to be beneficial. Lessons from the SARS-CoV-2
pandemic could inform early responses to future pandemics and may continue to be
relevant in lower resource settings. We sought to identify factors correlating to high
antibody titers in convalescent plasma donors and understand the magnitude and
pharmacokinetic time course of both transfused antibody titers and the endogenous
antibody titers in transfused recipients.

Methods: Plasma samples were collected up to 174 days after convalescence from 93
CCP donors with mild disease, and from 16 COVID-19 patients before and after
transfusion. Using ELISA, anti-SARS-CoV-2 Spike RBD, S1, and N-protein antibodies,
as well as capacity of antibodies to block ACE2 from binding to RBD was measured in an
in vitro assay. As an estimate for viral load, viral RNA and N-protein plasma levels were
assessed in COVID-19 patients.

Results: Anti-SARS-CoV-2 antibody levels and RBD-ACE2 blocking capacity were
highest within the first 60 days after symptom resolution and markedly decreased after
120 days. Highest antibody titers were found in CCP donors that experienced fever. Effect
of transfused CCP was detectable in COVID-19 patients who received high-titer CCP and
had not seroconverted at the time of transfusion. Decrease in viral RNA was seen in two of
these patients.
org September 2021 | Volume 12 | Article 73903717
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Conclusion: Our results suggest that high titer CCP should be collected within 60 days
after recovery from donors with past fever. The much lower titers conferred by transfused
antibodies compared to endogenous production in the patient underscore the importance
of providing CCP prior to endogenous seroconversion.
Keywords: SARS-CoV-2, COVID-19, convalescent plasma for COVID-19 therapy, humoral immune response,
antiviral antibodies
HIGHLIGHTS

High-titer convalescent plasma can be collected from low-
severity outpatients with history of fever and typically within
60 days after symptom cessation. High-titer convalescent plasma
should be adminstered to COVID-19 patients before endogenous
seroconversion occurs.
INTRODUCTION

The COVID-19 pandemic is exacting a terrible toll on societies
and health systems worldwide. Transfusion of COVID-19
convalescent plasma (CCP) containing anti-SARS-CoV-2
antibodies may have therapeutic benefit for COVID-19
patients until more efficacious therapeutics are widely available.
CCP is also used as a source for purifying SARS-CoV-2-specific
immunoglobulins for more standardized antibody treatment
regimens (e.g. anti-coronavirus hyperimmune intravenous
immunoglobulin). In the United States, vaccines and
therapeutic monoclonal antibodies have been given emergency
use authorization by the Food and Drug Administration (FDA),
but logistical and financial limitations may limit the use of these
interventions, especially in low- and middle-income countries,
favoring the continued use of patient-derived antibody-based
therapies such as CCP. It is therefore crucial to assess the
magnitude and stability of serological responses in CCP donors
and define an ideal timeframe for CCP donation. While some
studies show SARS-CoV-2-specific B cells and detectable levels
of SARS-CoV-2-specific antibodies for several months after
infection (1–3), others have shown that antibody levels begin
to decrease as early as one month after symptom onset, especially
in less severely ill outpatients (4, 5). Although CCP efficacy in all
COVID-19 patients is equivocal (6–8), recent studies suggest that
high-titer CCP administered to patients early in disease course
may be protective (9–12), a practice also recently recommended
by the FDA (13). Since the majority of SARS-CoV-2-infected
individuals, and hence also potential CCP donors, are mildly ill
outpatients, we have sought to determine the patient
characteristics associated with higher antibody titers in these
individuals. Prior studies have lacked detailed time course data
for analyzing the kinetics of antibodies derived from CCP in
recipients, and for comparing the therapeutic antibody quantities
to those derived from the patient’s own humoral immune
response early during the disease course, to better understand
the potential benefits of early transfusion.
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METHODS

Clinical Specimens
Venipuncture blood samples from 93 COVID-19 convalescent
plasma (CCP) donors from the San Francisco Bay Area in
California who donated CCP at Stanford Blood Center from 4/
14/2020 to 8/25/2020, as well as from 16 COVID-19 patients
admitted to Stanford Hospital were collected in sodium heparin-
or K2EDTA-coated vacutainers and plasma was used for serology
testing, N-antigenemia testing, and rRT-PCR detection of
RNAemia. Plasma samples were stored at 4°C (short-term) or
-80°C (long-term). For three transfused COVID-19 patients, the
sampling timepoints were not ideal to assess whether the
transfused CCP influenced the recipient’s plasma antibody
levels (shown in Supplementary Figure 1). Retrospective chart
review was performed on all COVID-19 patients admitted to
Stanford Hospital. This study was approved by the Stanford
University Institutional Review Board (Protocols IRB-48973,
IRB-55689, and IRB-13952). All patients were transfused CCP
as a part of the National Convalescent Plasma Expanded Access
Protocol sponsored by the Mayo Clinic and approved by the
Stanford University Institutional Review Board (Protocol
IRB-56100).
ELISA to Detect Anti-SARS-CoV-2
Antibodies in Plasma Samples
The ELISA protocol used in the present study was described by
Röltgen et al. (4). In brief, ELISA plates were coated with SARS-
CoV-2 spike RBD, S1, or N protein at a concentration of 0.1 mg
per well (0.025 mg per well for the N protein IgG assay). Plasma
samples from CCP donors and COVID-19 patients were
incubated at a dilution of 1:100 for 1 hour. Anti-SARS-CoV-2
IgA, IgG, and IgM antibodies were detected using HRP
(horseradish peroxidase) conjugated goat anti-human IgG (g-
chain specific, catalog no. 62-8420, Thermo Fisher, 1:5,000
dilution), IgM (m-chain specific, catalog no. A6907, Sigma,
1:5,000 dilution), or IgA (a-chain specific, catalog no. P0216,
Agilent, 1:2,000 dilution). Development was done using 3,3′,5,5′-
Tetramethylbenzidine (TMB) substrate and optical density (OD)
at 450 nm was measured with a microplate reader and blank
values were subtracted from values obtained for plasma samples.
Seroconversion for each isotype/protein assay was defined as
values above mean ELISA ODs of 94 negative control samples
from healthy blood donors collected before the pandemic plus
three times their standard deviation (mean + 3 SD). All samples
were tested twice in independent experiments.
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Competition ELISA to Detect Antibodies
That Block Binding of ACE2 to RBD
The protocol for the competition ELISA procedure used here was
recently described by Röltgen et al. (4) In brief, plates were
coated with SARS-CoV-2 spike RBD protein and then incubated
with plasma samples at a dilution of 1:10 for 1 hour at room
temperature. Then, recombinant ACE2 joined to a mouse IgG2a
Fc (ACE2-mFc) at 0.5 µg/mL was added to the plasma sample for
another 45 minutes. After washing, RBD-ACE2-mFc was
detected using horseradish peroxidase conjugated anti-mouse
IgG. ELISA plates were developed and measured as described
above. A positive and a negative quality control (Access SARS-
CoV-2 IgG QC, QC1-QC2, catalog no. C58964, Beckman
Coulter) was included on each plate. OD values were
converted to ‘% ACE2 blocking’ using the following formula: %
ACE2 blocking = 100*(1-(sample OD - 0.2)/(QC1 OD – 0.2)),
taking into account the background noise of the assay of 0.2
which was determined by testing negative control plasma
samples that were collected before the pandemic. All samples
were tested two times in independent experiments.

Real-Time PCR for Detection of SARS-
CoV-2 RNA in Plasma Samples
The protocol for detection of SARS-CoV-2 RNA in plasma was
performed based on a published rRT-PCR assay targeting the
envelope (E) gene (14, 15). RNA was isolated from 400 mL of
EDTA-anticoagulated plasma using Qiagen EZ1 Virus Mini Kit
v2.0 (Qiagen German-town, MD). Ct values of positive tests with
this assay normally range from Ct <20 to 45 cycles. Testing of
plasma samples with a Ct value of 40 or higher were tested again
to ensure reproducibility of the positive result. No viral culture
was performed as part of this study, therefore, presence of SARS-
CoV-2 in tested plasma was defined as RNAemia.

Antigen Detection
SARS-CoV-2 nucleocapsid antigen was quantified using S-PLEX
Direct Detection Assay, S-PLEX SARS-CoV-2 N Kit (Catalog
#K150ADHS, Meso Scale Discovery [MSD], Rockville, MD),
according to manufacturer’s protocol. Raw signal was
converted to a concentration based on linear regression to the
7-point calibration curve. Cut off for positivity was calculated as
the mean value of 40 pre-pandemic plasma samples plus three
times the standard deviation.
Statistics
GraphPad Prism version 8.4.1 software (GraphPad Software, San
Diego, California, USA) was used to visualize data, analyze for
differences in antibody responses and N-antigenemia levels
between different timepoints to carry out linear regression of %
RBD-ACE2 blocking and antibody titers. Ordinary one-way
ANOVA test and Kruskal-Wallis test with Dunn’s multiple
comparison test was used to compare more than two groups
when samples either followed, or did not follow Gaussian
distribution, respectively. Unpaired t-test was used to compare
IgG levels and % RBD-ACE2 blocking in samples from symptom
positive versus negative patients, while no correction for multiple
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comparison was performed. Goodness of fit for linear regression
analyses was reported as the coefficient of determination (R2).
Correlation between antibody OD450 values, RNAemia, and
RBD-ACE2 blocking assay OD450 values were calculated as
Spearman correlations with the R cor function. Two-sided tests
with p<0.05 were considered as statistically significant.
RESULTS

Time After Recovery and Symptoms
Correlate to Humoral Immune Response in
Mildly Ill COVID-19 Convalescent Plasma
Donors
We studied the SARS-CoV-2-specific humoral immune response
in 172 CCP samples collected from 93 non-hospitalized outpatients
(Table 1). In contrast to earlier studies (4, 5), samples were
collected up to 174 days after convalescence. We measured IgM,
IgA, and IgG levels in the plasma of these donors against the SARS-
CoV-2 Spike S1 region, receptor binding domain (RBD) and
nucleocapsid antigen (N) using laboratory-developed ELISAs.
Anti-RBD titers decreased with time after symptom cessation
(Figure 1A). Antibody levels were highest in CCP donations
collected within two months after symptom resolution and were
markedly decreased after 120 days (Figure 1B). Similarly, antibody
titers waned with time for anti-S1 (Supplementary Figure 2).
Analysis of individual donors with four or more donation
timepoints clearly revealed that antibody signals consistently
decreased over time (Supplementary Figure 3).

Viral spike RBD interaction with human angiotensin-
converting enzyme 2 (ACE2) initiates SARS-CoV-2 entry into
host cells. We performed an RBD-ACE2 blocking ELISA to
measure the functional activity of plasma antibodies to block
RBD-ACE2 interaction. CCP donor anti-RBD IgG levels were
positively correlated to RBD-ACE2 blocking capacity and all
TABLE 1 | Non-hospitalized CCP donor demographics and clinical
characteristics.

Characteristics n = 93

Age, median (IQR) 48 (35-56)
Sex Female 28 (30.1%)

Male 65 (69.9%)
Symptom, N of individuals
(% present)

Fever 70 (75.3 %)
Cough 55 (59.1 %)
Body ache 36 (38.7 %)
Lethargy/Tiredness/Fatigue 29 (31.2 %)
Loss of smell/taste 20 (21.5 %)
Headache 19 (20.4 %)
Dyspnea 18 (19.4 %)

Number of timepoints,
N of individuals (% present)

1 timepoint 55 (59.1%)
2 timepoints 18 (19.4%)
3 timepoints 8 (8.6%)
4 timepoints 8 (8.6%)
>4 timepoints 4 (4.3%)
September 2021 | Volume 12 | Ar
CCP, COVID-19 convalescent plasma; IQR, interquartile range. The 12 samples from six
hospitalized CCP donors, as well as three samples from donors with no symptom
description, were excluded.
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samples with titers of at least 1:1600 exhibited RBD-ACE2
blocking activity, while only a subset of samples with lower
titers showed RBD-ACE2 blocking activity (Figure 1C). We also
measured anti-RBD IgM and IgA titers, which showed weaker
correlations to RBD-ACE2 blocking (Figures 1D, E). Similarly,
RBD-ACE2 blocking capacity was significantly higher in CCP
samples collected within 60 days post symptom (Figure 1F).
Frontiers in Immunology | www.frontiersin.org 410
Together, this further emphasized the importance of CCP
donations early after recovery.

Identifying CCP donor factors associated with high antibody
titers would contribute to more efficient donor recruitment
strategies. We therefore explored whether certain symptoms
reported in our cohort of mildly ill outpatients (Table 1)
correlated with anti-RBD IgG levels (Figure 1G) and
A B

D

E

F

G

H

C

FIGURE 1 | Time after recovery and symptoms correlate to humoral immune response in mildly ill COVID-19 convalescent plasma donors. (A) Titers of SARS-CoV-
2 RBD-specific IgG, IgM, and IgA in the plasma of 93 COVID-convalescent plasma (CCP) donors (172 individual samples) decrease over time after symptom
cessation. (B) Antibody titers begin to decrease after 120 days. (C–E) Titers of IgG (C), IgM (D), and IgA (E) were correlated to RBD-ACE2 blocking activity (in %,
left panel). The percentage of cases with any detectable RBD-ACE2 blocking activity is shown for each titer (right panel). (F) RBD-ACE2 blocking capacity (in %) over
time shown for all cases (left panel) and separated in bins of 60 days (right panel). (G, H) Comparison of RBD-specific IgG titers (G) (Absorbance, OD450) and RBD-
ACE2 blocking activity (H) in symptom positive versus negative cases for most common reported symptoms.
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RBD-ACE2 blocking capacity (Figure 1H). Interestingly, fever
was the only symptom that distinguished CCP donors with
higher levels of anti-RBD IgG and RBD-ACE2 blocking
activity (Figures 1G, H). Similarly, increased anti-S1 and
anti-N IgG antibodies were found in patients with fever (data
not shown).

SARS-CoV-2-Specific Antibody Levels,
Viral N-Antigenemia and RNAemia in
COVID-19 Patients Before and After
Convalescent Plasma Therapy
Several reports showed the benefits of CCP transfusions at early
times during the disease course for patients infected with SARS-
CoV-2 (9–12, 16), likely because CCP was transfused before
these patients seroconverted. We therefore aimed to understand
the patients’ immune response at the time of transfusion, analyze
potential immediate biological effect of CCP transfusions, and
compare these to the endogenous response. To address this, we
measured anti-SARS-CoV-2 antibodies, RBD-ACE2 blocking
functional antibody levels, viral RNAemia and N-antigenemia
in a group of 16 COVID-19 inpatients prior to CCP transfusion
and daily for up to one week thereafter (Patient information,
Table 2). Increases in antibody levels one day after CCP
transfusion were observed in four COVID-19 patients who had
not yet seroconverted and who received CCP units with high
levels of specific IgG antibodies (Figure 2A). Anti-RBD IgG
Frontiers in Immunology | www.frontiersin.org 511
antibody titer increased immediately after the transfusion,
followed by a plateau or slight decrease; we attribute this
serological response to the CCP transfusion.

In contrast, CCP was transfused in nine patients either near
the timepoint of anti-RBD IgG seroconversion (Figure 2B), or
who already developed high antibody titers and RBD-ACE2
blocking activity (Figure 2C). Here, it is difficult to separate
the serological effect of the transfused CCP from the patients’
own response. For three patients, the sampling timepoints were
not suitable to assess whether the transfused CCP influenced the
recipient’s plasma antibody levels (Supplementary Figure 1).
Similar results were found when we measured titers of antibodies
specific for Spike S1 region and N-antigen in these patients
(Supplementary Figure 4). With the plasma dilution used in our
experiment, two patients reached maximal RBD-ACE2 blocking
activity between one and two weeks after symptom onset, as a
result of their own serological response.

With the aim to assess an effect of the transfused plasma,
N-antigen and viral RNA levels in the blood were measured to
estimate viral load. N-antigenemia was found in 93.75% (15/16) and
RNAemia in 75% (12/16) of patients (Figure 2, Supplementary
Figure 1). Inversely correlating with their serological responses,
N-antigenemia and RNAemia were reduced in all patients over the
course of their illness (Figure 2, Supplementary Figure 1).
Interestingly, two patients (1 and 14) who received CCP before
seroconversion showed reduced RNAemia immediately following
CCP transfusion (Figure 2A), potentially supporting efficacy of
early CCP administration. Over the course of the study period, N-
antigenemia was becoming undetectable for 40% (6/15) of the
patients while RNAemia resolved in 75% (9/12) of previously
positive patients. The persistence of low levels of declining viral
RNA and protein in the blood of seroconverted patients could be
due to the antibodies not yet having achieved the concentrations
needed to fully bind and opsonize the remaining viral proteins in
the body. Antibody titers negatively correlated to N-antigen levels in
these patients (Supplementary Figure 5A) and level of N-antigen at
timepoint of transfusion distinguished hospitalized patients where
CCP was given before seroconversion (Supplementary Figure 5B).
DISCUSSION

Here, we studied the immune response to SARS-CoV-2 infection in
mildly ill outpatients that donated COVID-19 convalescent plasma
(CCP). High titer plasma important for transfusion was mainly
found within 60 days after symptom cessation and in patients that
had fever. Furthermore, we analyzed whether transfused CCP can
be detected and has a direct effect on viral antigens and viral RNA
levels in 16 hospitalized COVID-19 patients. An effect was found
only in those individuals that did not seroconvert yet.

Logistical and financial limitations may still limit the use of
vaccines and therapeutic monoclonal antibodies, especially in
low- and middle-income countries, favoring the continued use of
patient-derived antibody-based therapies such as CCP. Here, we
aimed to identify donor factors associated with high antibody
titers to improve CCP donor recruitment strategies. For this,
TABLE 2 | Demographics and clinical characteristics of 16 CCP-treated COVID-
19 patients.

Characteristics Admitted,
non-ICU
(n = 4)

Admitted,
ICU (n = 8)

Admitted, ICU,
Deceased (n = 4)

Patient number 1, 13, 15,
16

4, 7, 8, 9, 10,
11, 12, 14

2, 3, 5, 6

Age, mean 49 51 61
Sex (%) Female 3 (75) 2 (25) 1 (25)

Male 1 (25) 6 (75) 3 (75)
Symptom,
N of individuals
(% present)

Dyspnea 3 (75) 6 (75) 2 (50)
Fever 2 (50) 5 (62.5) 2 (50)
Cough 3 (75) 2 (25) 3 (75)
GI 3 (75) 3 (37.5) 1 (25)
Myalgia 2 (50) 2 (25) 1 (25)
Chills 2 (50) 1 (12.5) 1 (25)
Fatigue 0 (0) 1 (12.5) 1 (25)
Confusion 0 (0) 2 (25) 0 (0)
Headache 1 (25) 0 (0) 0 (0)

Comorbidities,
N of individuals
(% present)

Obesity 2 (50) 4 (50) 1 (25)
Diabetes
mellitus

2 (50) 4 (50) 3 (75)

Hypertension 1 (25) 5 (62.5) 4 (100)
Asthma 1 (25) 2 (25) 0 (0)

Mechanical ventilation (%) 0 (0) 4 (50) 4 (100)
Admission, days post
symptoms, mean

5 4 7

Length of hospital stay, mean 13 29 38
CCP therapy, days post
symptoms, mean

7 8 8

Seroconverted before CCP
therapy, N of individuals (%)

2 (50) 6 (75) 4 (100)
CCP, COVID-19 convalescent plasma; ICU, intensive care unit.
September 2021 | Volume 12 | Article 739037

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wirz et al. Use of COVID-19 Convalescent Plasma
we first assessed titers of SARS-CoV-2 Spike-RBD, -S1, and
N-specific antibodies in relation to symptom cessation.

Antibody titers continuously waned after symptoms ended
with most marked decrease after 120 days. Our data indicated
that CCP collected within 60 days after symptom resolution is
most likely to maximize antibody levels for transfusion. While we
studied mildly ill outpatient which make up the majority of
Frontiers in Immunology | www.frontiersin.org 612
SARS-CoV-2 infected individuals and hence potential blood
donors, a similar timeframe for collecting high titer plasma
was also suggested for more severely ill patients (17). In
addition, we also measured the functional activity of antibodies
to block RBD-ACE2 interaction. Results from the here used
RBD-ACE2 blocking assay closely correlate with a SARS-CoV-2
pseudotyped virus neutralization assay (4). RBD-ACE2 blocking
A

B

C

FIGURE 2 | SARS-CoV-2-specific antibody titers, viral N-antigenemia and RNAemia in COVID-19 patients before and after convalescent plasma therapy. Absorbance
level of SARS-CoV-2 RBD-specific IgG, IgM, and IgA (1:100 diluted plasma samples), titer of RBD-specific IgG, ACE2 blocking activity (in %), as well as levels of N-
antigenemia, and RNAemia are shown for patients that received COVID-19 convalescent plasma (CCP) before (A), during (B), or after seroconversion (C). Timepoints of
CCP transfusion are indicated by black arrows.
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activity was found in all plasma units with an anti-RBD IgG titer
of at least 1:1600. This is concordant with a recent study where
similar IgG titers were associated with efficient virus
neutralization (5). Since anti-RBD antibodies of IgM and IgA
isotypes showed weaker correlation to RBD-ACE2 blocking
activity, we concluded that anti-RBD IgG titers were the best
correlate for virus-neutralizing activity.

In our donor cohort consisting of mildly ill outpatients, we
found that fever was the only symptom correlating to higher
antibody levels. While dyspnea was relatively rare among our
studied cohort (19.4%), a recent study including CCP donors
that were more severely ill found increased antibody levels
among patients with dyspnea (5).

Several trials have studied the benefit of high titer CCP
transfusions on COVID-19 outcome with median duration of
symptoms at day of transfusion ranging from 3 to 30 days (10,
18–20). The importance of transfusions at early times during the
disease course has been noted for patients infected with
SARS-CoV-2 (9–12, 16), and also for SARS-CoV (21). The
benefits from CCP transfusion are likely to be greatest for patients
who have not yet seroconverted, if the patient’s endogenous
neutralizing antibody response is greater in magnitude than the
transfused antibody quantity. It is therefore critically important to
understand the patients’ immune response at the time of
transfusion, analyze the immediate biological effect of CCP
transfusions, and compare these to the endogenous response.
Sampling COVID-19 patients before and daily up to one week
after the CCP transfusion allowed to detect transfused antibodies in
four of the studied COVID-19 patients that did not seroconvert yet.
At later times afterwards, a rapid increase in antibody levels was
seen, very likely reflecting the patients’ own endogenous antibody
production and seroconversion. At the same time when we
observed the endogenous antibody increase, N-antigenemia and
RNAemia resolved in most patients. While the four patients who
received CCP before seroconversion recovered from COVID-19,
our analysis was not designed to evaluate the efficacy of CCP
transfusions. These findings, however, are in line with previous
studies showing reduced fatal disease outcomes when CCP was
administered early after symptom onset and before seroconversion
(10, 11, 16, 21). In contrast, little clinical effect was seen when CCP
was transfused more than 14 days after symptom onset (12, 18, 22,
23), likely because at this timepoint the patients already
seroconverted with high antibody levels (4). The data are
consistent with a role for early CCP administration as a bridging
therapy until the patient mounts their own humoral immune
response. Standardized serological testing, as opposed to temporal
assessment of symptomatology, would be a more mechanistically
supported approach to determine patient eligibility for
CCP administration.

Limitations of this study include the relatively low number of
CCP-treated COVID-19 patients and non-seroconverted patients
at time of transfusion. Because most patients seroconvert during
infection, the small volume of a unit of CCP (200-300 ml)
compared to total plasma volume of patients make it difficult to
detect increases in specific antibodies after transfusion in
seroconverted patients. We note that we studied outpatient CCP
Frontiers in Immunology | www.frontiersin.org 713
donors, who may have had lower antibody levels compared to
inpatients (4).

In this study, we demonstrated that anti-SARS-CoV-2 antibody
levels and RBD-ACE2 blocking ability in plasma from outpatient
donors were highest within the first two months after symptom
resolution, strongly favoring CCP collection early after donor
recovery. Donors who had fever during infection had elevated anti-
SARS-CoV-2 antibody levels; this criterion may help CCP donor
outreach strategies to identify donors with high antibody levels.
We showed that increased antibody levels after CCP transfusion
were only detected in patients who had not seroconverted at the time
of administration, providing a mechanistic basis that could explain
why the clinical benefit of CCP therapy appears to be greatest in
recipients who are treated soon after symptom onset. In our view,
transfusion prior to the patient’s own seroconversion should be
considered the relevant clinical goal, informed by rapid serological
testing in evaluating the potential benefit of convalescent plasma
transfusion in individual patients. This study was performed before
the widespread occurrence of viral variants. As new variants continue
to emerge, the inter- and intra-strain effectiveness of CCP transfusion
should be assessed. Further efforts should be directed at studying the
efficacy of CCP administration in COVID-19 patients who have
already seroconverted but are still early in the disease course. Use of
CCP in immunocompromised patients warrants further study, as this
group may stand to benefit the most from the treatment (24, 25).
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Supplementary Figure 1 | Measurements in three additional COVID-19 patients.
Titers of SARS-CoV-2 RBD-specific IgG, IgM, and IgA, RBD-specific IgG titers,
RBD-ACE2 blocking activity (in %), as well as levels of N-antigenemia, and RNAemia
are shown for three patients for whom available sample timepoints were not suitable
to assess whether the patients had seroconverted before CCP transfusion.
Timepoint(s) of CCP transfusion are indicated by black arrows.

Supplementary Figure 2 | Titers of SARS-CoV-2 RBD-specific, S1-specific and
N-specific IgG, IgM, and IgA antibodies. Titers of SARS-CoV-2 RBD-specific, S1-
specific and N-specific IgG, IgM, and IgA antibodies (Absorbance at OD450) plotted
versus timepoint post symptom cessation.

Supplementary Figure 3 | Titers of SARS-CoV-2 RBD-specific, S1-specific and
N-specific IgG, IgM, and IgA antibodies for individual donors with multiple
timepoints. Titers of SARS-CoV-2 RBD-specific, S1-specific and N-specific IgG,
IgM, and IgA antibodies (Absorbance at OD450) plotted versus timepoint post
symptom cessation for a selection of donors with > 3 samples.

Supplementary Figure 4 | SARS-CoV-2 S1/N-specific antibody titers in COVID-
19 patients who received convalescent plasma. Levels of SARS-CoV-2 S1/N-
specific IgG, IgM, and IgA antibodies (Absorbance at OD450) are shown for patients
who received COVID-convalescent plasma (CCP) before (A), during (B), or after
seroconversion (C). (D) Shows three patients for whom available sample timepoints
were not suitable to assess if patients already seroconverted before CCP
transfusion. Timepoint(s) of CCP transfusion indicated by black arrow.

Supplementary Figure 5 | N-antigenemia levels negatively correlate with
developing immune response. (A) Viral N-antigenemia levels for all samples from
COVID-19 patients correlated with (from left to right) RBD-specific IgG titers, RBD-
specific IgG Absorbance OD450, N-specific IgG Absorbance OD450, and RBD-
ACE2 blocking capacity. Reduced N-antigenemia in samples correlated with
developing immune response. (B) Levels of N-antigenemia in collected plasma from
COVID-19 patients distinguished patients that received CCP before, during or after
seroconversion.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a global
pandemic of novel coronavirus disease (COVID-19). Though vaccines and neutralizing
monoclonal antibodies (mAbs) have been developed to fight COVID-19 in the past year,
one major concern is the emergence of SARS-CoV-2 variants of concern (VOCs). Indeed,
SARS-CoV-2 VOCs such as B.1.1.7 (UK), B.1.351 (South Africa), P.1 (Brazil), and
B.1.617.1 (India) now dominate the pandemic. Herein, we found that binding activity
and neutralizing capacity of sera collected from convalescent patients in early 2020 for
SARS-CoV-2 VOCs, but not non-VOC variants, were severely blunted. Furthermore, we
observed evasion of SARS-CoV-2 VOCs from a VH3-30 mAb 32D4, which was proved to
exhibit highly potential neutralization against wild-type (WT) SARS-CoV-2. Thus, these
results indicated that SARS-CoV-2 VOCs might be able to spread in convalescent
patients and even harbor resistance to medical countermeasures. New interventions
against these SARS-CoV-2 VOCs are urgently needed.

Keywords: COVID-19, SARS-CoV-2 variants, neutralizing mAb, convalescent sera, antibody response
INTRODUCTION

As the causative agent of COVID-19, SARS-CoV-2 has caused a global pandemic with more than
211.28 million cases and 4.42 million fatalities as of August 24, 2021 (1). The SARS-CoV-2 utilizes
its spike (S) protein, including the surface subunit S1 and the transmembrane subunit S2, for
receptor binding and virus entry. Specifically, the S1 domain binds to the cellular receptor
angiotensin-converting enzyme 2 (ACE2) via its receptor binding domain (RBD). The
engagement of ACE2 with RBD further leads to the shedding of S1 subunit from S2 subunit,
which promotes S2-mediated virus–host membrane fusion and virus entry (2, 3). Given the critical
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role of RBD protein in initiating SARS-CoV-2 infection, it
becomes one primary target of neutralizing antibodies elicited
by both natural infection and vaccination (4–6).

However, one major concern is the emergence of SARS-CoV-2
variants of concern (VOCs), in particular, with mutation(s) located
in the RBD region (7, 8). These SARS-CoV-2 VOCs threaten efforts
to contain the COVID-19 pandemic and include B.1.1.7 (N501Y in
RBD) (9), B.1.351 (K417N, E484K, and N501Y in RBD) (10), P.1
(K417T, E484K and N501Y in RBD) (11), and B.1.617.1 (L452R
and E484Q in RBD) (12). Indeed, these SARS-CoV-2 VOCs harbor
transmission advantage over non-VOC variants and account more
than 90% of currently sequenced SARS-CoV-2 viruses (8). To
address the potential neutralization escape caused by these
mutations in RBD, we analyzed the binding activity and
neutralizing capacity of serum collected from a cohort of
convalescent patients with different clinical symptoms in early
2020 against SARS-CoV-2 VOCs as well as non-VOC variants. In
addition, we profiled the neutralizing capacity of one previously
reported VH3-30 monoclonal antibody (mAb) against SARS-CoV-
2 VOCs and non-VOC variants.
MATERIALS AND METHODS

Human Samples
We enrolled a cohort of 28 convalescent COVID-19 patients
with severe (n = 11), moderate (n = 9), and mild/asymptomatic
(n = 8) symptoms upon being admitted to Guangzhou Eighth
People’s Hospital. All COVID-19 patients were positive for
SARS-CoV-2 virus RNA qPCR test upon hospital admission.
COVID-19 patients were diagnosed as severe when meeting at
least one of the following conditions: (1) RR ≥ 30/min, (2) PaO2/
FiO2 ≤ 300 mmHg, (3) SpO2 ≤ 93%, and (4) imageological
evidence of significant progress (>50%) in 24–48 h. COVID-19
patients with moderate symptoms were diagnosed by respiratory
symptoms, fever, and imageological evidence of pneumonia. The
mild COVID-19 patients were diagnosed by inapparent clinical
symptoms and no imageological evidence of pneumonia. The
asymptomatic COVID-19 patients were those who show no
clinical symptoms. These patients were enrolled 15 to 32 days
after symptom onset (January to March 2020); the medium age
was 58 [43–64, interquartile range (IQR)] years; 60.7% were
female; serum was collected from patients during convalescence
and the time between symptom onset to serum sample collection
was 23 (15–32, IQR) days. Healthy control subjects were six adult
participants in the study. All the healthy control subjects were
negative for SARS-CoV-2 virus RNA qPCR test upon blood-
sampling collection (Supplementary Table S1). Sera were
collected from blood without sodium citrate treatment and
stored in aliquots at −80°C. The study received IRB approvals
at Guangzhou Eighth People’s Hospital (KE202001134).

Enzyme Linked Immunosorbent Assay
Fifty nanograms of SARS-CoV-2 RBD proteins of WT strain
(Sino Biological, 40592-V08H), B.1.1.7 (Sino Biological, 40592-
V08H82), P.1 (Sino Biological, 40592-V08H86), B.1.351 (Sino
Frontiers in Immunology | www.frontiersin.org 217
Biological, 40592-V08H85), and B.1.617.1 (Sino Biological,
40592-V08H88) as well as RBD proteins with point mutation
such as W436R (Sino Biological, 40592-V08H9), F342L (Sino
Biological, 40592-V08H6), V483A (Sino Biological, 40592-
V08H5), K458R (Sino Biological, 40592-V08H7), A435S (Sino
Biological, 40592-V08H4), N354D (Sino Biological, 40592-
V08H2), G476S (Sino Biological, 40592-V08H8), and V367F
(Sino Biological, 40592-V08H1) in 50 ml PBS per well was coated
on ELISA plates overnight at 4°C. Then, the ELISA plates were
blocked for 1 h with blocking buffer (5% FBS plus 0.05% Tween
20). Next, fivefold serially diluted mAbs or fivefold serially
diluted patient sera were added to each well in 50 ml of
blocking buffer for 1 h. After washing with PBST, the bound
antibodies were incubated with anti-human IgG HRP detection
antibody (Bioss Biotech) for 45 min, followed by washing with
PBST and then reacting with TMB (Beyotime). The ELISA plates
were allowed to react for 5 min and then stopped by 1 M H2SO4

stop buffer. The optical density (OD) value was determined at
450 nm. Concentration for 50% of maximal effect (EC50) was
calculated by using nonlinear regression.

ELISA-Based Receptor-Binding
Inhibition Assay
Two hundred nanograms of hACE2 protein (Sino Biological,
10108-H05H) in 50 ml PBS per well was coated on ELISA plates
overnight at 4°C. Then, the ELISA plates were blocked for 1 h
with blocking buffer (5% FBS plus 0.05% Tween 20); meanwhile,
threefold serial diluted mAbs or twofold diluted patient sera were
incubated with 0.2 mg/ml SARS-CoV-2 RBD protein for 1 h.
Then, the incubated mixtures were added to ELISA plates and
allowed to develop for 1 h, followed by PBST washing and anti-
His HRP antibody (Sino Biological, 105327-MM02T-H)
incubating for 45 min. Next, the ELISA plates were washed
with PBST and added with TMB (Beyotime). After 5 min, the
ELISA plates were stopped and determined at 450 nm. The half
maximal inhibitory concentration (IC50) was determined by
using four-parameter logistic regression.

SARS-CoV-2 Pseudovirus Neutralization
Assay
For neutralization experiments, SARS-CoV-2 pseudotype
particles were pre-incubated with serial diluted convalescent
sera or mAbs for 1 h at 37°C. Then, hACE2-expressing HEK-
293T (hACE2/293T) cells were incubated with the mixtures
overnight and then cultured with fresh media. At 48 h after
the mixture incubation, the luciferase activity of SARS-CoV-2
typed pseudovirus-infected hACE2/293T cells were measured by
a luciferase reporter assay kit (Promega, E1910).

Statistics
The SARS-CoV-2 RBD antibody titers, the virus neutralizing
function of the sera belonging to patients, and the virus
neutralizing function of mAb 32D4 were compared with the
one-way ANOVA test. p-values less than 0.05 were defined as
statistically significant. GraphPad Prism version 6.0 software was
used for statistical analysis.
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RESULTS

Reduced Titer of Sera Antibodies Specific
for SARS-CoV-2 VOC RBD in Individuals
Recovered From WT SARS-CoV-2
Infection
Firstly, we examined the binding activity of antibodies that
specifically bind to the RBD protein of WT SARS-CoV-2 strain
and the mutated RBD proteins of SARS-CoV-2 VOCs (including
B.1.1.7, B.1.351, P.1, and B.1.617.1) (Figure 1A) in the
convalescent sera of WT SARS-CoV-2-infected patients (early
2020) by IgG ELISA. Notably, we found a significantly lower
binding activity of antibodies specific for B.1.351, P.1, and
B.1.617.1 RBDs but not B.1.1.7 RBD when compared to those
of the WT one in the group of convalescent COVID-19 patients
with severe illness (Figure 1B). This feature was less pronounced
when extended to convalescent COVID-19 patients with
moderate or mild/asymptomatic illness (Figures 1C–E), which
might be due to the suboptimal tonic RBD-specific antibodies in
these patients (4, 13). Consistently, binding ability of
convalescent sera from COVID-19 patients with severe illness
Frontiers in Immunology | www.frontiersin.org 318
against SARS-CoV-2 VOCs, albeit blunted, was superior to those
of COVID-19 patients with moderate or mild/asymptomatic
illness (Supplementary Figures S1A–E). Therefore, these
results suggest a crucial role of residues N501, E484, L452, and
K417 in epitope regions of high-affinity antibodies specific for
SARS-CoV-2 RBD.

Reduced Neutralization Against SARS-
CoV-2 VOCs by Convalescent Sera Elicited
by WT SARS-CoV-2 Infection
We then assessed the neutralizing capacity of convalescent sera
from WT SARS-CoV-2-infected patients with severe illness by
ELISA-based RBD-ACE2 binding inhibition assays and
pseudovirus neutralization assays as previously described (4,
14). Neutralization against B.1.1.7 by convalescent sera was
slightly less efficient as compared to that against WT
(Figures 1F, G), which might be due to higher ACE2 binding
ability observed in B.1.1.7 (Figure 1H). However, the
neutralizing potency of convalescent sera against B.1.351, P.1,
and B.1.617.1 was significantly reduced when compared to that
against WT (Figures 1F, G). Given the comparable ACE2
A B

D E

F G H

C

FIGURE 1 | Neutralization of SARS-CoV-2 VOCs by convalescent sera. (A) Schematic diagram showing the location of mutations of SARS-CoV-2 VOCs in the
context of RBD protein domain. RBD, receptor binding domain; RBM, receptor binding motif; TD, transmembrane domain. (B–E) ELISA binding assay of COVID-19
convalescent patient sera (B–D) or healthy donor sera (E) to ELISA plate coating of RBD proteins of SARS-CoV-2 and its mutated variants as indicated. AUC, area
under the curve. (F) COVID-19 convalescent patient serum-mediated inhibition of indicated RBD proteins binding to ACE2 protein by ELISA. NT50, neutralizing titer
50. (G) COVID-19 convalescent patient serum-mediated neutralization of indicated SARS-CoV-2 pseudoviruses. NT50, neutralizing titer 50. (H) ELISA binding assay
of ACE2 to indicated RBD proteins. EC50, concentration for 50% of maximal effect. The data are representative of at least two independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. Not significant, ns. Error bars in (H) indicate SD.
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binding ability between WT and VOCs (including B.1.351, P.1,
and B.1.617.1) (Figure 1H), the noticeable resistance of these
VOCs to convalescent sera was likely caused by the lack of
binding ability to the RBD with E484K, L452R, and K417N/T
mutations (Figure 1B). Thus, SARS-CoV-2 VOCs may partially
evade the neutralization by antibodies elicited by the WT
strain infection.

Similar Binding Activity and Neutralizing
Capacity of Convalescent Sera for
SARS-CoV-2 Non-VOC Variants
Considering a substantial transmission disadvantage of
SARS-CoV-2 non-VOC variants in the COVID-19 pandemic
(15), we next sought to analyze the neutralizing potency of
convalescent sera against non-VOC variants with a different
RBD mutation, including F342L, N354D, V367F, A435S,
W436R, K458R, G476S, and V483A (Figure 2A). We found it
of particular interest that the binding and neutralizing ability of
specific antibodies in convalescent serum for the RBD of SARS-
CoV-2 non-VOC were not weaker than those for the WT RBD
(Figures 2B, C). This finding indicates minimal influences of
these mutations to the neutralizing activity of SARS-CoV-2
RBD-targeted mAbs and also excludes the possibility that the
SARS-CoV-2 pandemic shifts to these non-VOC variants.

Neutralization Sensitivity of a VH3-30 mAb
32D4 to SARS-CoV-2 Variants
Finally, we set out to determine the neutralizing capacity of 32D4
mAb on these SARS-CoV-2 variants. The 32D4 mAb, isolated
from memory B cells of WT SARS-CoV-2-infected patients, is
one of the first identified human neutralizing mAbs that target
SARS-CoV-2 RBD (14). As analyzed by IMGT (16), the 32D4
Frontiers in Immunology | www.frontiersin.org 419
mAb is encoded by the IGHV3-30 gene (Figure 3A), which is
one of the most enriched IGHV genes used by RBD-targeting
antibodies and thus characterizes one binding mode of RBD-
targeting antibodies (17). As shown, the 32D4 mAb showed high
binding affinity for SARS-CoV-2 VOCs, with EC50 values of
0.0207 mg/ml for B.1.1.7, 0.0153 mg/ml for B.1.351, and 0.0161
mg/ml for P.1 (Figure 3B). However, the binding affinity of 32D4
for B.1.617.1 was severely blunted and the EC50 value was
increased to 1.9450 mg/ml (Figure 3B), indicative of a key role
of the residue L452 for the 32D4 binding epitope. Besides, 32D4
was less effective in inhibiting B.1.1.7, B.1.351, and P.1 to engage
with ACE2 as compared to the WT one and completely failed to
block interaction between B.1.617.1 and ACE2 as evidenced by
functional ELISA assays (Figure 3C) . Consistently,
neutralization of mAb 32D4 against SARS-CoV-2 B.1.351
pseudoviruses was also blunted (Figure 3D). Along with our
finding, recent studies also found that the neutralizing activity of
several mAbs, including those being approved or in the late
clinical stage, was abolished by SARS-CoV-2 VOCs (8, 18–20).
In contrast, the binding and neutralizing ability of 32D4 mAb for
SARS-CoV-2 non-VOC variants were largely unaffected
(Figures 3E, F). Thus, these results suggest that neutralizing
mAb targeting the SARS-CoV-2 WT protein sequence might be
re-examined whether they are suitable as prophylaxis or
treatment for individuals infected with SARS-CoV-2 VOCs.
DISCUSSION

The circulating SARS-CoV-2VOCs, including B.1.1.7, B.1.351, P.1, and
B.1.617.1, have takenamajor toll on theglobal control of theCOVID-19
pandemic. Indeed, accumulating evidence suggested reduced
A B

C

FIGURE 2 | Neutralization of SARS-CoV-2 non-VOC variants by convalescent sera. (A) Schematic diagram presenting the location of mutations of non-VOC variants
in the context of RBD protein domain. (B) ELISA binding assay of sera originated from COVID-19 patients with severe illness to ELISA plate coating of RBD proteins
of WT RBD and its mutated variants as indicated. (C) COVID-19 convalescent patient serum-mediated inhibition of indicated RBD proteins binding to ACE2 protein
by ELISA. The data are representative of at least two independent experiments. Not significant, ns.
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neutralizationagainst SARS-CoV-2VOCsby convalescent sera elicited
by SARS-CoV-2D614G variant (20, 21) or SARS-CoV-2 B.1.1.117
variant (22), sera from mRNA-1273- or BNT162b2-vaccinated
individuals (5, 20, 21, 23), and FDA-approved neutralizing mAbs
(8, 18). In the study, we also found attenuated neutralization
capacity against SARS-CoV-2 VOCs, especially B.1.351, P.1, and
B.1.617.1, by sera collected from convalescent patients in the early
2020 or by a VH3-30mAb 32D4 isolated from thememory B cells
of these convalescent patients.

Neutralization resistance of B.1.1.7 to convalescent sera and
mAb 32D4 was not noticeable as compared to that of other
VOCs in our study. This dichotomous neutralization resistance
was also reported by other studies (24, 25) and seems paradoxical
to the increased affinity between the B.1.1.7 RBD with a single
N501Y mutation and ACE2 observed in our study and previous
studies (17, 26). However, we and another group (23) found that
SARS-CoV-2-specific mAbs show partial or complete loss of
binding to RBD with E484K substitution but not N501Y
substitution. Besides, diminished neutralization capacity
of convalescent sera and neutralizing mAbs was mainly caused
Frontiers in Immunology | www.frontiersin.org 520
by single mutation at residue E484 but not N501 (18, 23, 25).
Thus, RBD E484 residue is a crucial binding site for mAbs and
VOCs with mutation at E484 (E484K for B.1.351 and P.1; E484Q
for B.1.617.1) show enhanced neutralization resistance.

The VH3-30 gene is one of the most-enriched IGHV genes
used by RBD-targeting neutralizing mAbs elicited by natural
infection (17, 27) and vaccination (28). SARS-CoV-2-specific
neutralizing mAbs with VH3-30 gene, exemplified by
REGN10987 (17, 29), C002 (17), and 32D4 in the study, are
characterized by a similar binding mode to some extent (17, 30)
and consequent mutational escape of SARS-CoV-2 variants.
REGN10987 is suggested to be escaped by SARS-CoV-2
variants with mutations ranging from N439 to N453 within
RBD, especially K444Q and V445A (31). The L452 residue is a
key recognizing site for C002 (17). Here, we also found the losing
binding and neutralization of 32D4 to B.1.617.1 variant with
L452R substitution. In addition to B.1.617.1, other VOCs (e.g.,
B.1.1.7, B.1.351, and P.1) also partially escape neutralization by
32D4. The mechanism underlying the escape of VOCs to 32D4-
mediated neutralization awaits further structural analysis.
A B

D

E F

C

FIGURE 3 | Neutralization of SARS-CoV-2 variants by a VH3-30 mAb 32D4. (A) IMGT Collier de Perles for 32D4. (B) ELISA binding assay of mAb 32D4 to RBD
proteins of WT and VOCs. EC50, concentration for 50% of maximal effect. (C) ELISA analysis of mAb 32D4-mediated inhibition of WT and VOC RBD proteins
binding to ACE2 protein. IC50, half maximal inhibitory concentration. (D) 32D4-mediated neutralization of indicated SARS-CoV-2 pseudoviruses. IC50, half maximal
inhibitory concentration. (E) ELISA binding assay of mAb 32D4 to RBD proteins of WT and non-VOC variants. EC50, concentration for 50% of maximal effect. (F)
ELISA analysis of mAb 32D4-mediated inhibition of WT and non-VOC RBD proteins binding to ACE2 protein. IC50, half maximal inhibitory concentration. *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. The data are representative of at least two independent experiments. Error bars in (B–D, F) indicate SD.
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Convalescent plasma or sera transfusion has been highlighted
as a promising therapy in fighting newly emerged viral infections.
Indeed, transfusion of convalescent plasma harvested from
recovered COVID-19 patients is reported to be beneficial in
treating critically ill patients with SARS-CoV-2 infection (32–35).
Given the neutralization resistance of SARS-CoV-2 VOCs to
convalescent sera collected from individuals infected with WT
SARS-CoV-2 infection in early 2020, transfusion of these
convalescent sera might not be suitable in treating COVID-19
patients infected with SARS-CoV-2 VOCs. Consistently, Cele et al.
found that the B.1.351 variant was poorly neutralized by plasma
from individuals infected with non-VOC B.1.1.117 (22). By
contrast, cross-neutralization of non-VOC B.1.1.117 by plasma
from those infected with B.1.351 was more effective (22). These
results suggest the potential neutralization of plasma from SARS-
CoV-2 VOC-infected individuals to WT, other VOCs, and non-
VOC variants, which awaits further investigation.

As with other RNA viruses such as influenza and HIV, SARS-
CoV-2 is also characterized by antigenic drift (17). In addition to
E484K, L452R, and K417N/T mutations, numerous RBD
mutations (including F342L, N354D, V367F, A435S, W436R,
K458R, G476S, and V483A) have also been detected in non-VOC
variants (36, 37). Though these RBD mutants show significantly
increased affinity to hACE2 (36, 37), we found largely unaffected
neutralizing potencies of convalescent sera and mAb 32D4
against SARS-CoV-2 variants with relevant RBD mutation.
These results might explain the rare cases of these non-VOC
variants during the COVID-19 pandemic and further indicated a
crosstalk between human host immune pressure and SARS-
CoV-2 variant selection.

Taken together, our study presents the comparison of
sensitivity of SARS-CoV-2 VOC and non-VOC variants to
neutralization by convalescent sera and a VH3-30 mAb from
convalescent patients in the early 2020. Although these results
are based on functional ELISA assays and pseudovirus assays and
await confirmation with authentic SARS-CoV-2, the ELISA/
pseudovirus assays have been proven to be free of biosafety
issue but as reliable as the canonical plaque assay with authentic
SARS-CoV-2 (4, 38–41). The results suggest that SARS-CoV-2
VOCs might be able to spread in convalescent patients and even
harbor resistance to medical countermeasures. Indeed, we
observed evasion of SARS-CoV-2 VOCs from the 32D4 mAb,
which was proved to exhibit highly potential neutralization
against WT SARS-CoV-2. Thus, containment of these
SARS-CoV-2 VOCs by medical interventions (e.g., next-
generation vaccines, pan-neutralizing mAbs) is in urgent need.
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As the COVID-19 pandemic continues, the authorization of vaccines for emergency use
has been crucial in slowing down the rate of infection and transmission of the SARS-CoV-
2 virus that causes COVID-19. In order to investigate the longitudinal serological
responses to SARS-CoV-2 natural infection and vaccination, a large-scale, multi-year
serosurveillance program entitled SPARTA (SARS SeroPrevalence and Respiratory Tract
Assessment) was initiated at 4 locations in the U.S. The serological assay presented here
measuring IgG binding to the SARS-CoV-2 receptor binding domain (RBD) detected
antibodies elicited by SARS-CoV-2 infection or vaccination with a 95.5% sensitivity and a
95.9% specificity. We used this assay to screen more than 3100 participants and selected
20 previously infected pre-immune and 32 immunologically naïve participants to analyze
their antibody binding to RBD and viral neutralization (VN) responses following vaccination
with two doses of either the Pfizer-BioNTech BNT162b2 or the Moderna mRNA-1273
vaccine. Vaccination not only elicited a more robust immune reaction than natural
infection, but the level of neutralizing and anti-RBD antibody binding after vaccination is
also significantly higher in pre-immune participants compared to immunologically naïve
participants (p<0.0033). Furthermore, the administration of the second vaccination did not
further increase the neutralizing or binding antibody levels in pre-immune participants
(p=0.69). However, ~46% of the immunologically naïve participants required both
vaccinations to seroconvert.

Keywords: SARS-CoV-2, coronavirus, vaccination, immunization, pre-immune, neutralization, antibody response
INTRODUCTION

In December 2019, individuals linked to an animal market in Wuhan, China presented with what
was initially described as atypical pneumonia. Bronchoalveolar lavage fluid collected from
hospitalized individuals contained a novel coronavirus detected by Illumina and Nanopore
sequencing and electron microscopy (1). This novel coronavirus, SARS-CoV-2, is a member of
the Betacoronavirus genus in the Coronaviridae family (2). Four main structural proteins make up
org September 2021 | Volume 12 | Article 728021123
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the SARS-CoV-2 virion: nucleocapsid proteins surround the
positive strand RNA genome, membrane proteins connect the
membrane to the nucleocapsid, envelope proteins facilitate
budding and detachment from the host cell, and spike proteins
are involved in host receptor binding (3). Similar to the closely
related SARS virus that caused a 2003 outbreak, SARS-CoV-2
targets the ACE2 receptor located on the surface of the host cells
(4–7).

Since its initial identification, SARS-CoV-2 spread rapidly
and resulted in a global pandemic. According to the World
Health Organization, there is a cumulative burden of over 168
million confirmed cases and 3.5 million deaths as of May 28,
2021. In order to effectively combat the ongoing pandemic, a
combination of targeted interventions and effective vaccines
are required in conjunction with a deeper understanding of
the elicited immune responses. The SARS-CoV-2 spike
protein has been used as the primary antigen in several
vaccines authorized for emergency use (EUA) by the U.S.
Food and Drug Administration (FDA) (8–10). The spike
protein is highly immunogenic, and is able to elicit a wide
array of serological and cellular responses (11, 12). Many
neutralizing antibodies isolated from convalescent human
sera specifically target the 223 amino acid receptor binding
domain (RBD; amino acids 319-541) of the 1273 amino acid
spike protein (13, 14). Therefore, RBD-directed antibodies are
a suitable predictor of both serological binding and
neutralizing potential (13, 15–17).

In December 2020, two mRNA-based vaccines received EUA
in the U.S. Both the Pfizer-BioNTech BNT162b2 vaccine (2x
30µg doses 21 days apart) and the Moderna mRNA-1273 vaccine
(2x 100µg doses 28 days apart) contain mRNA coding for the
full-length spike protein (8, 9). These vaccines are delivered
intramuscularly in a positively charged lipid nanoparticle to
enhance host cell uptake (8, 9). Following endocytosis and
endosomal escape, the mRNA is translated into protein by the
host cells. Two proline mutations in the C-terminal S2 fusion
machinery were inserted into the pre-fusion spike protein
conformation to more closely mimic the intact virus (18–20).
When displayed by antigen-presenting cells (APCs), the spike
protein stimulates a similar immune response to antigens
presented over the course of a natural infection (21). In human
trials, both vaccines reported 95% efficacy in healthy adults in
preventing symptomatic infection by SARS-CoV-2 (8, 9). Full
immunization is achieved 14 days following the second
vaccination (9, 22). However, it is yet to be determined how
quickly serological immunity wanes or what the exact nature of
the memory response is upon re-exposure to the virus.

In order to explore these questions, our group initiated a
large-scale longitudinal surveillance program entitled SPARTA
to investigate the durability and effectiveness of immune
responses to SARS-CoV-2 infection, re-infection, and
vaccination. Blood was collected for the analysis of serological
and cellular immune responses, and saliva was collected to test
for the presence of SARS-CoV-2 viral RNA by nucleic acid
amplification test (NAAT). Many SPARTA participants belong
to high-risk groups prioritized for receiving early vaccination.
Frontiers in Immunology | www.frontiersin.org 224
Here, we present validation for our serological assays used for
SPARTA, as well as data tracking SARS-CoV-2-specific antibody
levels in 32 immunologically naïve and 20 previously infected
pre-immune participants going through vaccination by
measuring both anti-RBD antibody binding via indirect ELISA,
and viral neutralization (VN) using the USA-WA1/2020 SARS-
CoV-2 strain. We also demonstrated how the effect of a single
vaccination differs in immunologically naïve and pre-immune
participants. While most researchers focus only on using ELISA
or surrogate virus pseudo-neutralization assays as a substitute for
VN with varying results (23–29), we felt it was not only
important to demonstrate the capacity of antibodies to bind to
a SARS-CoV-2-derived protein, but also to assess in vitro
protection against infectious SARS-CoV-2 virus by analyzing
the potential of serum antibodies to limit virus-mediated
cytopathic effects.
MATERIALS AND METHODS

Ethics Statement and the Role of the
Funding Source
The study procedures, informed consent, and data collection
documents were reviewed and approved by the WIRB-
Copernicus Group Institutional Review Board (WCG IRB
#202029060) and the University of Georgia. The funding
sources had no role in sample collection nor the decision to
submit the paper for publication.

SPARTA Participant Selection
Eligible volunteers between the ages of 18 and 90 years old (y.o.)
were recruited and enrolled with written informed consent
beginning March, 2020. Participants in the SPARTA program
were enrolled at four locations: Athens, GA, Augusta, GA, Los
Angeles, CA, and Memphis, TN in the U.S., and blood and saliva
samples were col lected monthly . Participants were
predominantly people in high-risk groups, such as health-care
workers, first responders, the elderly, and university employees
and students receiving in-person tuition. Exclusion criteria
included being younger than 18 years old, weighing less than
110 lbs, being pregnant, being cognitively impaired, or having
anemia or a blood-borne infectious condition such as hepatitis C
or HIV. As of May 28, 2021, 3124 participants were enrolled in
the study and enrollment is ongoing. 69.9% of the participants
identified as female and 29.2% identified as male. The mean age
was 43.7 years (range 18-90). 76.4% of the participants self-
identified as White/Caucasian, 11.7% as Black/African-
American, 8.1% as Asian, and 3.8% as other or multiple.

Of those participants, 40 were chosen based on their
vaccination and infection status as well as serum availability,
and assorted into age and vaccine-matched groups based on the
presence of SARS-CoV-2 infection prior to vaccination. At the
pre-vaccination timepoint, 20 of them were categorized as
immunologically naïve to SARS-CoV-2, and reported no
specific COVID-19 symptoms, never had a positive NAAT
result, and tested negative for RBD-specific IgG antibodies
September 2021 | Volume 12 | Article 728021
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with concentrations below our experimentally determined
threshold of 1.139µg/mL [see under ROC analysis heading]
(Table S1A). The other 20 participants were immunologically
pre-immune due to a previous SARS-CoV-2 infection prior to
vaccination and reported COVID-19 symptoms, positive NAAT,
and/or antibody concentrations above the threshold (Table S1B).

Serum samples were collected from 8 of the 20 pre-immune
participants between the two vaccinations. In contrast, mid-
vaccine serum was collected from only one of the 20 matched
immunologically naïve participants. Therefore, an additional 12
immunologically naïve participants were selected who had a
mid-vaccine timepoint, in order to statistically compare how a
single vaccine dose affects antibody levels in immunologically
naïve and pre-immune individuals (Table S1C). The mean age
across all 52 participants was 45 y.o. (SD = 15.7, range = 24-72),
with 57.7% female (n=30) and 42.3% male (n=22). 79% of the
participants received the Pfizer-BioNTech BNT162b2 vaccine
(n=41), while 21% received the Moderna mRNA-1273 vaccine
(n=11) between December 18, 2020 and February 18, 2021.

Blood Collection and Processing
BD Vacutainer serum separation venous blood collection tubes
(BD, Franklin Lakes, NJ, USA) containing whole blood were
centrifuged at 2500 rpm for 10 min. After centrifugation, the
supernatant serum layer was isolated and heat inactivated in a
56°C water bath for 45 min to disable any infectious SARS-CoV-
2 virus (30). Serum was thereafter stored at -80°C.

Enzyme-Linked Immunosorbent
Assay (ELISA)
Immulon® 4HBX plates (Thermo Fisher Scientific, Waltham,
MA, USA) were coated with 100 ng/well of recombinant SARS-
CoV-2 RBD protein in PBS overnight at 4°C in a humidified
chamber. Plates were blocked with blocking buffer made with 2%
bovine serum albumin (BSA) Fraction V (Thermo Fisher
Scientific, Waltham, MA, USA) and 1% gelatin from bovine
skin (Sigma-Aldrich, St. Louis, MO, USA) in PBS/0.05%
Tween20 (Thermo Fisher Scientific, Waltham, MA, USA) at
37°C for 90 min. Serum samples from the participants were
initially diluted 1:50 and then further serially diluted 1:3 in
blocking buffer to generate a 4-point binding curve (1:50,
1:150, 1:450, 1:1350), and subsequently incubated overnight at
4°C in a humidified chamber. Plates were washed 5 times with
PBS/0.05% Tween20 and IgG antibodies were detected using
horseradish peroxidase (HRP)-conjugated goat anti-human IgG
detection antibody (Southern Biotech, Birmingham, AL, USA) at
a 1:4,000 dilution and incubated for 90 min at 37°C. Plates were
then washed 5 times with PBS/0.05% Tween20 prior to
development with 100mL of 0.1% 2,2 ’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS, Bioworld,
Dublin, OH, USA) solution with 0.05% H2O2 for 18 minutes
at 37°C. The reaction was terminated with 50mL of 1% (w/v) SDS
(VWR International, Radnor, PA, USA). Colorimetric
absorbance was measured at 414nm using a PowerWaveXS
plate reader (Biotek, Winooski, VT, USA). All samples and
controls were run in duplicate and the mean of the two blank-
Frontiers in Immunology | www.frontiersin.org 325
adjusted optical density (OD) values were used in downstream
analyses. IgG equivalent concentrations were calculated based on a
7-point standard curve generated by a human IgG reference protein
(Athens Research and Technology, Athens, GA, USA), and verified
on each plate using human sera with known concentrations.

ROC Analysis and Threshold
Determination Using a Validation Cohort
In order to distinguish between antibody positive and negative
participants, ROC (receiver operating characteristic) analysis was
performed on a validation cohort comprised of 22 NAAT-
confirmed positive and 49 pre-pandemic human sera. Serum
from NAAT-confirmed positive participants were obtained from
samples intended to be discarded from a central Georgia hospital
in May and June 2020, before SARS-CoV-2 vaccines became
available. They were all between the ages of 22 and 60 (mean =
43.5 y.o.) with a nearly even female (n=11) to male ratio (n=10)
with one participant whose gender was unknown (Table S2). All
participants tested positive for the presence of SARS-CoV-2 viral
RNA collected via nasopharyngeal swab by NAAT 9-74 days
prior to the blood draw. In addition, the presence of any COVID-
19 symptoms the participants had experienced at the time of the
NAAT were recorded (Table S2). These symptoms included, but
were not limited to fever, cough, chills, loss of taste or smell, and
shortness of breath. The pre-pandemic sera were collected between
2013 and 2018. The threshold between positives and negatives was
chosen at the antibody concentration corresponding to the most
similar sensitivity and specificity values, in order to balance false
positive and false negative rates. Linear regression and correlation
analyses were applied to test the relationship between anti-RBD IgG
antibody concentrations (ELISA) and VN endpoint titers. All
analyses were performed using GraphPad Prism 9.1.1
(RRID:SCR_002798).

Viral Neutralization Assay
All research activities using infectious SARS-CoV-2 virus
occurred in a Biosafety Level 3 (BSL-3) laboratory in the
Animal Health Research Center at the University of Georgia
(Athens, GA, USA). The USA-WA1/2020 SARS-CoV-2 strain
(NCBI accession number: PRJNA717311) was propagated as
previously described (31). 50µl of two-fold serially diluted
serum (1:5–1:640 or 1:50–1:6400 depending on the magnitude
of antibody binding concentration and vaccination status) was
incubated with the SARS-CoV-2 virus (100 TCID50/50µl) for 1 h
at 37°C. The serum-virus mixture was then transferred to Vero
E6 cells in 96-well cell culture plates. The plates were observed
for 3 days for cytopathic effects (CPEs), such as the aggregation
and detachment of cells. The VN endpoint titer was determined
as the reciprocal of the highest dilution that completely inhibited
CPE formation. All neutralization titers were represented as the
average of the five replicates.

Statistical Comparison of
Participant Groups
Statistical difference between pre-, mid-, and post-vaccination
timepoints for both the immunologically naïve and the infected
September 2021 | Volume 12 | Article 728021
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cohorts were determined using a paired t-test, while the
difference between the post-vaccination timepoints of
immunologically naïve and infected participants was
determined using an unpaired t-test. The pre-vaccination
timepoints occurred at least 1 day prior to receiving the first
dose of an mRNA vaccine (mean = 32.6 days, range = 1–99 days),
mid-vacc inat ion t imepoints occurred between the
administration of the two vaccinations (mean = 13.5 days,
range = 4-26 days), while post-vaccination timepoints occurred
a minimum of 14 days after the administration of the second
dose of the same mRNA vaccine (mean = 28.8 days, range = 4–51
days). Statistical analyses were performed using GraphPad 9.1.1,
and statistical significance was represented by *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001.
RESULTS

In order to establish the threshold value between participants
with positive and negative RBD-binding IgG antibody levels, a
ROC analysis based on serum from the validation cohort of 49
pre-pandemic negative participants and 22 confirmed NAAT
positive, non-vaccinated participants was performed. The
threshold between negative and positive anti-RBD IgG
antibody concentrations was set at 1.139µg/mL, yielding a
sensitivity of 95.5% and a specificity of 95.9% (Figures 1A, B).

Further investigation into this validation cohort
demonstrated that VN was absent in all participants with anti-
RBD IgG antibody concentrations below the threshold, while all
participants above the threshold showed some level of VN
(Figure 2A), and there was a strong correlation between
ELISA binding and VN (r=0.9125, p<0.0001). Similarly, a
strong positive relationship was observed between the antibody
Frontiers in Immunology | www.frontiersin.org 426
binding and neutralization levels for all timepoints of the 53 SPARTA
participants from this study (r=0.9359, p<0.0001) (Figure 2B).

Using the experimentally determined threshold of 1.139µg/mL,
40 age-matched and vaccine-matched participants were selected,
20 of whom were immunologically naïve to SARS-CoV-2 prior to
receiving a complete mRNA vaccine regimen, while the other 20
were pre-immune with signs of prior SARS-CoV-2 infection
before vaccination. None of the immunologically naïve
participants had any documented history of COVID-19, while
16 out of the 20 participants in the pre-immune group have
reported COVID-19 symptoms or a positive NAAT. The
remaining 4 were asymptomatic but had elevated RBD IgG
antibody titers (Tables S1A, B).

VN of the pre-vaccination and post-vaccination serum samples
collected from these 40 participants demonstrated that
vaccinations significantly increased the VN titer of both
immunologically naïve and pre-immune participants (p<0.0001)
(Figure 3A). Interestingly, after vaccination, the neutralizing
antibody titer of pre-immune individuals was significantly
higher than the neutralizing antibody titer of immunologically
naïve individuals (p<0.0001) (Figure 3A). The post-vaccination
neutralization titers for immunologically naïve participants ranged
from 1:5–1:400, while the post-vaccination neutralization titers in
pre-immune participants ranged from 1:400–1:3200. The highest
tested VN titer was 1:6400, but all participants demonstrated some
level of CPE at this dilution point.

Similarly, there were significant increases in RBD-binding
antibody concentrations due to vaccination in both the
immunologically naïve and pre-immune groups (p<0.0001)
(Figure 3B). The difference in post-vaccination antibody
concentrations between immunologically naïve and pre-
immune participants was less pronounced than demonstrated
by VN titers, but antibody concentrations were still significantly
A B

FIGURE 1 | Determination of the antibody concentration threshold based on the validation cohort. (A) ROC analysis based on the 22 confirmed positive and 49
confirmed negative sera comprising the validation cohort. The area under the curve is 0.9917 (****p < 0.0001), and the sensitivity and specificity of this assay were
determined to be 95.5% and 95.9% respectively, with the threshold between negative and positive set at 1.139µg/mL. (B) Anti-RBD antibody concentrations are
shown for each participant in the validation cohort, sorted into negatives and positives based on prior confirmed COVID-19 status. The threshold is marked with the
horizontal dotted line.
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higher in pre-immune participants (p=0.0033) (Figure 3B).
Additionally, post-vaccination antibody levels for naïve
participants were significantly higher than the antibody levels
elicited by natural infection, as shown in both neutralizing
(p<0.0001) and binding (p<0.0001) antibody concentrations.

Eight of the 20 participants in the age-matched pre-immune
cohort had serum collected between the first and the second
vaccinations (Table S1B). These timepoints ranged between 4
and 16 days after the first vaccination with a mean of 10.8 days
(SD = 4.6). These previously infected participants had a
significant increase in both VN titers (p=0.002) and RBD-
binding IgG antibody concentrations (p=0.03) following the
first vaccination, but there was no further significant change in
RBD-binding or neutralizing antibody titers following the
second vaccination (p=0.69) (Figures 4A, B).

Only one of the 20 naïve participants from the age-matched
cohort had available samples collected between the two
vaccinations (Table S1A). Therefore, an additional 12
participants were selected that had samples collected 9–26 days
after the first vaccination (mean = 15.8 days, SD = 5.3 days), but
prior to the second vaccination. Overall, there was a significant
increase in neutralizing and RBD-binding antibody titers
following both the first (p=0.0074 and p=0.02 respectively) and
second vaccinations (p=0.0006 and p=0.0001 respectively)
(Figures 4C, D). However, 46% of these participants (n=6)
had no detectable neutralizing activity or anti-RBD IgG
antibodies after the administration of the first vaccination
Frontiers in Immunology | www.frontiersin.org 527
(mean = 12 days after the first vaccination, SD = 3.7 days,
range = 9–18 days). These participants only seroconverted after
receiving the second vaccination. The remaining participants
(54%, n=7) exhibited a low level of positive neutralizing and
binding antibody levels following the first vaccination (mean =
19 days after the first day, SD = 4.3 days, range = 12–26 days).
There was a significant rise in neutralizing and anti-RBD IgG
antibody levels following the second vaccination (p=0.023 and
p=0.009 respectively).
DISCUSSION

Accurately tracking serological responses in people infected
with or vaccinated against SARS-CoV-2 is critical in assessing
the effectiveness of the induced immunity, which can
subsequently inform public health decisions. Following
SARS-CoV-2 infection, there is an expansion of B and T
cells directed at various antigens in the virus, especially the
receptor binding domain of the highly immunogenic spike
protein (13, 15–17). Currently, COVID-19 vaccines
authorized in the U.S. include the spike protein as the
vaccine antigen that elicits protective immunity (8, 9). In
this study, we examined the serological responses elicited by
immunologically naïve or previously infected pre-immune
individuals who were subsequently vaccinated with mRNA-
based COVID-19 vaccines.
A B

FIGURE 2 | Linear regression between RBD-binding IgG antibody concentration and reciprocal VN endpoint titer. There was a strong positive relationship between
antibody binding and VN titer for (A) the validation cohort (r = 0.9125, ****p < 0.0001), and (B) the SPARTA cohort (r = 0.9359, ****p < 0.0001). The vertical dotted line
represents the threshold between negative and positive antibody concentrations, determined by the ROC analysis. No participants below the threshold demonstrated
any neutralizing activity, while all participants above the threshold showed some level of VN. In order to represent the values on a logarithmic scale, lack of neutralization
was reported as 1.
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RBD was chosen over the full-length spike protein as the
antigenic target for binding assay to determine antibody positive
responses. Anti-RBD antibodies have lower cross-reactivity and
background binding by ELISA compared to anti-spike
antibodies. This results in a higher overall sensitivity and
specificity for the assay. While the full-length spike protein has
a larger number of epitopes that antibodies can bind which may
correspond to higher antibody titers, other groups indicated that
most individuals tested positive or negative for both anti-RBD
and anti-spike antibodies with few individuals testing positive for
one but not the other (32, 33). Similarly, our validation cohort
showed that anti-RBD and anti-spike antibody results
were congruent.

Serological protection conferred by vaccination was
significantly more robust compared to antibodies induced by
natural viral infection. Both total anti-RBD IgG binding, as well
as in vitro neutralizing activity were stronger in vaccinated
subjects (34). The immune system may respond more
efficiently to a single protein during vaccination, allowing for a
more focused immune response to fewer epitopes, compared to
the array of viral proteins and epitopes present during natural
infection. Moreover, vaccination elicited higher antibody titers in
participants who were pre-immune to SARS-CoV-2 compared to
those who were immunologically naïve. This robust and
immediate recall of high affinity antibodies may be attributed
to memory B cell mediated processes (35), similar to immune
responses shown in other infectious agents (36, 37), as well as in
antibody binding to SARS-CoV-2 (35, 38) and in neutralization
assays performed using a pseudo-typed virus displaying SARS-
CoV-2 spike protein (23). These findings highlight the
Frontiers in Immunology | www.frontiersin.org 628
importance of vaccination, especially in light of reports of
short-term protection and abundant cases of reinfections after
antibodies elicited by natural infection (39, 40).

A single vaccination with an mRNA vaccine was sufficient to
significantly increase the neutralization titer in humans
previously infected with SARS-CoV-2 (41). Anti-RBD antibody
binding and VN supported the conclusion that all 8 pre-immune
participants examined in this study had a significant increase in
antibody levels prior to the administration of the second
vaccination with no further significant change in antibody
levels after the second vaccination. Not only did the first
vaccination yield a more significant rise in antibody levels in
pre-immune participants compared to immunologically naïve
participants, pre-immune individuals had a more rapid rise
following the first vaccination, with some individuals
experiencing a significant increase in antibody titer in just 4
days after the first vaccination. Such a rapid increase in IgG levels
in serum so soon after vaccination most likely indicates a
memory cell-driven response that was recalled from a prior
natural infection (42–44).

Immunologically naïve participants could be categorized
into two groups: individuals that seroconverted before the
second vaccination, and those who did not seroconvert until
after the second vaccination. This is likely due to the timing of
the blood collection. In general, serum samples collected earlier
after the first vaccination (average = 12 days, range = 9-18 days)
had no change in antibody levels, while participants with later
blood collections (average = 19 days, range = 12-26 days)
tended to have an increase in antibody titers. There was a
significant positive correlation between the number of days
A B

FIGURE 3 | Antibody response before and after vaccination. Vaccination significantly increased the (A) VN and (B) RBD-binding antibody levels of all participants
regardless of pre-vaccination naïve (n = 20) or pre-immune (n = 20) status (****p < 0.0001). The post-vaccination VN and anti-RBD IgG levels for participants who
were pre-immune prior to vaccination were significantly higher (****p < 0.0001 and **p < 0.01 respectively). Post-vaccination timepoints took place a minimum of 14
days after the administration of the second mRNA vaccination. In order to represent the values on a logarithmic scale, lack of neutralization was reported as 1.
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after the first vaccination that the serum was taken and the
antibody level (Figures S1A, B), while the same trend was less
apparent in infected participants (Figures S1C, D). Other
research groups have shown similar trends because later
serum collections allowed additional time for the immune
system to mount a de novo response to the vaccine antigens
(45). However, there was no correlation between the number of
days after the second vaccination and the titer level amongst
Frontiers in Immunology | www.frontiersin.org 729
immunologically naïve (Figures S1E, F) or pre-immune
participants (Figures S1G, H).

Even though there was no significant change in antibody
levels in pre-immune participants in response to the second
vaccination, delaying or even skipping the second vaccination
may have unknown, long-term effects that have not yet been
explored. The longevity of antibodies or the quantity and quality
of the memory B cells could be impaired compared to
A B

C D

FIGURE 4 | Antibody response during vaccination. Pre-immune participants (n = 8) with serum obtained between the two mRNA vaccinations (mid-vax) have
demonstrated a significant increase in (A) neutralizing (**p = 0.002) and (B) anti-RBD antibody levels (*p = 0.03) before the second vaccination was administered,
and there was no significant change (ns) in antibody titer in response to the second vaccination (p = 0.69). Immunologically naïve participants (n = 13) with serum
obtained between the two mRNA vaccinations have demonstrated a significant increase in (C) neutralizing (***p = 0.0005), and (D) binding antibody levels (****p < 0.0001).
Six of them showed no neutralizing activity before the second vaccination was administered. While the other 7 showed a significant increase (**p = 0.0074) and exhibited a
low level of neutralization even after the first vaccination, the second vaccination was still crucial in boosting antibody levels (***p = 0.0006). In order to represent the values
on a logarithmic scale, lack of neutralization was reported as 1.
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participants who received a full vaccine regimen, and there could
be additional long-term advantages for fully vaccinated
participants even when short-term serological benefits are not
immediately apparent.

The limitations of this study included having a range of time
points for serum collection as opposed to a pre-determined
number of days after vaccination. Also, there was only one of
the 20 immunologically naïve participants with serum collected
between vaccinations in the age matched cohort, necessitating
the addition of 12 non-age matched participants with available
serum in order to increase the power of our study. In addition,
the diversity of our naïve and pre-immune cohorts was low due
to the low number of vaccinated participants available at the time
of study, most of whom were Caucasian.

Overall, this study validated a robust ELISA assay for
detecting SARS-CoV-2 anti-RBD IgG antibody binding with
high sensitivity and specificity in human sera. Using a set of
serum samples collected from 20 immunologically naïve and 20
pre-immune age-matched and vaccine-matched participants, it
was demonstrated that vaccination with SARS-CoV-2 mRNA
vaccines elicits higher serological binding and neutralizing
antibody levels than non-vaccinated individuals who were
naturally infected. Furthermore, a single vaccination was
sufficient to boost pre-immune participants and the second
vaccination did not further increase their antibody levels. In
immunologically naïve participants, ~50% of participants had no
significant rise in antibody titers until after the administration of
the second vaccination, while the other half whose titers started
to rise prior to the second vaccination were significantly boosted
further by receiving the second vaccination. Future studies will
assess the longevity and magnitude of anti-RBD and neutralizing
antibody titers after vaccination between immunologically naïve
and pre-immune individuals.
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Antibodies targeting Receptor Binding Domain (RBD) of SARS-CoV-2 have been
suggested to account for the majority of neutralizing activity in COVID-19 convalescent
sera and several neutralizing antibodies (nAbs) have been isolated, characterized and
proposed as emergency therapeutics in the form of monoclonal antibodies (mAbs).
However, SARS-CoV-2 variants are rapidly spreading worldwide from the sites of initial
identification. The variants of concern (VOC) B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma)
and B.1.167.2 (Delta) showed mutations in the SARS-CoV-2 spike protein potentially able
to cause escape from nAb responses with a consequent reduction of efficacy of vaccines
and mAbs-based therapy. We produced the recombinant RBD (rRBD) of SARS-CoV-2
spike glycoprotein from the Wuhan-Hu 1 reference sequence in a mammalian system, for
mice immunization to isolate new mAbs with neutralizing activity. Here we describe four
mAbs that were able to bind the rRBD in Enzyme-Linked Immunosorbent Assay and the
transmembrane full-length spike protein expressed in HEK293T cells by flow cytometry
assay. Moreover, the mAbs recognized the RBD in supernatants of SARS-CoV-2 infected
VERO E6 cells by Western Blot under non-reducing condition or in supernatants of cells
infected with lentivirus pseudotyped for spike protein, by immunoprecipitation assay.
Three out of four mAbs lost their binding efficiency to completely N-deglycosylated rRBD
org October 2021 | Volume 12 | Article 750386133
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and none was able to bind the same recombinant protein expressed in Escherichia coli,
suggesting that the epitopes recognized by three mAbs are generated by the
conformational structure of the glycosylated native protein. Of particular relevance,
three mAbs were able to inhibit Wuhan SARS-CoV-2 infection of VERO E6 cells in a
plaque-reduction neutralization test and the Wuhan SARS-CoV-2 as well as the Alpha,
Beta, Gamma and Delta VOC in a pseudoviruses-based neutralization test. These mAbs
represent important additional tools for diagnosis and therapy of COVID-19 and may
contribute to the understanding of the functional structure of SARS-CoV-2 RBD.
Keywords: SARS-COV-2 variants, neutralizing monoclonal antibodies, epitopes expression, therapy,
diagnosis, pathogenesis
INTRODUCTION

An outbreak of severe transmittable pneumonia, later referred to
as COVID-19 (COronaVIrus Disease 19), was first described in
China in late 2019 (1). The disease resulted in high occurrences
of fatal pneumonia with clinical symptoms resembling those of
severe acute respiratory syndrome coronavirus (SARS-CoV)
infections observed during the 2002-2004 SARS epidemic.
Symptoms included persistent fever, chills/rigor, myalgia,
malaise, dry cough, headache and dyspnea (2). The causative
pathogen was identified as a novel coronavirus, initially
designated 2019-nCoV and subsequently SARS-CoV-2 (3).
SARS-CoV-2 has been able to spread rapidly worldwide since
it is transmitted efficiently from human to human, even prior to
the onset of symptoms, via droplets/aerosol from coughing or
sneezing, or direct contact (4). In March of 2020, the World
Health Organization officially declared COVID-19 as a
pandemic. The emergence of virus variants of concern (VOC)
with increased infectivity (Alpha, B.1.1.7; Beta, B.1.351; Gamma,
P.1 and Delta, B.1.617.2) greatly contributed to the rise of
infections (5) that, as of early October 2021 counted around
233,2 million confirmed cases with over 4.7 million deaths
worldwide (https://covid19.who.int/). The pandemic is having
a devastating impact on the global economy and public health
systems worldwide. Therefore, in addition to safe and highly
protective vaccines against SARS-CoV-2 and its VOC,
monoclonal antibodies (mAbs), able to recognize and
neutralize SARS-CoV-2 to be employed as new diagnostic tools
and efficacious therapeutic approaches are still urgently needed.

SARS-CoV-2 is an enveloped virus with a positive single-
stranded capped and polyadenylated RNA genome of about
30 kb. SARS-CoV-2 belongs to betacoronavirus genus in the
Coronaviridae family. The genome has at least 10 open reading
frames (ORF), ORF1a and ORF1b, produced by ribosomal
frameshifting code for two long polyproteins, pp1a and pp1b,
processed in 16 non-structural proteins (ns1-ns16) comprising
the viral enzymes the RNA dependent RNA polymerase (RdRp)
and two viral proteases (PL proteinase, 3CL). The non-structural
proteins rearrange rough endoplasmic reticulum and Golgi
compartments membranes into double-membrane vesicles
where viral replication and transcription occur (viral factory).
The entire replication cycle takes place in the cytoplasm. One-
org 234
third of the genome encodes, in the order, four main structural
proteins: spike (S), envelope (E), membrane (M) and
nucleocapsid (N) proteins. Several small accessory proteins
(ORF 3A,3B, 6, 7a, 7b, 8, 9a, 9b, 10) are coded in this region,
some with important functions for the virus life cycle (6–8).

SARS-CoV-2 utilizes the transmembrane S glycoprotein to
form homotrimers, protruding from the coronavirus particle
surface, to mediate entry into host cells via the angiotensin-
converting enzyme 2 (ACE2) receptor (9). The role of the
Receptor Binding Domain (RBD) in the S protein suggests that
immunization with this protein domain could induce antibodies
(Abs) able to block virus binding and fusion thus neutralizing
virus infection (10–12).

The RBD folds independently into a globular structure away
from the rest of the S protein and exists in two different
conformations as part of the trimer: “open” and “closed”. In
the “open” state, it can bind ACE2, mostly by amino acid (aa)
residues within a short segment called the Receptor Binding
Motif (RBM). Many studies have shown that subunit protein
antigens based on the RBD can elicit neutralizing antibodies
(nAbs) against SARS-CoV (11–15). In this study, we produced
SARS-CoV-2 recombinant RBD (rRBD) by expressing
polyhistidine-tagged proteins in prokaryotic and eukaryotic
systems and immunized mice with the protein produced in
eukaryotic cells to induce RBD-specific antibody response.
Spleen from mouse showing high humoral specific immune
responses was isolated for the production of mAbs. We fully
characterized four mAbs that showed a potent specific binding to
the RBD and three of them were endowed with a strong capacity
of neutralize SARS-CoV-2 and its VOC Alpha, Beta, Gamma
and Delta.
MATERIALS AND METHODS

Expression and Purification of rRBD
DNA sequence encoding the RBD (residue 318-538) was
amplified by PCR from a mammalian cell codon optimized
synthetic DNA sequence (Genescript Leiden, the Netherlands)
encoding the ectodomain of SARS-CoV-2 spike protein Wuhan-
Hu-1 isolate (NCBI Reference Sequence: NC_045512.2). Primer
pair included an HindIII restriction site in the 5′ forward primer
October 2021 | Volume 12 | Article 750386
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in frame with the murine Ig k-chain leader sequence (5’-
TTAAGCTTCAGGGTGCAGCCAACCGAGT-3’, HindIII site
underlined) and an XhoI restriction site in the 3′ end reverse
primer (5’-TTCTCGAGAGCACTTGTTCTTCACCAGATT-3’,
XhoI site underlined) in frame with the polyhistidine tag of the
plasmid pSecTag2HygroA (Invitrogen, Thermo Fisher Scientific)
to produce pIgkRBD318-538.

Expression of rRBDwas carried out inHEK293T cells grown in
high glucose (4.5 g/l glucose) Advanced Dulbecco’s modified
Eagle’s medium (Advanced DMEM, Thermo Fisher Scientific,
MA, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Thermo Fisher Scientific), kanamycin (100 units/ml,
Gibco) and 2 mM of L-glutamine (Gibco) incubated at 37°C and
5% CO2. Transfection was carried out using polyethylenimine
(PEI) transfection reagent (Sigma). Briefly, cells were seeded
overnight at 1x107 cells in 175 cm2

flasks in 50 ml of Advanced
DMEMcontaining2%FBS.The culturemediumwas then removed
and replaced with 45 ml of Ham’s F-12 Nutrient Mixture (F-12,
Gibco) and transfected with 5 ml of Opti-MEM Reduced-Serum
Medium (Gibco) containing85µgofDNAplasmid and85µl of PEI
(0.5 mg/ml). Three days post-transfection, the culture supernatant
was harvested, clarified by centrifugation, filtered and stored at 4°C.
Protein purification was performed using Ni-NTA Agarose
(Qiagen, Hilden, Germany) according to the manufacturer’s
recommendations with minor modifications. Briefly, 100 ml of
supernatant fromrRBD-HEK293T transfectedcellswere combined
to 100 ml of 2X Binding buffer (0.2M sodium phosphate, 300 mM
NaCl, 20 mM imidazole and 0.1% Tween 20, pH 8.0) and 1 ml of
50% slurry Ni-NTA agarose. The binding mix was incubated with
gently agitation overnight at 4°C, loaded onto the column and ran
by automated system. Column was washed with 100 ml of wash
buffer (0.1M sodium phosphate, 300 mMNaCl, 20 mM imidazole
and 0.1% Tween 20, pH 8.0) and rRBD was eluted with 5 ml of
elution buffer (0.1 M sodium phosphate, 300 mM NaCl, 250 mM
imidazole and0.05%Tween20, pH8.0) in tendifferent fractions. By
SDS-PAGE analysis, fractions were selected then pooled and
dialyzed in PBS buffer.

The theoretical mass of the HEK293T rRBD protein, deduced
from the amino acid sequence, is 29.1 kDa.

For procaryotic expression in Escherichia coli (E. coli), DNA
sequence encoding the RBD (residue 319-541) was amplified
by PCR with the opportune primers (forward 5’-GCG
CGGATCCAGGGTGCAGCCTACCGAATCAAT-3’ and reverse
5’-GCGCAAGCTTGAAGTTCACGCACTTGTTCTTGACC-3’)
by using a codon optimized SARS-CoV-2 spike template DNA,
obtained by de novo gene synthesis (Genescript) and cloned into
BamHI/HindIII restriction sites of pQE30 (Qiagen). rRBD
containing RGS(H)6 tag at N-terminus was purified by Ni-NTA
(Qiagen) affinity chromatography using a denaturing protocol to
optimize the yield and HisTRAP High Performance columns
(Cytiva, Sweden AB). The theoretical mass of the E. coli rRBD
protein, deduced from the amino acid sequence, is 26 kDa.

SDS-PAGE and Western Blot (WB)
Analysis
For the analysis of intracellular proteins, cell pellets were treated
with 40 µl of cell extraction buffer (50 mMTris-HCl, 250mMNaCl,
Frontiers in Immunology | www.frontiersin.org 335
1% NP-40; pH 7.4). Protein samples were lysed in SDS-loading
buffer containing 50 mM Tris-HCl, pH 6.8, 3% SDS, 50% glycerol,
0.5% bromophenol blue, with or without 5% b-mercaptoethanol
(bME). Samples were heated at 95°C for 5 min and loaded onto
7.5%, 4-20% or 4-15% gradient mini-PROTEAN TGX precast gels
(Biorad). To monitor protein purification, gels were stained by
SimplyBlueTMSafeStain (Novex, LifeTechnologies). For rRBD
protein quantification gels were stained by fluorescent protein
stain (Krypton Protein Stain, Thermo Scientific, USA) according
to the manufacturer’s instructions using known amounts of bovine
serum albumin (BSA) as standard. Gels were analyzed using
ChemiDoc MP Imaging System (Biorad) and Image Lab Software
(Image Lab 6.0.1). rRBD proteins resolved by SDS-PAGE were
transferred onto polyvinylidene difluoride (PVDF) membrane
(Thermo Fisher Scientific). The membranes were blocked with
3% skim milk in Tris-Buffer Saline and 0.05% Tween 20 (TBS-T)
before incubation with anti-Tetra-His and anti-RGSHHHH mAbs
(QIAGEN) for 1 h at room temperature. Immune complexes were
detected with horseradish peroxidase (HRP)-conjugated goat anti-
mouse immunoglobulin G (IgG) secondary antibody (Abcam,
Cambridge, UK) for 1 h at room temperature. Signals were
detected using either Crescendo Western HRP chemiluminescent
substrate (Millipore, Burlington, MA, USA) or TMB colorimetric
substrates (Vector, Burlingame, CA). SDS-PAGE in non-reducing
condition was performed by resolving 100 ng of rRBD or virus
infected VERO E6 cells (Cercopithecus aethiops derived epithelial
kidney, ATCC CRL-1586) supernatant containing 1x106 SARS-
CoV-2 Plaque Forming Units (PFU)/ml denatured in SDS loading
buffer without bME, followed byWB using anti-Tetra His (Qiagen)
or anti-RBD mAbs.

N-Deglycosylation of rRBD
N-deglycosylation of HEK293T-produced rRBD was performed
using the peptide-N (4)-(N-acetyl-b-D-glucosaminyl)
asparagine amidase F (PNGase F; Roche, Basel, Switzerland)
according to manufacturer’s conditions. Briefly, rRBD was
denatured for 10 min at 95°C, followed by the addition of
PNGase F (1U/50 ng) and incubation a 37°C. Deglycosylated
samples were diluted in SDS-loading buffer and incubated at
60°C for 15 min, then analyzed by SDS-PAGE followed by WB
using anti-Tetra His mAb (Qiagen). In non-reducing reaction
conditions, rRBD was treated with PNGase F in the presence of
2% SDS, diluted in SDS-loading buffer without bME and
resolved in SDS-PAGE followed by WB using anti-His and
anti-RBD mAbs.

Plasmid Construction
Plasmid pSpike-C3 expressing the wild type codon optimized
SARS-CoV-2 sp ike ORF (Wuhan-Hu-1 , GenBank :
NC_045512.2) containing a 21 aa deletion at the cytoplasmic
tail (delta21) of the spike protein has been already described (16).
Plasmid pSpike-FurPPC3 expresses the wild type codon
optimized SARS-CoV-2 spike, contains a 21 aa deletion at the
cytoplasmic tail (delta21) and was stabilized by the introduction
of 2 prolines at aa positions 986 and 987 and by mutation at the
furin site (RRAR into GSAS). pSpike-UKC3, pSpike-SAC3 and
pSpike-BRC3 plasmids express the Alpha variant (lineage
October 2021 | Volume 12 | Article 750386
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B.1.1.7), the Beta variant (lineage B.1.351) and the Gamma
variant (lineage P.1) Spike ORFs, respectively, with a 21 aa
deletion at the cytoplasmic tail. Plasmid pSpike-INd19
expresses the Delta variant (lineage B.1.617.2) spike ORF with
a 19 aa deletion at the cytoplasmic tail. The Alpha variant B.1.1.7
pSpike-UKC3 used in these studies contained the following
mutations: del69-70HV, del145Y, N501Y, A570D, D614G,
P681H, T716I, S982A, D1118H. The Beta variant B.1.351
pSpike-SAC3 used in these studies contained the following
mutations: L18F, D80A, D215G, del242-244LAL, R246I,
K417N, E484K, N501Y, D614G, A701V. The Gamma variant
P1 pSpike-BRC3 used in these studies contained the following
mutations: L18F, T20N, P26S, D138Y, R190S, K417T, E484K,
N501Y, D614G, H655Y, T1027I. The Delta variant B.1.617.2
pSpike-INd19 used in these studies contained the following
mutations: T19R, del157-157, L452R, T484K, D614G,
P681R, D950N.

For construction of pRetro-hACE2, a retroviral transfer
vector expressing the human ACE2 receptor for SARS-CoV-2,
a SpeI/BamHI fragment of DNA was removed from hACE2
plasmid (Addgene plasmid #1786) and inserted into XbaI/
BamHI restriction sites of pQCXIN retroviral transfer vector
plasmid (Clontech).

Production of Lentiviral (LV) and
Retroviral Vectors
293T Lenti-X cells (Clontech, Mountain View, CA, USA) were
used for production of LV-Luc pseudotyped with Spike variants
by transient transfection as previously described (16). Briefly,
293T Lenti-X cells (3.5x106 cells) were seeded on 10 cm Petri
dishes (Corning Incorporated - Life Sciences, Oneonta, NY,
USA) and transiently transfected with plasmids pGAE-LucW,
pADSIV3+ and the pseudotyping plasmid (pSpike-C3, pSpike-
UKC3, pSpike-SAC3, pSpike-BRC3, pSpike-INd19 and control
phCMV-VSV.G) using the JetPrime transfection kit (Polyplus
Transfection Illkirch, France) following the manufacture’s
recommendations using a 1:2:1 ratio (transfer vector:
packaging plasmid: spike plasmid). At 48 h post transfections,
culture supernatants containing the LV-Luc pseudotypes (LV-
Luc/Spike-C3, LV-Luc/Spike-UKC3, LV-Luc/Spike-SAC3, LV-
Luc/SpikeBRC3, LV-Luc/SpikeINd19 and LV-Luc/VSV.G) were
collected and stored in 1 ml aliquots at -80°C until use.

Packaging Phoenix-AMPHO (ATCC) cell line was used for
production of retroviral particles expressing hACE2 (Retro-
hACE2). Briefly, cells were transiently transfected with the
pRetro-hACE2 plasmid at 80% confluence in a 6 cm dish, by
the calcium phosphate method. Cell medium (4 ml of DMEM,
high glucose, Euroclone, supplemented with 10% FBS, glutamine
and antibiotics) was replaced just before transfection, adding
chloroquine (Sigma-Aldrich Merck KGaA) to a final
concentration of 25 µM. Medium was further replaced 24 h
after transfection and again 8 h later (this time with 2.5 ml only).
After an additional 24 h, medium, containing retroviruses, was
collected and centrifuged at 500 x g for 10 minutes (to pull down
cells in suspension and cellular debris). After centrifugation, 2 ml
of medium was carefully collected (to avoid disturbing the pellet)
Frontiers in Immunology | www.frontiersin.org 436
and used to transduce the murine melanoma cell line B16-F10
(ICLC, Genoa, Italy).

Binding of rRBD to B16-F10 Cells
Expressing hACE2
B16-F10 cells were transduced with Retro-hACE2 in the
presence of 8 µg/ml Polybrene (Merck KGaA, Darmstadt,
Germany). After 24 h of transduction, cells were seeded in
B16-F10 growing medium after cell centrifugation at 400 x g
for 10 min. Selection with 800 µg/ml of the antibiotic G418
(Sigma-Aldrich, St. Louis, MO, USA) was started 5 days later.
After 5 passages, B16-hACE2 cells were incubated with mouse
anti-hACE2 antibody (MAB5676-Millipore) followed by goat-
anti-mouse PE (Biolegend) and hACE2 positive cells were sorted
by FACSaria (Becton-Dickinson, Franklin Lakes, NJ, USA) and
maintained with half dose of antibiotic. B16-F10 and B16-
hACE2 cells were incubated with 100 µl of HEK293T rRBD (1
µg) for 30 min on ice. After three washes to remove unbound
protein, the cells were incubated with the anti-Tetra-His mAb
(Biorad) diluted 1:250 for 30 min on ice. Then, an anti-mouse
IgG FITC-labeled, diluted 1:250 was added for 30 min on ice.
After washes, the cell-associated fluorescence was measured by
Beckman Coulter Gallios flow cytometer equipped with Kaluza
Software (Beckman Coulter, Brea, CA, USA).

For blocking experiment, 1 µg of rRBD was preincubated or
not with 2 µg/ml of anti-RBD mAbs for 30 min at 37°C in 100 µl
of PBS+1%FBS. Then, the mixture was added to 50000 B16-F10
and B16-hACE2 cells for 30 min on ice. After 2 washes, 100 µl of
anti-Tetra-His mouse mAb (Qiagen) diluted 1:250 was added
and incubated for 30 min on ice followed by 30 min on ice
incubation with an anti-mouse IgG FITC-labeled (Biolegend,
diluted 1:250). After washes the cell-associated fluorescence was
measured by Gallios cytometer (Beckman Coulter. Brea,
CA, USA).

Size Exclusion High-Performance Liquid
Chromatography (SE-HPLC)
The chromatographic analysis of rRBD was performed with an
Alliance Waters e2695 HPLC system (Waters Corporation,
Milford, Massachusetts) controlled by the Empower software.
SE-HPLC analysis was performed isocratically (with a constant
concentration of the mobile phase) at room temperature using a
Tosoh bioscience guard-column TSK gel SWXL (40 × 6 mm) and
a Tosoh bioscience HPLC column TSK gel G3000SWXL (300 x
7.8 mm, 5 µm). The mobile phase consisted of 100 mM
phosphate buffer with 100 mM Na2SO4, at pH 7.2. The flow
rate was 0.5 ml/min and the total analysis time was 35 min. The
protein was injected without any dilution/pretreatment and the
injection volume was 175 ml. A Bio-Rad’s Gel Filtration Standard
(mixture of molecular weight markers ranging from 1,350 to
670,000 Da) was used as calibrator. The elution was monitored
with a PDA 2998 Waters set at 214 nm (17).

Mice Immunization
Six-week-old female pathogen-free BALB/c mice were obtained
from Charles River Laboratories (Calco, LC, Italy) and housed in
October 2021 | Volume 12 | Article 750386
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the Istituto Superiore di Sanità. All animal protocols and
procedures were performed in accordance with European
Union guidelines and Italian legislation (DL26/2014) and have
been approved by the Italian Ministry of Healthy and reviewed
by the Service for Animal Welfare at ISS (Protocol n. 670/2020-
PR of July 21st, 2020). Mice were immunized with a
subcutaneous injection on both sides of lower anterior
abdomen on days 0, 14 and 28. Five µg of HEK293T rRBD in
50 µl were mixed with an equal volume of emulsified complete
Freund’s adjuvant (Millipore-Sigma) for priming or with
incomplete Freund’s adjuvant (Millipore-Sigma) for boosts
respectively, immediately prior to administration. Blood
samples were collected on days 0 (pre-immunization) and at
day 42 (2 weeks after the third immunization) by retro-orbital
collection, centrifuged and sera stored at -20°C until analyzed.
The collected sera were tested by in-house ELISA for the
determination of anti-RBD specific antibody titres in order to
identify the high responder mouse. The selected mouse received
a final boost of 5 mg of HEK293T rRBD in the absence of
adjuvant by intravenous injection. Three days later the mouse
was sacrificed, splenocytes were prepared by mechanical
disruption and passage through cell strainers (BD Pharmingen,
San Diego, CA, USA) and resuspended in RPMI 1640
(Euroclone) containing 10% FBS (Gibco), 100 units/ml of
kanamycin (Gibco), non-essential aminoacids (Gibco), 1 mM
sodium pyruvate (Gibco) (complete RPMI medium) with the
addition of 25 mM Hepes buffer solution (Euroclone).

Hybridoma Fusion and Isolation of
Specific mAb-Producing Clones
Mouse myeloma cell line SP2 (ATCC. Manassas, VA, USA) was
cultured in complete RPMI medium. Spleen cells isolated from
the selected mouse were incubated with 5 ml lysis buffer on ice
for 5 min. After washing, splenocytes were resuspended into
serum-free RPMI supplemented with 25 mM Hepes and
counted. SP2 cells were then mixed with the splenocytes,
centrifuged at 1000 rpm for 10 min and slowly resuspended
with 1 ml of polyethilenglycol (PEG, Sigma-Aldrich). Then, 7 ml
of complete RPMI medium supplemented with 25 mM of Hepes
was slowly added, the cells centrifuged, and the pellet
resuspended in complete RPMI medium containing
hypoxanthine, aminopterin and thymidine (HAT, Sigma-
Aldrich). After fusion, cells were cultured in 96 well plate flat
bottom (Corning) for 14 days at 37°C with 5% CO2 and the
resultant fused growing cell lines were selected by microscope
examination, transferred to individual wells in new 96-well plates
and expanded in complete RPMI with HAT. Hybridomas were
screened for antigen specificity of produced Abs by ELISA. The
selected polyclonal Ab-producing hybridomas were single-cell-
cloned by limiting dilution in the presence of 5x104 cells/well
feeder splenocytes in 96 well flat bottom plate in complete RPMI
medium with HAT for 12 days. The growing clones were tested
for antigen specificity by ELISA and those producing mAbs
specific for RBD expanded in static T75 flasks (Corning) in
serum free medium DCCM2 (Biological Industries)
supplemented with kanamycin, hypoxanthine and thymidine
(HT, Sigma-Aldrich).
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Monoclonal Antibody Purification
The clones producing mAbs specific for SARS-CoV-2 RBD were
expanded and the mAbs purified and concentrated by using
chromatography cartridges protein G columns (Thermo Fisher).
Briefly, the protein G column was washed with PBS, then 30 ml
of mAb culture supernatant was diluted 1:1 in PBS and passed
over the column. Finally, the bound mAb was eluted with 0.1 M
glycine pH 2.5 and the pH immediately neutralized with 1 M Tris
pH 7.9 before dialysis with PBS. The concentration of purified
mAbs was evaluated by NanoPhotometer (Implen, Münich, DE)
spectrophotometer at 280 nm and expressed as µg/ml.

Human Sera
Pseudonymized sera from healthy or COVID-19 convalescent
volunteers who gave their informed consent to donate blood for
research purposes and to participate to the collaborative study
between Istituto Superiore di Sanità and Italian Air Force
entitled: “Valutazione della performance analitica di un test
antigenico per il rilevamento di SARS-CoV-2, confronto con un
test di screening molecolare” were heat-inactivated at 56°C for 30
minutes and frozen until use.

ELISA
rRBD was plated o/n at 4°C on high binding flat-bottom 96-well
polystyrene plates (Greiner Bio-One, Rainbach, Austria) at 0.5 mg/
ml (50 µl/well) in sodium bicarbonate (pH 9.0) buffer. Then plates
were washed with PBS+0.5% Tween 20 and incubated with 200 µl/
well of a blocking solution (postcoat) ofPBS containing2%BSA (w/
v) for 1 h at RT. Then, 50 µl of serum or hybridoma supernatants
diluted inblockingbufferwere incubated for3hat 37°C, followedby
washing. Goat anti-mouse IgG alkaline phosphatase (PA)-
conjugated (Southern Biotech, Birmingham, AL, USA) or mouse
anti-human IgG PA-conjugated (Invitrogen) (1:1000 in blocking
buffer) were incubated for 1 h at 37°C. After washes, PA substrate
(Sigma) was added, the enzymatic reaction stopped by 3N NaOH
and absorbance (405 nm) measured by Varioskan Flash reader
(Thermo Fisher Scientific). Results were considered positive when
the optical density (OD) obtained with the mAbs was three times
greater than the negative control. The subclass of isolatedmAbswas
identified using enzyme-conjugated anti-mouse subclass specific
antibody (anti-IgG1, IgG2a, IgG2b, IgG3; Southern Biotech)

For competitive ELISA, plate was coated with 0.5 µg/ml of
HEK293T rRBD o/n and after 1 h of incubation with the postcoat
solution, 50 µl/well of a mixture of fixed R590 and R64 mAbs
concentration (0.02 µg/ml) and two-fold dilutions (starting form
1:25) of human sera were added and incubated 3 h at 37°C. Sera
from convalescent COVID-19 patients with known titers of
neutralizing antibodies (nAbs) and sera from healthy subjects
were tested. Then, goat anti-mouse IgG PA-conjugated antibody
(1:1000; Southern Biotech) was added for 1 h at 37°C, followed
by development of enzymatic reaction.

Evaluation of the mAbs Binding Capacity
by Flow Cytometry
To analyze the binding of anti-RBD mAbs to the native trimeric
spike, HEK293T cells transfected with pSpike plasmids
October 2021 | Volume 12 | Article 750386
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expressing the transmembranewild-type S protein of SARS-CoV-2
Wuhan or VOC were collected by trypsinization. After washing,
1x105 cells per polypropylene tube were incubated for 30 min on
ice with 100 µl of anti-RBDmAbs at serial concentrations (starting
from 0.4 µg/ml) diluted with PBS+1% FBS or with murine IgG1
negative control mAb (SinoBiological, USA). Anti-S2 (40590-T62
SinoBiological, USA) antibody was used as a positive control of
spike expression, as described above. After two washes to remove
unbound mAbs, a goat anti-mouse IgG FITC-labeled (Southern
Biotech, Birmingham, AL, USA) mAb was added (dilution 1:250)
and incubated 30 minutes on ice. Rabbit anti-S2 (40590-T62
SinoBiological, USA) antibody followed by a donkey anti-rabbit
FITC-labeled mAb (Biolegend, San Diego, CA, USA) was used as a
positive control of spike expression.After twowashes, the cells were
resuspended with PBS+1%FBS and their associated fluorescence
measured by flow cytometry by acquiring 2x104 events in a large
forward and side scatter-based gate by using a Beckman Coulter
Gallios with Kaluza Software (Beckman Coulter).

Immunoprecipitation (IP)
Immunoprecipitation of LV pseudotyped with pSpike-FurPPC3
(LV-FurPPC3) orwithVSV.G (LV-VSV.G) as negative control was
performed usingDynabeads Protein G (Thermo Fisher), according
to themanufacturer’s instructions. Briefly, purifiedmAbsR590 and
R64 were conjugated to protein G beads for 30 min at room
temperature. Beads were washed twice in IP buffer (20 mM Tris-
HCl pH7.4, 150mMNaCl, 0.1%NP-40) and incubatedwith Lenti-
X cell supernatant containing pseudotyped LV in IP buffer for 2
hours at room temperature. After washing three times in IP buffer,
beads were eluted with SDS-loading buffer at 95°C for 10 min.
Immunoprecipitationwas analyzed by SDS-PAGE followed byWB
using an anti-S1 mAb (MA5-36247, Thermo Fischer).

Pseudovirus Titration and
Neutralization Assay
Preparations of LV-Luc Wuhan, Alpha, Beta, Gamma and Delta
pseudotypes (LV-Luc/Spike-C3, LV-Luc/Spike-UKC3, LV-Luc/
Spike-SAC3, LV-Luc/SpikeBRC3 and LV-Luc/SpikeINd19) were
titered in VERO E6 cells seeded in a 96-well plate (View plate,
PerkinElmer) at a density of 20000 cells/well. After 48 h, luciferase
expression was determined by the britelite plus Reporter Gene
Assay System (PerkinElmer) and measured with a Varioskan
luminometer (Thermo Fisher). Dilutions providing 150000-
200000 relative luminescence units (RLU) were used in the
neutralization assay. Briefly, mAb serial 2-fold dilutions starting
from20 µg/ml were incubated in duplicate with theWuhan, Alpha,
Beta, Gamma and Delta LV-Luc pseudoviruses for 30 min at
37°C in 96-deep well plates (Resnova, Genzano di Roma, Italy),
and thereafter added to VERO E6 cells seeded in a 96-well View
plate at a density of 20000 cells/well. Virus-only and cell-only
controls were included. After 48 h, luciferase expression was
determined by the britelite plus Reporter Gene Assay System
(PerkinElmer). RLU data points were converted to a percentage
neutralization value, calculated relative to virus-only controls.
Results are expressed as inhibitory concentration (IC) 50
corresponding to the mAb concentration giving 50% inhibition of
infection (neutralization) compared to the virus control wells (16).
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Virus Propagation
VERO E6 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 2.5% heat-
inactivated Fetal Calf Serum (FCS), 100 units/ml penicillin, 100
mg/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate,
and 1x non-essential amino acids (Gibco).

Viral isolate BetaCov/Italy/CDG1/2020|EPI ISL 412973|2020-
02-20 (GISAID accession ID: EPI_ISL_412973) was propagated
by inoculation of 70% confluent VERO E6 cells in 75 cm2 cell
culture flasks. Cells were observed for cytopathic effect every 24
h. Stocks of SARS-CoV-2 virus were harvested at 72 h post
infection, and supernatants were collected, clarified, aliquoted,
and stored at -80°C. Infectious virus titer was determined as
PFU. For some experiments of WB and IP, SARS-CoV-2 virus
was inactivated at 56°C for 30 minutes.

Plaque Reduction Neutralization
Test (PRNT)
Method used for PRNT was essentially the same as previously
described (18). The viral stocks of SARS-CoV-2 were titred three
times by semi-log10 dilutions by plaque forming assay. Then
serial 2-fold dilutions (starting from 5µg/ml) of purified mAbs
were incubated with 80 PFU of SARS-CoV-2 at the final volume
of 600 ml at 4°C overnight. The mixtures were added in
duplicates to confluent monolayers of VERO E6 cells, grown in
12-well plates and incubated at 37°C in a humidified 5% CO2

atmosphere for 60 min. Then, 4 ml/well of a medium containing
2% Gum Tragacanth (Sigma Aldrich) + MEM 2.5% FCS were
added. Plates were left at 37°C with 5% CO2. After 3 days, the
overlay was removed, and the cell monolayers were washed with
PBS to completely remove the overlay medium. Cells were
stained with a crystal violet 1.5% alcoholic solution. The
presence of SARS-CoV-2 virus–infected cells was indicated by
the formation of plaques. The IC50 was determined as the
highest dilution of serum resulting in 50% (PRNT50) reduction
of plaques as compared to the virus control.

Statistical Analysis
For neutralization and ELISA experiments technical duplicates
or triplicates were performed. All of the statistical analyses were
performed using the GraphPad Prism software v9 (GraphPad
Software, San Diego, CA, USA) (16). The IC50 were calculated
with a non-linear regression method. The EC50 were calculated
by non-linear regression analysis of log10 of serum dilution
plotted versus absorbance at 405 nm. Statistical analysis of data
in figure 2A and 3A were performed using the non-parametric
Mann-Whitney 2-sided U-test and the Kruskal-Wallis multiple
comparison test. The p values < 0.05 were considered significant.
RESULTS

Characteristics of the Produced rRBD
Based on the solved structure provided by Walls et al. (9), the
sequence of the RBD covering amino acids from F318 to C538
(Figure 1A) was selected for expression of a secreted His-tagged
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protein from human HEK293T cells and then analyzed by SDS-
PAGE and WB. As shown in figure 1B, rRBD was well detected
in both the cell lysate and the supernatant of transiently
transfected HEK293T cells as a band of approximatively 35
kDa. This result contrasts with the predicted molecular mass of
29.1 kDa calculated on the basis of rRBD amino acid sequence
but could be explained by post-translational modifications that
occur in mammalian cells. Indeed, two N-glycosylations and one
O-glycosylation have been described at SARS-CoV-2 RBD N-
terminal region (19) (Figure 1B). To verify the role of N-
glycosylation on rRBD electrophoretic mobility, we analyzed
by WB the molecular weight of rRBD before and after the
enzymatic treatment with the glydosidase PNGase F. The time-
dependent decrease of the observed rRBD molecular mass in
correlation with PNGase F exposure, confirmed the presence of
N-linked glycosylations in the rRBD (Figure 1C).

To evaluate the role of cysteine residues in disulfide bonds
formation and the potential presence of RBD multimeric
structures, we compared the mobility of rRBD on SDS-PAGE
under reducing and non-reducing conditions. Notably, rRBD in
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the absence of reducing agents ran as two different bands
(Figure 1D), as previously observed by Farnos et al. (20). This
data confirms that the unfolded state of rRBD is constrained by
the native disulfide bonds and indicates that in the folded state
multimeric structures can be formed (20). This conclusion is
supported by SE-HPLC analysis showing that purified rRBD
exists mainly as a monomer, with a small fraction of rRBD
producing aggregates, as shown by the presence of two different
peaks in the chromatogram (Figure 1E). The rRBD preparations
used for all the experiments were checked for quantitative
analysis by Krypton stained SDS-PAGE that always showed
the absence of contaminants (Supplementary Figure S1)

We next evaluated the ability of rRBD to bind the hACE2
receptor on B16-hACE2 cells, the B16-F10 murine cell line stably
transduced with hACE2, as a measure for assessing the structural
integrity and the correct folding of the protein. An anti-hACE2
mAb confirmed that hACE2 was expressed on the surface of
B16-hACE2 cells (Figure 1F) and we could show that rRBD
binds to B16-hACE2 cells but not to control B16-F10 cells,
demostrating that the produced recombinant protein maintains
A B DC

E F G

FIGURE 1 | Production and characterization of HEK293T rRBD. (A) Diagram of SARS-CoV-2 S1 domain and of the rRBD expression cassette in pIgkRBD318-538

SARS-CoV-2 plasmid vector. Functional elements are indicated: SP (signal peptide), NTD (N-terminal domain), RBD, SD1 and SD2 (subdomain 1 and 2), CMV enh/
prom (human cytomegalovirus immediate early enhancer/promoter), Igk SP (murine Ig k-chain leader sequence), 6xHis (polyhistidine tag) and bGH polyA (bovine
growth hormone polyadenylation signal). N-glycosylation and O-glycosylation sites are indicated by black and white respectively triangles. Cysteine residues are
indicated by black diamond and disulfide bonds are reported. (B–D) WB characterization of rRBD using an anti-Tetra His mAb. (B) Detection of rRBD in the cell
extract and in the supernatant of transfected HEK293T cells. (C) Purified rRBD was denatured and digested with PNGase F in a time-dependent manner. The
positions of glycosylated, deglycosylated and glycosylated isoforms of rRBD are indicated. (D) rRBD was denatured in SDS-loading buffer without bME or with bME.
(E) SE-HPLC chromatogram of rRBD. The retention time suggests an approximate molecular mass of less than ∼40 kDa (*) corresponding to the monomeric form
and another molecular mass of >150 kDa (**) corresponding to the aggregate multimeric structure. (F) rRBD binding to ACE2 receptor by flow cytometry. In the
upper panels B16-F10 or B16 cells expressing human ACE2 receptor (B16-hACE2) were stained with anti-ACE2 mouse mAb and goat anti-mouse IgG PE-
conjugated as secondary antibody. In the lower panel cells were incubated with rRBD and then stained with an anti-histidine mouse mAb revealed with goat anti-
mouse FITC-conjugated mAb. The numbers indicate the percentages of positive cells. Each panel from (B–F) shows a representative experiment repeated at least
two times. (G) Binding of serial dilution of human serum from two COVID-19 positive and two negative subjects on rRBD coated to the ELISA plate. Graph reports
results obtained by two out of seven positive and seven negative subjects.
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the functional properties of the viral RBD, namely its capacity to
bind human ACE2.

Finally, we used previously screened sera from normal
controls or COVID-19 convalescent individuals with known
levels of anti-RBD specific Abs to test the antigenic properties
of produced recombinant protein. Only sera from patients with
anti-SARS-CoV-2 Abs bound to rRBD (Figure 1G). These
results confirm that our purified recombinant protein retains
native structure and preserves the antigenic properties of the
SARS-CoV-2 spike RBD.

Binding Characteristics of RBD
Specific mAbs
Mice were immunized with rRBD expressed in mammalian
HEK293T cells to generate specific Abs. Sera from immunized
mice were screened for RBD binding by ELISA, and the mouse
with the highest titers of serum-specific IgG was sacrificed and
splenocytes were fused with a mouse myeloma. Hybridomas
secreting anti-RBD Ab were cloned by limiting dilutions to
obtain monoclonal cultures. Four monoclonal hybridomas
were selected and the secreted mAbs R64, R71, R196 and R590
were purified on protein G columns from the culture supernatant
and their chracteristics were tested by ELISA, flow cytometry,
WB, IP and functional assays. The selected mAbs were IgG1
(data not shown) and bound HEK293T rRBD in the ELISA
(Figure 2A). The half maximal effective concentration (EC50)
Frontiers in Immunology | www.frontiersin.org 840
required for all mAbs to bind HEK293T rRBD glycoprotein falls
below 100 ng/ml (Figure 2A): in particular R590, R71 and R196
were characterized by high binding affinity (EC50: 8.66, 10.07 and
17.99 ng/ml respectively), while R64 shows the lowest affinity
(EC50: 70.96 ng/ml).

We confirmed the mAb ability to bind RBD also when this
protein domain is part of the homotrimeric spike complex
exposed on the surface of transfected HEK293T cells
(Figure 2B). An anti-S2 mAb was used to determine the
percentage of fully transfected HEK293T cells. As shown in
figure 2B, the four mAbs recognized the trimeric spike
glycoprotein (Figure 2B) showing a different efficiency of
binding in terms of mean fluorescence intensity (Figure 2C):
R590=R64>R71>R196. Interestingly, at low doses the mAbs were
still able to stain all the transfected cells (Figure 2D).

mAbs Recognize Conformational Epitopes
of the Glycosylated RBD
In the attempt to characterize the epitopes recognized by our
mAbs, we first compared their reactivity to the rRBD produced
in HEK293T or to rRBD produced in a prokaryotic expression
system. To this end, the RBD domain was produced in E. coli as
His-tagged fusion protein that ran as a ∼26 kDa single band in
WB and Coomassie staining (Supplementary Figure S2). This
prokaryotic expression system is normally inefficient in disulfide
bonds formation when recombinant proteins are expressed in
A B

D

C

FIGURE 2 | Characterization of anti-RBD mAbs. (A) ELISA-binding affinity of purified mAbs to rRBD produced in mammalian expression system. Error bars indicate
standard deviations of technical triplicates from a representative experiment repeated twice. Table indicates the EC50 of isolated mAbs. (B–D) HEK293T cells transfected
with plasmid coding for wild type transmembrane homotrimeric spike (pSpike-C3) were incubated with anti-RBD mAbs at 0.4 µg/ml (B, black histograms) or with murine
IgG1 control mAb (B, white histograms) or with serial dilution of mAbs starting from 0.4 µg/ml (C, D) followed by staining with anti-mouse FITC-conjugated mAb before
analysis by flow cytometry. An anti-S2 mAb was used as control to determine the percentage of transfection. In (B) the upper numbers indicate the percentages of
positive cells, lower numbers indicate mean fluorescence intensity. In (C) mean fluorescence intensity (MFI) of staining is shown. In (D) percentages of positive stained
cells is shown. A representative experiment of three is shown.
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the cytoplasm as inclusion bodies (21) that require denaturing
agents for solubilization. Indeed, the produced E. coli rRBD ran
as a single band in both reducing and non-reducing conditions
(data not shown). Sera of immunized mice were able to bind both
the HEK293T and E. coli rRBD proteins in ELISA, although the
rRBD produced in E. coli was recognized with low efficiency. On
the contrary, all the tested mAbs were shown to bind the
HEK293T rRBD, but not the E. coli rRBD (Figure 3A).
Interestingly, none of our mAbs recognized the rRBD
produced in both HEK293T and E. coli expression systems in
WB under reducing and denaturing conditions (data not shown).
These data suggest that immunization with HEK293T rRBD
results in a small fraction of antibody recognizing linear epitopes
and a larger array of IgG, which includes our mAbs, that are
likely to recognize discontinuous epitopes (22). To evaluate the
role of disulfide bonds in the generation of conformational
epitopes, we tested the reactivity of our mAbs to the HEK293T
rRBD in WB following SDS-PAGE under either reducing or
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non-reducing conditions (Figure 3B). As expected, none of
mAbs recognized the rRBD in reducing conditions, but mAbs
R71, R196, R590, and to a lesser extent R64, bound HEK293T
rRBD in the absence of reducing agents. The role of disulfide
bonds in the generation of the relevant epitopes was confirmed
by the observation that R71, R196 and R590, but not R64,
recognized both the full-length spike and the cleaved S1
domain present in the heat inactivated supernatant of SARS-
CoV-2 infected VERO E6 cells only in non-reducing conditions
(Figure 3C). To ascertain whether the absence of binding with
mAb R64 could be ascribed to alteration of protein conformation
due to the experimental conditions that included the use of SDS
(23), we performed an immunoprecipitation assay using LV
pseudotyped with SARS-CoV-2 spike protein. As shown in
Figure 3D, R64 as well as R590, used as a positive control,
were able to immunoprecipitate the SARS-CoV-2 pseudovirus,
but not the VSV.G psudotyped LV, indicating that R64 binds
RBD of SARS-CoV-2 in its native, unmodified conformation.
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FIGURE 3 | Binding of mAbs to RBD requires disulfide bonds and glycosylation. (A) Binding of mAbs to rRBD produced in mammalian (RBD HEK) or prokaryotic
(RBD E. coli) expression system evaluated by ELISA. Serum from a mouse immunized with rRBD HEK was used as positive control of antigenicity. Error bars indicate
standard deviations of technical duplicates from a representative experiment repeated three times. (B, C) rRBD (B) or VERO E6 cell supernatant containing 1x106

SARS-CoV-2 PFU/ml (C) were denatured without (non-reducing condition) or with (reducing condition) bME and resolved on SDS-PAGE followed by WB using R64,
R71, R196 and R590 mAbs. Anti-S1 mAb was used as positive control. (D) HEK293T cell supernatant containing lentiviral vector pseudotyped with pSpike-FurPPC3
(SARS-CoV-2) was incubated with mAbs R590 and R64 conjugated to protein G. Lentiviral vector pseudotyped with VSV.G (VSV.G) was used as negative control.
Immunoprecipitation was analyzed by SDS-PAGE followed by WB using anti-S1 mAb. (E) rRBD N-deglycosylation was performed in denatured, non-reducing
conditions and revealed using a-His mAb and R71, R196 and R590. The positions of glycosylated, deglycosylated and glycosylated isoforms of rRBD are reported.
Each panel from (B–E) shows a representative experiment repeated at least two times.
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To better characterize the binding of mAbs to HEK293T rRBD,
we analyzed the involvement of glycosylation. N-glycosylations
have been described on residues N-331 and N-343 of the spike
RBD (19) and we have shown (Figure 1C) that HEK293T rRBD
shares the co-translational N-glycosylation described for the
SARS-CoV-2 spike protein. Figure 3E shows that R71, R196
and R590 lose the binding efficiency to the fully de-glycosylated
form of rRBD, indicating that these mAbs do not bind linear, but
conformational epitopes of the glycosylated protein.

Three mAbs Show SARS-CoV-2
Neutralization Capacity
The selected mAbs were evaluated for their ability to prevent the
binding of RBD to its receptor ACE2 by using B16-hACE2 cells
in a flow cytometry blocking experiment. Pre-incubation of
rRBD with mAbs R590 or R64 showed a drastic reduction of
its binding to ACE2 receptor (Figure 4A, upper panels). This
binding inhibition was not observed after the pre-incubation
with R196 and R71 even if RBD-mAbs immunocomplexes were
bound to the receptor as shown using anti-mouse IgG mAb
(Figure 4A, lower panels), proving that these mAbs bind
epitopes outside the RBM and not involved in ACE2 interaction.

The ability of our mAbs to neutralize SARS-CoV-2 was
evaluated using two experimental approaches. The neutralization
potential against the authentic virus was evaluated by PRNT using
SARS-CoV-2 isolated from COVID-19 patients. mAbs R590 and
R64, and to a lesser extent R71, were endowed with a strong
neutralization capacity that correlated with the efficiency of binding
to the native protein on cell surface, while R196 was not
neutralizing. R590 showed the highest potency against the
authentic virus (IC50: 0.08 µg/ml) followed by R64, while R71
showed limited neutralizing capacity (IC50 = 0.312 and 1.25 µg/ml,
respectively) (Figure 4B, left panel). In contrast, the mAb R196, did
not show any virus neutralization under these experimental
conditions (data not shown). The neutralizing activity of the
mAbs was also evaluated using a pseudovirus neutralization
assay, based on LV expressing Luciferase and pseudotyped with
SARS-CoV-2 spike (LV-Luc/Spike) (16) (Figure 4B, right panel).
As expected, the IC50 values are slightly different from those
calculated by a PRNT assay; however, the relative neutralizing
potency among the mAbs was confirmed. Indeed, R590 was the
most potent nAb with the lowest IC50 compared to R64 and R71
(IC50 = 0.045, 0.474 and 2.157 µg/ml, respectively), while R196
mAb was not able to neutralize the pseudovirus (data not shown).

The mAbs R590, R64 and R71 Bind SARS-
CoV-2 Trimeric Spike Belonging to Major
VOC and Neutralize the Corresponding
Pseudoviruses
With the worldwide progression of COVID-19 pandemic,
several new SARS-CoV-2 variants containing mutations in the
spike protein have been isolated, showing increased infectivity
and ability to cause disease in susceptible individuals. Clinical
studies were designed to define whether immunization with
vaccines based on the original SARS-CoV-2 Wuhan-Hu-1
spike sequence may be sufficiently protective against these
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VOC (24–26). Moreover, mAbs developed for diagnostic or
therapeutic purposes may not be useful for individuals infected
with these variants and/or affected by COVID-19 (27). First, we
measured the ability of the neutralizing RBD-specific R590, R71
and R64 mAbs to bind their epitopes expressed on the surface of
HEK293T cells transfected with plasmids coding for the trimeric
spike with the original (Wuhan-Hu-1) protein sequence and
with the sequences of the Alpha, Beta, Gamma and Delta
variants. The three SARS-CoV-2 nAbs recognized the original
native spike protein as well as the four main variants
(Figure 5A). Importantly, the mAbs R590, R64 and R71
inhibited the infection of VERO E6 cells with all the variant
strains in the pseudovirus neutralization assay (Figure 5B),
indicating a broad neutralizing activity of these mAbs.

Sera of Patients With nAbs Generated
During Natural SARS-CoV-2 Infection
Compete for the Same Epitopes
Recognized by Our Neutralizing mAbs
We asked whether the same conformation and glycosylated
structure of the epitopes recognized by our neutralizing mAbs
may be relevant for the in vivo generation of nAbs in SARS-CoV-2
infected individuals. We selected sera from COVID-19 convalescent
patients showing high SARS-CoV-2 neutralizing capacity or from
individuals with no measurable neutralizing activity to test whether
these sera were able to compete for the same neutralizing epitope(s)
recognized by mAbs R590 and R64. Figure 6 shows that increasing
concentration of neutralizing sera from COVID-19 patients
progressively reduced the binding of the mixture of mAbs R590
and R64 to coated rRBD, while non neutralizing sera were
ineffective to prevent the binding of our nAbs to rRBD. These
data indicate that convalescent COVID-19 patients developed nAbs
that compete for the same epitopes recognized by our neutralizing
mAbs, suggesting that conformational and epitopes of the
glycosylated RBD are crucial for SARS-CoV-2 infectivity.
DISCUSSION

An unprecedented global effort to counteract the COVID-19
pandemic started in early 2020 to identify appropriate public
health strategies and to develop drugs, vaccines and nAbs against
SARS-CoV-2 (28, 29). COVID-19 is still a public health threat to
societies since the complexity of mass vaccination programs, the
lack of effective drugs to specifically treat SARS-CoV-2 infected
individuals (30–32) and the emergence of VOC predict that virus
circulation may last for years (33). A more detailed and broad
understanding of the molecular mechanisms underlying the
pathogenesis of COVID-19 will have significant implications
for developing countermeasures against the virus with particular
emphasis to drug discovery, diagnosis and more effective and
safe vaccine design (34). The SARS-CoV-2 spike protein is a high
glycosylated transmembrane protein assembled as a homotrimer
on the virus surface, with three S1 subunits containing the RBD
sitting on the top of a trimeric membrane fusion envelope-
anchored S2 subunits (35). Residues 319-541 of the spike protein
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correspond to the RBD, the domain that interacts with the ACE2
receptor of target cells. The RBD undergoes hinge-like
conformational movements and constantly switches between
an open conformational state (RBD standing-up position) for
receptor binding and a closed conformational state (RBD lying-
down position). A complex topology corresponds to this
dynamism including several co-translational modifications by
reason of nine cysteine residues (eight of them forming disulfide
bonds) (36), two N-glycosylations at sites N331 and N343 and at
least one O-glycosylation at Thr323 and a possible O-
glycosylation at Ser325 (19, 35, 37). All these modifications
have a relevant role on the spike protein correct folding,
dynamics and stability, but glycosylation of RBD seems to be
not determinant for its interaction whit ACE2 receptor, since a
refolded non-glycosylated rRBD produced in E. coli was shown
by surface plasmon resonance to bind the receptor (38).

In this study, considering the key role of RBD in viral life
cycle, we immunized mice with a rRBD produced in eukaryotic
Frontiers in Immunology | www.frontiersin.org 1143
system to establish and characterize novel RBD-specific mouse
mAbs. We isolated mAbs that showed extremely potent RBD
binding activity and a broad neutralization activity,
demonstrated by their ability to block efficiently the infection
of SARS-CoV-2 and its major VOC. The performance of these
mAbs, including their ability to interact with infectious virus, was
probably dependent on the quality of the rRBD used to
immunize mice. In fact, we showed that the produced rRBD
was correctly folded, N-glycosylated, suitable to interact with
ACE2 receptor expressing cells, and recognized by sera of
vaccinees and COVID-19 convalescent patients, thus
confirming that our HEK293T rRBD reproduced the structural
antigenic and functional characteristics of RBD present in native
spike protein. We showed that mAbs R590, R64, R71 and R196
do not recognize the E. coli rRBD which exposes only linear
epitopes as it was produced in denaturing conditions. On the
contrary, mAbs react with HEK293T rRBD in ELISA and in WB
following SDS-PAGE run under non-reducing conditions. The
A
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FIGURE 4 | mAb inhibition of RBD-ACE2 binding and neutralization activity against Wuhan SARS-CoV-2. (A) B16-hACE2 cells were incubated with rRBD alone or
with rRBD pre-incubated with isolated mAbs. In the upper panels the ACE2-RBD binding was quantified by measuring the signal given by an a-His mAb revealed
with a FITC-conjugated a-mouse IgG mAb (aHis+aIgG). In the lower panels, after rRBD incubation, an a-mouse IgG FITC-conjugated mAb was added in order to
reveal anti-RBD mAbs bound to the hACE2 receptor. A representative experiment of two is shown. (B) Neutralization curves of anti-RBD mAbs against SARS-CoV-2
by PRNT or (C) spike pseudotyped LV neutralization assay. Data are representative of one experiment out of three with two technical replicates.
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tridimensional configuration of proteins permits the generation
of conformational epitopes formed from discontinuous antigenic
determinants and it is largely dependent on disulfide bridges
integrity (22). Therefore, reducing agents, such as bME, breaking
disulfide bonds can affect the structure of conformational
epitopes. Moreover, the mAbs R590, R71 and R196 lose their
binding efficiency when HEK293T rRBD is fully N-de-
glycosylated. Several plausible mechanisms can be envisaged to
speculate how glycosylation could influence antibody binding
(39). Glycans could be directly recognized by the antibody or
may modify the conformation of the epitope. It is unlikely that
our mAbs recognize a glycan antigen, since in this case their
reactivity would not be lost altering the conformation of the
protein with bME. A possible explanation is that N-glycosylation
does not induce significant changes in protein structure, but
decreases protein dynamics, leading to an increase in protein
stability (40). The consequent conformational equilibrium of the
antigen determinant may amplify the binding affinity of the
Frontiers in Immunology | www.frontiersin.org 1244
specific antibody (41). Overall, these results suggest that our
mAbs recognize conformational, but not linear epitopes on
glycosylated RBD. This conclusion is in line with the data
reported by Li Y et al. who demonstrated that RBD does not
expose linear epitopes (42). Therefore, we did not map the
epitopes recognized by our mAbs using a linear peptide
library, whereas we attempted to define their binding and
functional interactions with RBD. The antibodies R590 and
R64 blocked the interaction of HEK293T rRBD with human
ACE2 and neutralized infection of VERO E6 using both
infectious SARS-CoV-2 and a pseudovirus based on LV
expressing Luciferase and pseudotyped with SARS-CoV-2
spike. Instead, R196 and R71 were unable to inhibit the
binding of HEK293T rRBD to ACE2 and while R196 was not
able to block virus infection in the neutralization assays, R71
showed neutralization activity at high concentration with a
mechanism that conceivably does not involve the RBD-ACE2
interaction. In addition, even if all mAbs recognized the native
A

B

FIGURE 5 | Binding and neutralization potency of anti-RBD mAbs against Wuhan and VOC. (A) HEK293T cells transfected with plasmid coding for wild type
transmembrane homotrimeric spike of Wuhan or VOC were stained with R590, R71, R64 neutralizing anti-RBD mAbs (black histograms), or with murine IgG1 control
mAb (white histograms) followed by goat anti-mouse FITC-conjugated mAb and analysed by flow cytometry. The upper numbers indicate the percentages of positive
cells, lower numbers indicate mean fluorescence intensity. A representative experiment is shown. (B) Neutralization curves obtained by using LV pseudotyped with
spike of Wuhan or its Alpha, Beta, Gamma and Delta VOC testing serial dilutions of isolated R590, R64 and R71 mAbs. Data are mean representative of three
independent experiments each with two technical replicates.
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form of the protein expressed on the HEK293T transfected cells,
only R590, R71 and R196 but not R64 were able to bind the S1
region of inactivated SARS-CoV-2 supernatants of infected
VERO E6 cells in a WB after SDS-PAGE run in non-reducing
conditions. Interestingly, R64 immunoprecipitated the spike
protein present on lentiviral pseudoviruses, suggesting that the
epitope recognized by R64 is susceptible to any structural
modification of the spike protein, including those caused by
the SDS used for PAGE analysis (21). Based on all these data, we
hypothesize that these anti-RBD mAbs bind to different epitopes
on RBD: the two different epitopes recognized by R590 and R64
are likely located in the receptor binding site involved in the
ACE2 interaction, while the two different epitopes recognized by
R71 and R196 are located outside RBM (43).

It is worth noting that mAbs R590, R71 and R196 showed a
high binding potency in ELISA and mAbs R590 and R64 also
showed a high neutralizing efficiency. This is not surprising,
since our mAbs were generated in mice following a prime-boosts
schedule with a total of four immunizations at 14 days intervals
to favor the affinity maturation of specific antibodies. A similar
approach was followed for the isolation of specific human mAbs
from vaccinated individuals (44) and differs from approaches
based on the isolation of mAbs from convalescent donors, who
experienced an antigenic challenge in the limited time-frame of
the acute phase of the disease (45–48), that require a larger
screening to identify mAbs with high potency.
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Of particular interest, and in contrast to many described nAbs
(27, 49–51), R590, R64 and R71showed the remarkable capacity
to neutralize the major SARS-CoV-2 VOC (Alpha, Beta, Gamma
and Delta) in a pseudovirus-based neutralization assay. This
result indicates that the rRBD used for immunization exposes
epitopes shared by the Wuhan-Hu-1 strains and its VOC. Viral
variants must preserve the capacity to infect cells: since the
interaction of RBD with the cellular receptor ACE2 is a crucial
step in viral entry and infectivity, we may hypothesize that
mutations in the RBD sequence, that hamper the generation of
the conformational epitopes recognized by mAbs R590 and R64,
may also affect the viral fitness reducing the capacity of SARS-
CoV-2 to infect cells. Noteworthily, we showed that sera from
COVID-19 patients who developed nAbs compete for the
binding of our neutralizing mAbs to HEK293T rRBD,
suggesting that conformational epitopes of glycosylated RBD
are crucial for SARS-CoV-2 infectivity. Since mAbs R590 and
R64 also neutralize SARS-CoV-2 VOC, a simple competition
ELISA performed using these mAbs would predict whether
COVID-19 convalescent or vaccinated individuals developed
antibodies able to neutralize SARS-CoV-2 and its VOC. Lastly,
the observation that immunization with our HEK293T rRBD
induced antibodies neutralizing SARS-CoV-2 and its variants
encourages its use for the development of a pan-SARS-CoV-2
subunit vaccine.

This study has some limitations: we did not test the reactivity
of our mAbs with SARS-CoV-1, MERS-CoV or other common
human coronaviruses and we could not precisely map the
conformational epitopes that they recognized using cryo-
microscopy, crystal studies, mutagenesis, or other techniques.
Also, we did not evaluate the neutralizing activity of mAbs R590
and R64 in vivo in animal models. Should animal models
confirm the neutralizing activity of these mAbs, the sequence
of the immunoglobulin genes of the respective monoclonal
hybridoma will easily permit the generation of humanized
monoclonal antibodies that would increase the arsenal of
“super-antibodies” in the fight against SARS-CoV-2 and its
VOC (52).

In conclusion, beside possible implications for the therapy of
COVID-19 patients if humanized, the described mAbs can be
used for basic research activities to dissect the molecular
mechanism of the virus life-cycle by investigating the expression
profile and subcellular localization of spike glycoprotein during
viral entry, replication, packaging and budding. Moreover, these
mAbs could serve as valuable tools for the antigenic diagnosis of
COVID-19 or for distinguishing individuals with high titers of
nAbs in a simple ELISA format. Therefore, our mAbs may
contribute to the advancement in basic and translational
research and would accelerate the discovery of drugs targeting
virus transmission.
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FIGURE 6 | Competition immune-enzymatic assay. Increasing amounts of
human serum from two COVID-19 patients with nAbs or two healthy subjects
were mixed with a fixed amount of neutralizing R590 and R64 mAbs to
perform a competitive ELISA. The reduction of the mAbs binding to HEK293T
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human anti-RBD neutralizing serum as competitor. Results from two
representative neutralizing sera out seven and two non-neutralizing out of six
are shown.
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Supplementary Figure S1 | Quantification of rRBD produced in mammalian
system. (A) Increasing volumes of purified rRBD and known amounts of BSA were
resolved on SDS-PAGE. The gel was stained using Krypton fluorescent protein
stain. (B) Lane profiling of total protein signal showing a cross-section view of each
lane rotated 90 degrees. Area of green peaks above the lane is proportional to the
amount of protein and its value is reported. Rf, current relative front value. Intensity
(Int), average intensity value. * indicate the amount of BSA used to build a standard
curve; ** indicate the calculated amount of rRBD based on the BSA standard curve.

Supplementary Figure S2 | rRBD production in E. coli coli expression system.
(A) Schematic representation of RBD construct in E. coli expression vector. RBD
fragment was inserted into BamHI/HindIII restriction sites of pQE30 vector’s multi
cloning site (MCS), in frame with the ATG and 6xHis tag. (B) Protein purity was
analyzed by SDS-PAGE followed by staining with Coomassie blue. Protein identity
was confirmed by WB using the anti-RGSHHHH antibody. One of three
independent experiments is shown.
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the Human Angiotensin-Converting
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SARS-CoV-2 infects humans and causes Coronavirus disease 2019 (COVID-19). The S1
domain of the spike glycoprotein of SARS-CoV-2 binds to human angiotensin-converting
enzyme 2 (hACE2) via its receptor-binding domain, while the S2 domain facilitates fusion
between the virus and the host cell membrane for entry. The spike glycoprotein of
circulating SARS-CoV-2 genomes is a mutation hotspot. Some mutations may affect the
binding affinity for hACE2, while others may modulate S-glycoprotein expression, or they
could result in a virus that can escape from antibodies generated by infection with the
original variant or by vaccination. Since a large number of variants are emerging, it is of vital
importance to be able to rapidly assess their characteristics: while changes of binding
affinity alone do not always cause direct advantages for the virus, they still can provide
important insights on where the evolutionary pressure is directed. Here, we propose a
simple and cost-effective computational protocol based on Molecular Dynamics
simulations to rapidly screen the ability of mutated spike protein to bind to the hACE2
receptor and selected neutralizing biomolecules. Our results show that it is possible to
achieve rapid and reliable predictions of binding affinities. A similar approach can be used
to perform preliminary screenings of the potential effects of S-RBD mutations, helping to
prioritize the more time-consuming and expensive experimental work.

Keywords: COVID-19, SARS-CoV-2, Spike-RBD, human ACE2, binding affinity, neutralizing antibodies, protein-
protein interaction, molecular dynamics
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INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
causes pneumonia/severe respiratory infection in humans called
Coronavirus disease 2019 (COVID-19). The first cases of
COVID-19 were reported in December 2019 from Wuhan,
China (1). At the moment of writing this manuscript,
SARS-CoV-2 infection is reported in ~180 million people
resulting in ~5 million deaths (2). SARS-CoV-2 is an
enveloped virus belonging to a diverse subgenus sarbecovirus
within the Betacoronaviruses, a lineage of viruses that use bats as
reservoirs and can be transmitted into other mammals (3–8).
SARS-CoV-2 is genetically distinct from severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respiratory
syndrome coronavirus (MERS-CoV). Its closest known relative is
Bat CoV RaTG13 (4–6), with 96.3% of gene identity. The single-
stranded RNA genome of SARS-CoV-2 encodes Spike (S),
Envelope (E), Membrane (M), and Nucleocapsid (N) structural
proteins (5). The Spike (S) glycoprotein comprising S1 and S2
subdomains interacts with human angiotensin-converting
enzyme 2 (hACE2) present primarily on pneumocytes/lung
immune cells for attachment (via S1 c-terminal receptor-
binding domain S-RBD), fusion, and virus entry into the host
cell (via S2) (9–12). S-RBD also has a role in cross-species
transmission and evolution of SARS-CoV-2 (8, 12–15). It is
also the major immune determinant of a human neutralizing
immune response upon natural infection and vaccination (16–
19). Although S-RBD plays a critical role in viral infectivity and
transmission, it is highly variable among sarbecoviruses and
possibly a hotspot of complex selective pressure which shapes
SARS-CoV-2 evolution (8, 20–22). Recombination events in the
genome contribute to CoVs evolution, and recombination
breakpoints are evident in the SARS-CoV-2 genome at the
beginning and end of the S-RBD (6, 9, 23). Mutations within
the S-RBD can increase affinity for ACE2, transmissibility, and
mediate immune escape (8, 24–28).

Computer simulations have been widely used to provide
important insight into the role of mutations within the S-RBD.
Molecular dynamics (MD) simulations-based analyses show
some of the earliest known S-RBD mutations (F342L, N352D/
D364Y, V367F, W436R, and V483A) can increase binding
affinities and favor hACE2 interaction (29–31). Another study
on the B.1.135 (K417N/E484K/N501Y) variant suggests that
while N501Y alone could improve the binding affinity, the
other two mutations reduced it, possibly causing a non-net
change in binding properties (26). In agreement with this
hypothesis, experimental mutational scanning suggest that
N501Y/N501T slightly increase hACE2 binding while K417N/
K417T enhance S-RBD expression, and E484K did not cause any
significant phenotypic change (8).

In this paper, we report a computational protocol to rapidly
assess the binding affinity of the S-RBD to the hACE2 receptor.
We applied our method on some early reported mutations
(G476S, V483A, H519Q, and H520), the triple mutant B.1.135
K417N/E484K/N501Y, first isolated in South Africa – beta
variant, and triple mutant P.1 K417T/E484K/N501Y, first
isolated in Brazil – gamma variant, investigating their effect at
Frontiers in Immunology | www.frontiersin.org 250
the molecular level. Our results suggest that none of the
mutations causes an essential increase of the KD/IC50

properties of the Spike protein. Still, we observe a significant,
albeit small, decrease of binding affinity for the two triple
mutants. However, we observe a more marked reduction of the
binding of spike protein to an artificial neutralizing nanobody
caused by E484K, a mutation found in several variants of
concern and which has been reported to produce a virus able
to escape neutralizing antibodies (32–35).
MATERIAL AND METHODS

Molecular Modeling and Dynamics
The model of the reference type (RT) variant Covid-19 RBD in
complex with hACE2 receptor was derived by the X-RAY crystal
structure PDBID 6LZG (36). All the mutants of the Covid-19 S-
RBD were created starting from this model using CHIMERA
(37). Each model was solvated with TIP3P water, containing Cl-
and K+ ions at a concentration of ∼0.15 M to mimic the
physiological ionic strength. After solvation, the total number
of atoms for each system was around 1.7 × 105.

MD simulations were carried on using the Gromacs 2018
package (38) and the Amber14SB force field (39), following
simulation protocols similar to those we used in our previous
works (40–43). Specifically, after energy minimization, we
performed 200 ps of Simulated Annealing to allow side chains
to equilibrate after each mutation is introduced. We then
performed two short simulations lasting 100 ps, first in the
NVT and then in the NPT ensembles, both with positional
restraints (being the position restraint constant kpr = 1000

KJ
mol·nm2 ) on the heavy atoms of the protein. Finally, we
performed equilibrium MD simulation under periodic
boundary conditions at constant pressure for 50 ns. Analyses
were performed only on the last 25 ns after equilibration, as
explained in the Results section. Temperature T and pressure P
were kept constant during the equilibrium MD simulation, at
300 K and 1 atm, respectively, using the Berendsen thermostat
and barostat (44). Fast smooth Particle–Mesh Ewald summation
(45) was used for long-range electrostatic interactions, with a
cut-off of 1.0 nm for the direct interactions. Each simulation was
performed in five identical replicas: while classical MD
simulations are in principle deterministic, parallel computing
algorithms currently implemented in MD software can produce
different trajectories. Nevertheless, experimental structures
represent a thermodynamic average. Hence, replicating the
simulations allows to check the results consistency and reduce
the risk of being trapped by entropic barriers, thus improving the
sampling of the configuration space available.

Binding Free Energy Computations
To produce fast and reliable predictions of the binding free
energy, we use the PRODIGY web server (46, 47), which has
been designed for this purpose. The results are then compared
with those obtained with MM-PBSA (an acronym for Molecular
Mechanics – Poisson Boltzmann and Surface Area continuum
November 2021 | Volume 12 | Article 730099
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solvation approximation method), a more standard
methodology, widely used in the field (48, 49). Binding free
energies are calculated as ensemble averages over the
configuration space explored by the five different replicas. To
speed up the calculation, while maintaining a meaningful set of
configurations for the energy calculations, we clustered the
configuration space sampled by the various MD trajectories
after equilibration (i.e., the last 25 ns each of the five replicas)
according to their root mean square deviation (RMSD), and
calculate the binding energy using one representative for 60
bigger clusters, being the clustering distance 1.2 Å. The final
result is then obtained as the average of the free energy computed
for each of these configurations. The results obtained by the two
methods show correlation (R=0.82, Supplementary Figure 1).
However, the PRODIGY webserver is considerably faster than
the MM-PBSA calculations (~50 times faster than our local MD-
dedicated GPU cluster - this figure can be much higher if parallel
computational resources are not available). Furthermore, it
requires a much easier set-up so that the calculation can be
performed by less experienced investigators.

From the binding free energy difference, it is possible to estimate
the change in binding affinity using thermodynamics theory,
according to the expression (50): RTD ln (KD)  =  DDGExp.
The results computed with the PRODIGY webserver show
correlation with experimental data (Supplementary Figure 2).

Recombinant Production of SARS-CoV-2
S-RBD Mutants and hACE2
Reference SARS-CoV-2 S-RBD (nt 22,517 – 23,185; MN908947)
and hACE2-ECD (aa19 – aa617; Uniprot Q9BYF1) coding gene
fragments were obtained by chemical synthesis. S-RBD reference
gene with C-terminus hexahistidine tag was cloned in 5’NotI/
3’BamHI restriction sites of pSCSTa plasmid under the control of
CMV promoter and used to generate mutant constructs (G476S,
V483A, H519Q, and A520S) by oligonucleotide-mediated PCR
mutagenesis. All S-RBD proteins were transiently produced in
FreeStyle 293f cells (Invitrogen). Culture supernatant containing
protein was bound to Ni-NTA resin (Yeason Biotech), eluted
with 500 mM imidazole in 20 mM HEPES/500 mM NaCl, buffer
exchanged to 1x PBS and further cleaned by size exclusion
chromatography using Superdex 200 10/300 column (GE
Healthcare) on AKTA Avant150 FPLC system. The Human
ACE2 gene was cloned into unique SfiI restriction sites in
pFUSE-mIgG2A-Fc2 plasmid (Invivogen) under the control of
a hEF1-HTLV-1 promoter and produced like S-RBD proteins.
Culture supernatant containing hACE2-ECD-mFc was bound to
Mabselect resin (GE Healthcare), eluted by Pierce IgG elution
buffer (Thermo Scientific), and buffer exchanged to 1x PBS. All
recombinant proteins were resolved on 4 – 12% gradient SDS-
PAGE to ascertain purity and correct size.

Experimental Determination of the Binding
Affinities Between S-RBD Variants and
ACE2 Receptor
Maxisorp ELISA wells were coated with 200 nM S-RBD
reference/mutant protein overnight at 4°C, blocked with 2%
Frontiers in Immunology | www.frontiersin.org 351
(w/v) skimmed milk at room temperature for 1 hour (h). To
determine EC50 values, hACE2-ECD dilutions (two-fold; 250 nM
– 0.015 nM) were added to the designated wells and incubated at
room temperature for 1 h. To determine IC50 values, hACE2-
ECD at predetermined EC50 concentration (for respective S-RBD
reference/mutant) was mixed with the cognate S-RBD protein
(two-fold dilution; 1000 – 0.487 nM) and incubated at room
temperature for 1 h before being added to the designated S-RBD
reference/mutant coated and blocked wells. The binding was
detected with 1:1000 diluted anti-mouse IgG (Fc specific) PO
labeled secondary antibody (Cell Signalling Technologies).

The kinetics of S-RBD – hACE2-ECD interaction was
analyzed by biolayer interferometry (BLI) using the Octet
Red96 system (PALL ForteBio). HIS1K dip and read optical
sensors (PALL ForteBio) were used to detect non-specific
binding with the highest concentration of hACE2-ECD used in
the assay, and passed sensors were subsequently loaded with
1000 nM S-RBD reference/mutant protein to reach a loading
threshold of ~0.5 nm. Human ACE2-ECD dilutions (two-fold;
2500 – 312.5 nM) were used as an analyte to measure KD.
Reference sensors with no load and reference well with only 1x
kinetics buffer were used as controls.

Statistical Analysis
Statistical analysis of ELISA data was done using Prism software
version 8.00 (GraphPad). EC50 and IC50 values were determined
by nonlinear regression analysis, by fitting log (agonist
concentration) vs. response and log (inhibitor concentration)
vs. normalized response, respectively.

The IC50 binding curves (column means) were analyzed by
two-way ANOVAwith Dunnett’s multiple comparison tests. The
biolayer interferometry (BLI) binding curves were generated and
KD were determined by fitting the curves globally and analyzed
by the 1:1 model using Pall Forte Bio Octet Data Analysis
Software version 10.0. The KD values of three replicates so
obtained were compared by two-way ANOVA with Tukey’s
multiple comparison tests using Prism software version
8.00 (GraphPad).

Binding free energies were computed from the representative
configuration of the 60 more populated cluster. Values on
Tables 1, 2 are presented as averages and standard errors of
the mean. The errors for the variation of binding affinity were
computed with the error propagation formula, p-values were
obtained using the Student t-test. Box plots were draw using
Python and the Seaborn package.
RESULTS

Sampling of the Interaction Between the
S-RBD and the hACE2 Receptor
A reliable computation of the binding free energy between two
proteins should take into account the possibility of their
dynamical rearrangement and extensive sampling (50). X-ray
structures can be considered as faithful representations of the
energy minima, but cannot take into account a very important
November 2021 | Volume 12 | Article 730099
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contribution to their binding affinity, i.e., the temperature effects
on the two interacting proteins. Furthermore, when introducing
a mutation in a structural model, it is likely that the local
structure will not be well equilibrated. For both these reasons,
we performed MD simulations of each possible pairs of spike-
hACE2 receptor proteins. Each simulation was repeated in five
different replicas to further improve the configurational sampling
and reducing the probability of being trapped in local minima
(see Methods section).

Analysis of the root mean square deviation (RMSD -
Supplementary Figure 3) of the various trajectories shows that
the S-RBD finds its equilibrium position on average after 25 ns.
For this reason, we decided to carry on the following analysis on
the second half of each trajectory.

From the dynamic point of view, all the different variants
behave similarly. Analysis of the contact maps between the two
proteins reveals that in the RT variant, the interaction is mainly
mediated by residues Lys417, Tyr449, Leu455, Phe456, Ala475,
Phe 486, Asn487, Tyr489, Gln493, Gly496, Gln498, Thr500,
Asn501, Gly502 and Tyr505 (interaction probability higher
than 90% along the trajectory, see Figure 1, Supplementary
Figures 4, 5). No significant difference is observed between the
RT and the single point mutations G476S, V483A, H519Q,
A520S. It is worth noticing that only the first two mutants are
in proximity of the binding region, while the other two are far
from it, and we do not expect to see any effect on the binding to
the hACE2 receptor caused by them.

When looking at the two triple mutants, we can observe that
mutations of Lys417 and Asp501 are slightly more impactful in
affecting the interaction between the spike protein and the
Frontiers in Immunology | www.frontiersin.org 452
hACE2 receptor. Lys417 forms a salt bridge with Asp30 of
hACE2, which is abolished upon lysine mutation to asparagine
or threonine. The change from asparagine to tyrosine in
position 501 forces a different arrangement of the spike protein
residues Tyr499 and Gly496, affecting their interactions with
Asp38, Gln32, and Lys353 of the hACE2 (Figure 1 and
Supplementary Figure 5). Since Glu48 does not interact with
the hACE2 receptor in the RT, its mutation to lysine does not
produce critical differences in the contact map.

In agreement with these observations, root mean square
fluctuations (RMSF) show no evident changes in the dynamical
behavior of the complex, especially in the contact region (Figure 2).
Rapid Evaluation of Binding Free Energy
Between the S-RBD and the hACE2
Receptor
In principle, binding free energy estimates can be computed from
each of the configurations obtained from MD simulations.
However, the computational cost for repeating the calculation
on all of them would be extremely high, especially if we use
standard methodology like MM-PBSA. Moreover, MD
trajectories may be highly correlated on the short time scale.
Hence, to ensure we are considering a wide variety of
configurations, we clustered them using a 0.12 nm RMSD
cutoff, and we computed the binding free energy only for one
representative in each of the 60 bigger clusters. The final estimate
is obtained as the average of the 60 representative configuration.

To further reduce the time of computation of the binding free
energy, we decided to use the PRODIGY web server (46), which
TABLE 2 | Table of computed DG and DDG (DGgamma variant – DGRT) to neutralizing proteins.

DG kcal/mol sDG kcal/mol DDG kcal/mol p-value

RT - nanoBody (7JVB) -10.36 0.09 – –

Gamma - nanoBody (7JVB) -9.13 0.06 1.23 3.0*10-17

RT - miniprotein (7JZM) -9.19 0.05 – –

Gamma - miniprotein (7JZM) -9.06 0.05 0.13 0.06
RT - miniprotein (7JZU) -9.92 0.06 – –

Gamma - miniprotein (7JZU) -9.70 0.04 0.23 1.1*10-3
N
ovember 2021 | Volume 12 | Articl
The table reports averages, error of the mean and p-values of the difference between the binding affinities of gamma variant S-RBD and different neutralizing proteins. The relative binding
affinity DDG use the RT as reference.
TABLE 1 | Table of computed DG and DDG (DGvariant – DGRT).

DG kcal/mol sDG kcal/mol DDG kcal/mol p-value

Reference Type -12.02 0.06 – –

G476S -11.40 0.08 0.61 7.8*10-8

V483A -12.15 0.08 -0.13 0.21
H519Q -12.18 0.08 -0.17 0.11
A520S -11.88 0.08 0.13 0.19
N501Y E484K K417N -11.11 0.07 0.90 3.7*10-16

K417N -11.97 0.08 0.05 0.62
N501Y E484K K417T -11.03 0.09 0.98 3.3*10-15

K417T -11.84 0.07 0.17 0.08
N501Y -11.63 0.08 0.39 2.5*10-4

E484K -12.10 0.08 -0.09 0.41
The table reports averages, standard error of the mean and p-values of the difference between the binding affinities of S-RBD and hACE2 receptor. The relative binding affinity DDG use the
RT as reference.
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produces results comparable with MM-PBSA calculations, being
at the same time much less computationally expensive.

Results are reported in Figure 3 and Table 1 (free energy
differences with the RT).

None of the mutants show a significantly improved binding
affinity, while mutants G476S, N501Y (alpha variant), and the
Frontiers in Immunology | www.frontiersin.org 553
two triple mutants (beta and gamma variants) show a
significantly decreased binding affinity (P<<0.05) with a
binding energy difference of 0.6 ± 0.8 kcal/mol, 0.4 ± 0.8 kcal/
mol, 0.9 ± 0.7 kcal/mol, and 1.0 ± 0.8 kcal/mol respectively.
These results are compatible with similar studies on the triple
mutants (26, 51). All the other mutants show no significant
FIGURE 1 | Interactions between the spike protein and the hACE2 receptor. The top panel shows the binding between the S-RBD region of the RT and the hACE2
receptor. The interaction interface is shown in cartoon representation (white for hACE2 and cyan for S-RBD), while the rest of the protein is represented according to
its surface (pink for hACE2 and light blue for S-RBD). The bottom panels show the differences between RT (cyan), beta (orange), and gamma (green) variants in
correspondence with the position of the three S-RBD mutations (labeled with numbers 1-3 in the top panel). Relevant residues are shown with their side-chain
representation in these panels. One can notice how residue Asn501 is at the center of a rich pattern of interactions, which is altered after its mutation to Tyr. On the
other hand, Lys417 of the S-RBD interacts only with the Asp30 of the hACE2, and this interaction is broken after its modification to a non-basic amino acid. Finally,
Glu484 does not show any critical interactions, and this does not change with the mutants.
November 2021 | Volume 12 | Article 730099
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differences (P>0.08). However, in all the cases the changes are
small (less than 1kcal/mol), and the binding affinity changes are
predicted to be within a 5-fold range.

Mutation E484K Reduces the Binding
Affinity of the S Protein to a Potent
Neutralizing Nanobody
To test whether spike mutations can result in a virus that is able
to escape immune response, we explored the effect of the
mutation present in the gamma variant on the binding affinity
Frontiers in Immunology | www.frontiersin.org 654
of the highly specific nanobody Nb20 (PDB ID 7JVB) reported
by Xiang et al. (52). We also tested different kinds of neutralizing
molecules, i.e., the highly specific miniproteins LCB1/LCB3
(PDB ID 7JZU and 7JZM respectively) designed by Cao et al.
(53), using the same method described in the previous section.
Our calculations revealed that the affinity of the nanobody to the
gamma variant is significantly decreased when compared to the
RT, with a difference in the binding energy of 1.2 ± 0.1 kcal/mol,
which translates into approximately a 7.5-fold decrease of
binding affinity. This may be in agreement with the significant
FIGURE 2 | Root Mean Square Fluctuation of the S-RBD variants (top panels) and hACE2 receptor (bottom panels) vs. residue index. The graphs are divided into
three different panels for better readability. Amino acids belonging to the contact region are indicated by a blue line parallel to the x-axis. A direct comparison
between the various trajectories reveals that the dynamic behavior of the complex S-RBD/hACE2 is not significantly affected by these mutations.
FIGURE 3 | Box plots of the distribution of S-RBD and hACE2 receptor binding free energy. A boxplot is constructed of two parts, a box and a set of whiskers.
The box is drawn from the first quartile (Q1, the median of the lower half of the dataset) to the third quartile (Q3, the median of the upper half of the dataset) with a
horizontal line drawn in the middle to denote the median. The whiskers are drawn from the upper/lower quartile to the largest/lowest data point excluding any
outliers. The outliers are shown with black diamonds. Statistically different distributions are indicated with a (*) symbol. G476 mutant, alpha (N501Y), beta, and
gamma variants show a worse binding affinity. However, the differences in absolute value are small.
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reduction in binding affinity reported for this nanobody against
the E484K mutation (54). The interaction of the miniproteins
LCB1 and LCB3 with the gamma variant shows a small increase
of 0.13 ± 0.06 kcal/mol (P=0.06) and 0.23 ± 0.07 kcal/mol
(P<<0.05) in the binding affinity (Figure 4 and Table 2).

A detailed analysis of the nanobody-S-RBD complex
trajectory shows that the change in binding energy is primarily
due to mutation E484K. Residue GLU484, indeed, is located
inside a positively charged pocket and stably interacts with the
side chain of two arginines and a tyrosine (Arg97, Arg31, and
Tyr104 – Figure 5). These interactions are clearly disrupted by
the mutation E484K that inverts the residue charge, forcing it out
of the pocket. On the other hand, there are no notable differences
in the interaction of the two miniproteins between the RT and
gamma variants.

Experimental Validation of Computational
Results on Single Point Variants
To validate the computational predictions, we performed an
experimental comparative binding analysis using direct-binding
and competitive ELISA experiments to determine EC50/IC50

values for S-RBD – hACE2-ECD interaction. This analysis is
limited to single-point variants. To determine EC50 values of
hACE-ECD binding to S-RBD reference/mutants, respective
titration curves were generated using hACE-ECD dilutions on
immobilized S-RBD protein (Figure 6A). Human ACE-ECD had
a higher EC50 against S-RBD reference (23.75 nM) in comparison
to the mutants (11.48 – 19.86 nM); however, this difference was
only 1.19 to 2.06-fold. To determine IC50 of S-RBD – hACE2-
ECD interaction, competitive binding reactions were set up by
mixing hACE-ECD at a predetermined EC50 with dilutions of
respective S-RBD protein. Human ACE-ECD bound to S-RBD
mutants with a slightly higher IC50 (slightly lower apparent
affinity) than S-RBD reference. We observed a statistically
significant difference in the binding affinity of G476S (p=0.002)
and A520S (p=0.007) S-RBD mutants compared to the reference
(Figure 6B). However, consistent with the trend observed in
EC50 values, the fold difference in IC50 for S-RBD reference/
Frontiers in Immunology | www.frontiersin.org 755
mutants was low (1.09 to 1.31). See Table 3 for a summary of
the results.

To further validate the binding trend obtained by ELISA IC50

values, biolayer interferometry (BLI) kinetics experiments were
performed by loading HIS1K sensors with S-RBD reference/
mutants at a concentration of 1000 nM, and hACE-ECD (two-
fold dilutions; 2500 – 312.5 nM) was used as analyte. Consistent
with ELISA IC50 trend, the calculated equilibrium dissociation
constants (KD) range for S-RBD – hACE-ECD interaction was
narrow (Ref – 46.3 ± 1.28 nM, G476S – 65.1 ± 1.17 nM, V483A
57.7 ± 0.96 nM, H519Q 53.4 ± 0.94 nM, and A520S 55.4 ± 1.05
nM) (Figures 6C–G). A statistically significant difference was
observed in the KD values of G476S and V483A, compared to
reference S-RBD. Furthermore, like EC50 and IC50, the KD values
differed on an average from 1.11 to 1.39-fold from the S-RBD
reference. Further, the on (KON = 9.86 x 103 to 1.11 x 104 1/Ms)
and off-rates (KDIS = 4.57 x 10-4 to 6.68 x 10-4 1/s) were largely
similar for all S-RBD samples. The binding behavior of selected
S-RBD mutants seems less likely to modulate S-RBD – hACE-
ECD interaction. The experiments were performed in three
replicas and results are summarized in Table 4.

Comparison with computational estimates can be done using
the formula DDGExp = RTDln(KD)(see method Section) where
KD is the average obtained from the 3 replicas. The correlation
between the two set of data is R=0.996 (Supplementary
Figure 2) showing that our method is able to achieve a
qualitative correct prediction of the effect of the mutations on
the binding affinity.
DISCUSSION

In this paper, we performed an in silico screening of a selected
number of SARS-COV2 variants and calculated the binding
affinity between S-RBD and the hACE2 receptor. Results of the
simulations, in agreement with experimental observations, do not
show remarkable differences in the expected KD for any of the
variants. In some cases, variants show even a worsened affinity.
FIGURE 4 | Box plots of the distribution of S-RBD and neutralizing molecules binding free energy (see Figure 3 for the box plot description). The three plots
compare the binding free energy of the RT and the gamma variant to three neutralizing molecules (described in the text). Statistically different distributions are
indicated with a (*) symbol.
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However, variations in KD not necessarily translate into a higher
infectivity of the virus. Many different effects might be in play, and
even mutations far from the binding site can improve the virus’s
fitness.TheD614Gmutationconstitutes a clearexample.This variant
Frontiers in Immunology | www.frontiersin.org 856
introduced a mutation far away from the ACE2 interaction domain
and displaced the original variant isolated inWuhan worldwide in a
couple of months. Similar effects have been recently reported for
other mutations away from the recognition domain (55).
FIGURE 5 | Details of the interaction between the nanobody and the gamma variant. The top panel shows the binding between the S-RBD region of the RT and the
neutralizing nanobody Nb20. The interface of interaction is shown in cartoon representation (white for the Nb20 and cyan for S-RBD), while the rest of the protein is
represented according to its surface (red for Nb20 and blue for S-RBD). The bottom panels show the differences between RT (cyan) and gamma variant (green) in
stereographic representation. The positively charged Arg31 recognizes the negatively charged Glu484 in S-RBD in Nb20. This bond is clearly broken after the E484K
mutation.
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FIGURE 6 | Interaction profiles of S-RBD reference/mutants and hACE2-ECD. (A) EC50 values of S-RBD – hACE2-ECD interaction were determined by direct
binding ELISA using titration curves with hACE2-ECD dilutions, and (B) IC50 values of S-RBD – hACE2-ECD interaction were determined by competitive ELISA using
titration curves with S-RBD dilutions and hACE2-ECD at a predetermined EC50. Biolayer interferometry was used to generate association and dissociation curves of
S-RBD – hACE2-ECD interaction for S-RBD reference (C), G476S (D), V483A (E), H519Q (F), and A520S (G); legends represent the nanomolar (nM) concentration
of hACE2-ECD and KD values are depicted.
TABLE 3 | ELISA binding profiles of S-RBD reference/mutants and hACE2-ECD.

EC50 nM EC50 Error ( ± SD) IC50 nM IC50 Error ( ± SD)

Ref 23.7 1.05 123.21 1.05
G476S 19.86 1.07 162.55 1.04
V483A 16.25 1.07 134.58 1.06
H519Q 11.48 1.07 156.31 1.06
A520S 13.39 1.07 161.43 1.04
Frontiers in Immunology | www.f
rontiersin.org
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Geometric mean EC50 (double replicates; n=3 independent experiments) and IC50 (double replicates; n=2 independent experiments) values of S-RBD reference/mutants and hACE2-ECD
interaction are tabulated with standard error of the mean ( ± SD).
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Notwithstanding, the KD remains a key factor to be analyzed.
This is the reason why we think our contribution can be helpful
to other researchers working in the design and identification of
miniproteins and nanobodies against SARS-CoV-2 (52, 54, 56,
57). Having a preliminary screening of the effect of mutations on
the binding affinity can help save time and other resources,
especially during emergency situations, like the one we are
experiencing in the current pandemic.

The great diffusion of newer virus variants (58) suggests an
evolutionary advantage due to the mutations, even though their
affinity is not significantly changed. Several recent studies indicate
that these mutations could lead to immune escape (32–35).

To have an idea on how immune escape could happen at
molecular level, we analyzed MD trajectories and computed the
binding free energy of the gamma variant bound to a highly
specific nanobody. We found that the affinity is indeed reduced
by 1.2 kcal/mol and that this change is due mainly to the E484K
mutation. This mutation can be found in several emerging
SARS-COV-2 variants, and was shown to affect the binding of
antibodies significantly. In other words, the virus can trade its
ability to tightly bind to the hACE2 receptor in exchange for
becoming more elusive to specific antibodies.

While this mechanism cannot be generalized for the whole
antibody population, we can see that position 484 is a good
mutation spot for the virus, from an evolutionary point of view,
since this residue only interacts with neutralizing antibodies and
not with the hACE2 receptor. Indeed, other mutations have also
been found in this position, such as the E484Q in the kappa
variant. Spreading of similar variants could escape the antibody
recognition and could require a periodical update of vaccines and
monoclonal antibodies used in clinical applications to avoid a
potential loss of efficacy (34).

On the other hand, synthetic miniproteins that have been
designed to mimic the structure of the hACE2 receptor, the
natural binder for the S protein, are less affected by the mutation,
and they still can work as bait.
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It is worth to notice that the absolute values of the binding
energies calculated may depend on some of the computational
details chosen (namely, force field, water models, specific
methods to calculate binding energies, etc.). However, our
method is able to achieve a qualitatively correct prediction of
the effect of mutations at the protein-protein interface. Indeed,
we obtained a high correlation with analogous values calculated
using the MM-PBSA and with experimental results
(Supplementary Figure 1).

In summary, our work demonstrated that molecular
simulations can be used to rapidly screen the effect of SARS-
COVID-2 mutations, in particular concerning their ability to
bind the hACE2 receptor or neutralizing molecules. This kind of
analysis could be of primary importance as a preliminary
screening and to produce working hypotheses that can help to
prioritize the experimental study on the virus mutations.
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TABLE 4 | Kinetics profiles of S-RBD reference/mutants and hACE2-ECD.

KD (M) KD Error KON (1/Ms) KON Error KDIS (1/s) KDIS Error Full R2

Rep-1
Ref 4.63E-08 1.34E-09 9.86E+03 6.19E+01 4.57E-04 1.29E-05 0.9543
G476S 6.51E-08 1.32E-09 1.03E+04 6.39E+01 6.68E-04 1.29E-05 0.9565
V483A 5.77E-08 1.11E-09 1.11E+04 6.40E+01 6.39E-04 1.18E-05 0.9618
H519Q 5.34E-08 1.05E-09 1.07E+04 5.63E+01 5.71E-04 1.08E-05 0.9688
A520S 5.54E-08 1.14E-09 9.91E+03 5.24E+01 5.49E-04 1.09E-05 0.9694
Rep-2
Ref 4.62E-08 1.21E-09 1.10E+04 7.04E+01 5.08E-04 1.29E-05 0.95
G476S 6.32E-08 1.03E-09 1.29E+04 7.96E+01 8.17E-04 1.23E-05 0.9544
V483A 4.78E-08 8.25E-10 1.39E+04 7.82E+01 6.65E-04 1.09E-05 0.9606
H519Q 4.96E-08 8.50E-10 1.30E+04 6.94E+01 6.45E-04 1.05E-05 0.965
A520S 5.42E-08 9.59E-10 1.16E+04 6.15E+01 6.30E-04 1.07E-05 0.9672
Rep-3
Ref 4.16E-08 1.12E-09 1.21E+04 8.07E+01 5.03E-04 1.32E-05 0.9428
G476S 5.70E-08 9.72E-10 1.42E+04 9.33E+01 8.11E-04 1.28E-05 0.9459
V483A 4.50E-08 7.97E-10 1.53E+04 9.34E+01 6.91E-04 1.15E-05 0.9522
H519Q 4.58E-08 8.27E-10 1.44E+04 8.49E+01 6.60E-04 1.13E-05 0.9554
A520S 4.96E-08 9.09E-10 1.29E+04 7.26E+01 6.38E-04 1.11E-05 0.9607
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Experimental KD values in molar (M) concentration, association rate constant [KON (1/Ms)], and dissociation rate constant [KDIS (1/s)] with error generated while fitting the binding curves
from three replicates for S-RBD reference/mutants and hACE2-ECD interaction are tabulated.
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Supplementary Figure 1 | Correlation between binding free energy computed
by MM-PBSA and the PRODIGY webserver.

Supplementary Figure 2 | Comparison of binding affinity computed using the
PRODIGY webserver and available experimental data. Binding affinities ratios are
obtained from the dissociation constant using the formula: RTD ln(KD) = DDGExp.
(top) Table containing KD, and DDG, DDGExp and standard error of the mean
computed using the RT as reference. (bottom) Correlation between binding affinity
computed using PRODIGY and DDGExp.
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Supplementary Figure 3 | Root mean square deviations (RMSD) of the complex
S-RBD hACE2 receptor simulation. We report here only one (randomly chosen) of
the five trajectory replicas produced for data analysis. All other simulations produce
similar results.

Supplementary Figure 4 | Details of the interaction of the RT S-RBD and hACE2
receptor. For clarity, the figure is split into two different regions, which are spatially
separated (A, B). Lys417 interacts only with Asp30. Tyr449 and Gln498 share an
interaction with Asn38 and Gln42 side chains. Leu455 and Phe456 are inside a
pocket of charged amino acids and interact with the main chain of Asp30, Lys31,
and Thr27. Phe486 is inside a hydrophobic pocket formed by Phe28, Leu79, and
Phe83. Asn487 interacts with the polar side chain of Gln24. Gln493 is within a
charged pocket and interacts with the side chains of Lys31, Glu35, and His34.
Thr500 shares an interaction with the polar side chain of Tyr41 and the charged side
chains of Asp355 and Arg357. Asn501 is inside a charged pocket but interacts to
some extent with Tyr41 and Lys353. Tyr505 establishes an interaction with Glu35
and Arg393.

Supplementary Figure 5 | Maps of the contact between different variants of S-
RBD and hACE2 receptor. The x-axis of the matrix represents S-RBD residues,
while the y axis represents hACE2 receptor residues. The color represents the
probability of interaction along the whole set of trajectories and goes from white
(0%) to blue (100%).
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Ji Yeon Lee1†, Jee Young Lee2†, Jae-Hoon Ko3†, Miri Hyun1, Hyun Ah Kim1,
Seongcheol Cho2, Yong Dae Lee2, Junghoon Song2, Seunghwan Shin2*‡
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Objective: To evaluate clinical effectiveness of regdanvimab, a monoclonal antibody
agent for treating coronavirus 2019 (COVID-19).

Methods: A retrospective cohort study was conducted at two general hospitals during
the study period of December 2020 to May 2021. Mild COVID-19 patients with risk factors
for disease progression admitted to the hospitals within seven days of symptom onset
were enrolled and followed until discharge or referral. Multivariate analyses for disease
progression were conducted in the total and propensity score (PS)-matched cohorts.

Results: A total of 778 mild COVID-19 patients were included and classified as the
regdanvimab (n = 234) and supportive care (n = 544) groups. Significantly fewer patients
required O2 supplementation via nasal prong in the regdanvimab group (8.1%) than in the
supportive care group (18.4%, P < 0.001). The decreased risk for O2 support by
regdanvimab treatment was noticed in the multivariate analysis of the total cohort (HR
0.570, 95% CI 0.343–0.946, P = 0.030), but it was not statistically significant in the PS-
matched cohort (P = 0.057). Progression to severe disease was also significantly lower in
the regdanvimab group (2.1%) than in the supportive care group (9.6%, P < 0.001). The
significantly reduced risk for progression to severe disease by regdanvimab treatment was
observed in the analysis of both the total cohort (HR 0.262, 95%CI 0.103–0.667, P = 0.005)
and PS-matched cohort (HR 0.176, 95% CI 0.060–0.516, P = 0.002). Potential risk factors
for progression were investigated in the supportive care group and SpO2 < 97% and CRP
elevation >1.5 mg/dL were common risk factors for O2 support and progression to severe
disease. Among the patients with any of these factors, regdanvimab treatment was
associated with decreased risk for progression to severe disease with slightly lower HR
(HR 0.202, 95% CI 0.062–0.657, P = 0.008) than that of the total cohort.
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Conclusion: Regdanvimab treatment was associated with a decreased risk of
progression to severe disease.
Keywords: Regdanvimab, monoclonal antibody, COVID-19, progression, outcome
INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic is ongoing
and has caused more than four million deaths as of October 2021
(1). Among the therapeutic agents tested against COVID-19,
neutralizing monoclonal antibody (mAb) agents against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) were
found to decrease viral loads and prevent disease progression of
mild COVID-19 (2–9). On September 2021, US National
Institutes of Health recommended use of anti-SARS-CoV-2
mAb regimens, including casirivimab/imdevimab (Regeneron
Pharmaceuticals Inc., NY, USA), bamlanivimab/etesevimab (Eli
L i l l y and Company , IN , USA) , and so t r ov imab
(GlaxoSmithKline LLC, NC, USA), to treat non-hospitalized
patients with mild to moderate COVID-19 who are at high
risk of clinical progression (10). In the phase III trial,
casirivimab/imdevimab decreased viral load faster than
placebo, and COVID-19-related hospitalization or death from
any causes were significantly reduced both in 2400mg and
1200mg arm (relative risk reduction of 71.3% and 70.4%,
respectively) (7). Bamlanivimab/etesevimab also exhibited
significant reduction of COVID-19-related hospitalization or
death from any causes (relative risk difference, 70%) (9), and
sotrovimab reduced COVID-19 progression risk by 85% (8).

Regdanvimab (CT-P59, Celltrion Inc, Incheon, Republic of
Korea), a mAb agent against SARS-CoV-2, was approved by the
Korea Ministry of Food and Drug Safety for the treatment of
mild COVID-19 patients with risk factors for progression on
February 5, 2021 based on the results of in-vitro study and the
interim data of a phase II/III clinical trial (6, 11), and was
reviewed by European Medicines Agency on March 2, 2021 for
the support of national decisions on early use (12). In that trial,
the incidence of severe COVID-19 cases requiring inpatient
treatment was reduced by 54% among all COVID-19 patients
and 68% among patients with moderate COVID-19 older than
age 50. The time for clinical recovery was 5.4 days in the
regdanvimab group, which was reduced by 3.4 days compared
to 8.8 days in the placebo group (13). The approval in Korea was
conditioned on the success of a phase III clinical trial, which was
reported to meet its endpoints in June 2021 (14). To evaluate the
clinical response to regdanvimab in the real world, we conducted
a retrospective cohort study evaluating the pre- and post-periods
of regdanvimab treatment.
METHODS

Study Design and Population
This retrospective cohort study was conducted at two general
hospitals designated for the care of mild and moderate COVID-
org 262
19 patients between December 2020 and May 2021. The
diagnosis of COVID-19 was made using the real-time
polymerase chain reaction (RT-PCR) test for SARS-CoV-2.
During the study period, most of mild COVID-19 patients
were hospitalized at general COVID-19 designated hospitals,
and worsening COVID-19 patients with O2 requirements of
more than 5L per min via nasal prong or facial mask were
referred to tertiary care centers. Regdanvimab was administered
intravenously with the dose of 40mg/kg during hospitalization.
Because regdanvimab was approved for administration within
seven days of symptom onset, mild COVID-19 patients with any
risk factors for disease progression who were admitted to the
hospitals within seven days of symptom onset were screened.
Mild COVID-19 was defined as COVID-19 patients who did not
require O2 supplement at admission (SpO2 > 94% in room air).
The risk factors for disease progression were 1) age ≥ 60 years, 2)
cardiovascular disease, 3) chronic respiratory disease, 4) diabetes
mellitus, 5) hypertension, and 6) radiologic evidence of
pneumonia. Patients without any COVID-19 related
symptoms, those without risk factors for progression, those
admitted more than seven days after symptom onset, those
referred to other hospitals before disease progression or
recovery, and those who received regdanvimab more than
seven days after symptom onset were excluded from the
cohort. Attending physicians of both hospitals prescribed
regdanvimab for the indicated patients after the drug became
available on February 2021. Most of COVID-19 patients
admitted from February to May 2021 received regdanvimab
treatment if indicated, while those admitted from December
2020 to February 2021 did not receive the drug. There was an
overlap period on February 2021. The enrolled patients were
classified into the regdanvimab group or the supportive care
group, and the clinical outcomes of the patients were followed
until the day of discharge or referral. This study was approved by
the Institutional Review Board of Samsung Medical Center (IRB
no. 2021-07-079).
Data Collection and Outcome Assessment
Baseline characteristics and epidemiologic information were
collected from the electronic medical records. Clinical status at
admission was evaluated using SpO2, radiologic evidence for
pneumonia, complete blood count, chemistry profile, and C-
reactive protein (CRP) levels. The initial cycle threshold (Ct)
values of the RT-PCR at diagnosis (nasopharyngeal swab) were
also collected. Ordinal disease severity scores were used to
evaluate prognosis (Supplementary Materials) (15). The
primary endpoints assessed were requiring O2 support via
nasal prong (severity score 3) and a composite outcome
indicating progression to severe disease (severity scores 4 to 8,
November 2021 | Volume 12 | Article 772320
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including referral to a tertiary care hospital due to increasing O2

requirements). Requiring other treatment modalities including
remdesivir, steroids, and antibiotics, and the length of hospital
stay among patients who recovered without referral were
compared as secondary outcomes.
Statistical Analysis
To compare clinical factors, either the Student’s t-test or Mann–
Whitney U test was used for continuous variables, and the Chi-
square or Fisher’s exact test was used for categorical variables.
The Kaplan-Meier method and long-rank test was used to
calculate the 21-day probability of disease progression. Cox
proportional hazard models were used to evaluate potential
risk factors for disease progression within 21 days. All collected
factors relevant to outcomes were evaluated in univariate
analyses, and statistically significant factors were included in
the multivariate analyses. When a continuous variable was
statistically significant in the univariate analysis, it was
converted into a categorical variable using interquartile ranges,
the receiver operating characteristic (ROC) curve, or known
normal limits, and the variable with the highest hazard ratio was
included in the multivariate analysis. We used a propensity score
(PS) matching method with the nearest neighbor matching
algorithm and a 1:1 ratio without replacement to adjust
potential confounders (16). A logistic regression analysis was
performed to calculate the PS in a logistic model, and prognostic
covariates reported from previous reports and those identified
from the present cohort were included in that PS model
(Supplementary Materials) (17–19). All P-values were two-
tailed, and those <0.05 were considered statistically significant.
Frontiers in Immunology | www.frontiersin.org 363
IBM SPSS Statistics version 20.0 (IBM, Armonk, NY, USA) and
R software (version 4.1.0 with packages; the R Project for
Statistical Computing, Vienna, Austria) were used for all
statistical analyses.
RESULTS

Baseline Characteristics of Mild COVID-19
Patients With Risk Factors for Progression
During the study period, 1872 mild COVID-19 patients were
admitted to the two general hospitals designated for COVID-19
patient care (Figure 1). After excluding 1094 patients, 778
patients with risk factors for progression to severe disease who
were admitted within seven days of symptom onset were
included. The patients were classified into regdanvimab
(n = 234) and supportive care (n = 544) groups. The
supportive care group were diagnosed from November 26,
2020 to February 28, 2021, while the regdanvimab group were
diagnosed from February 11 to May 31, 2021. The baseline
characteristics of the patients are presented in Table 1. Patients
in the regdanvimab group were younger (51.8 ± 14.3 years) than
those in the supportive care group (56.2 ± 15.3 years, P < 0.001).
Patients in the regdanvimab group were admitted earlier (2.8 ±
2.0 days from symptom onset) than those in the supportive care
group (3.5 ± 2.2 days, P < 0.001). The average values of the initial
laboratory tests were within normal ranges, except for CRP (1.6 ±
2.6 mg/dL). The CRP level was significantly lower in the
regdanvimab group (1.2 ± 1.7 mg/dL) than in the supportive
care group (1.7 ± 2.9 mg/dL, P = 0.001).
FIGURE 1 | Patient selection for the retrospective cohort. Mild COVID-19 patients admitted to two hospitals designated for COVID-19 patient care were screened.
High-risk patients who were admitted within 7 days of symptom onset were included. The effects of regdanvimab treatment were evaluated using multivariate
analyses in the total cohort and in propensity score–matched cohorts developed to adjust for potential confounders. COVID-19, coronavirus disease 2019; Sx,
symptom; PS, propensity score.
November 2021 | Volume 12 | Article 772320

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lee et al. Regdanvimab for High-Risk COVID-19
Treatment and Outcomes of the
Cohort Patients
The treatment and outcomes of the regdanvimab and supportive
care groups are summarized in Table 2. Patients in the
regdanvimab group received regdanvimab treatment an
average of 4.0 days after symptom onset and 2.2 days after
admission. No patient in the regdanvimab group received
remdesivir, but three in the supportive care group did (0.6%).
Significantly less patients received steroid treatment in the
regdanvimab group (9.8%) than in the supportive care group
(19.1%, P = 0.001). Other immune modulators, such as
baricitinib or tocilizumab, were not administered for the study
population and no one participated in other clinical trials for
therapeutics. No patient in the regdanvimab group received
antibiotics treatment, but 73 patients (13.4%) in the supportive
care group did (P < 0.001).

After admission, significantly less patients required O2

supplementation via nasal prong in the regdanvimab group
(8.1%) than in the supportive care group (18.4%, P < 0.001).
When O2 support free survival was calculated using the Kaplan-
Meier method, significantly fewer patients required O2 support
Frontiers in Immunology | www.frontiersin.org 464
in the regdanvimab group than in the supportive care group (P <
0.001, Figure 2A). Significantly less patients progressed to severe
disease in the regdanvimab group (2.1%) than in the supportive
care group (9.6%, P < 0.001). When progression-free survival for
severe disease was calculated using the Kaplan-Meier method,
significantly fewer patients progressed to severe disease in the
regdanvimab group than in the supportive care group (P < 0.001,
Figure 2B). Significantly more patients were discharged after
recovery without referral to tertiary care centers in the
regdanvimab group (97.9%) than in the supportive care group
(90.8%, P < 0.001), and the hospital stays were also shorter in the
regdanvimab group (median 11.0 days, interquartile range (IQR)
9.0–12.5 days) than the supportive care group (median 12.0 days,
IQR 10.0–15.0 days, P < 0.001).

Univariate and Multivariate Analyses for
21-Day Disease Progression Probability in
Total Cohort
To identify potential confounding factors for O2 support via nasal
prong and progression to severe disease, univariate andmultivariate
analyses were conducted (Supplementary Tables 1, 2). In the
TABLE 1 | Baseline characteristics of the regdanvimab and supportive care groups.

Variables Regdanvimab Supportive care P value
(n = 234) (n = 544)

Demographics
Age, years 51.8 ± 14.3 56.2 ± 15.3 <0.001
Male sex 130 (55.6) 267 (49.1) 0.101
BMI 25.2 ± 3.6 24.8 ± 3.6 0.112
Sx onset to admission, days 2.8 ± 2.0 3.5 ± 2.2 <0.001

Initial presentation
Initial Ct value (NP swab, RdRp) 19.2 ± 6.4 19.9 ± 5.7 0.160
Pneumonia 168 (71.8) 354 (65.1) 0.068
SIRS 47 (20.1) 95 (17.5) 0.418
SpO2 97.2 ± 1.0 97.3 ± 1.2 0.748

Initial laboratory tests
WBC count,/mL 4749.4 ± 1505.4 4812.3 ± 1535.9 0.599
Lymphocyte count,/mL 1202.1 ± 460.9 1264.3 ± 720.8 0.224
Platelet count, x103/mL 199.7 ± 61.3 191.8 ± 66.0 0.116
Total bilirubin, mg/dL 0.62 ± 0.3 0.59 ± 0.2 0.155
Albumin, g/dL 4.5 ± 0.3 4.4 ± 0.3 0.002
AST, IU/L 32.7 ± 18.5 33.3 ± 19.6 0.704
ALT, IU/L 33.7 ± 23.6 32.9 ± 24.9 0.668
BUN, mg/dL 13.5 ± 4.0 14.4 ± 4.9 0.004
Creatinine, mg/dL 0.8 ± 0.2 0.9 ± 0.3 0.287
CPK, IU/L 128.3 ± 185.7 127.5 ± 165.2 0.953
LDH, IU/L 388.7 ± 100.9 398.0 ± 121.3 0.265
CRP, mg/dL 1.2 ± 1.7 1.7 ± 2.9 0.001

Underlying diseases*
Cardiovascular disease 22 (9.4) 54 (9.9) 0.896
Respiratory disease 8 (3.4) 35 (6.4) 0.122
Diabetes mellitus 40 (17.1) 91 (16.7) 0.917
Hypertension 79 (33.8) 182 (33.5) 0.934
Liver disease 4 (1.7) 7 (1.3) 0.647
Renal disease 1 (0.4) 3 (0.6) 0.824
Charlson Comorbidity Index 0 (0–1) 0 (0–1) 0.176
November 2021 | Volume 12 | Article
Data are expressed as the number (%) of patients, mean ± SD, or median (IQR) unless indicated otherwise. *There were no immunocompromised patients, such as hematology/oncology
patients, organ transplant recipients, or HIV-infected patients.
BMI, body mass index; Sx, symptom; Ct, cycle threshold; NP, nasopharyngeal; RdRp, RNA-dependent RNA polymerase; SIRS, systemic inflammatory response syndrome; SpO2,
saturation of percutaneous oxygen; WBC, white blood cell; AST, aspartate aminotransferase; ALT, alanine aminotransferase; BUN, blood urea nitrogen; CPK, creatine phosphokinase;
LDH, lactate dehydrogenase; CRP, C-reactive protein; HIV, human immunodeficiency virus.
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TABLE 2 | Treatment and outcomes of the regdanvimab and supportive care groups.

Variables Regdanvimab Supportive care P value
(n = 234) (n = 544)

Regdanvimab
Regdanvimab treatment 234 (100.0)) 0 (0.0) NA
Interval from symptom onset to regdanvimab, days 4.0 ± 1.8 NA NA
Interval from admission to regdanvimab, days 2.2 ± 1.5 NA NA

Remdesivir, steroids, and antibiotics*
Remdesivir treatment 0 (0.0) 3 (0.6) 0.255
Interval from admission to remdesivir, days NA 5.7 ± 4.0 NA
Steroid treatment 23 (9.8) 104 (19.1) 0.001
Interval from admission to steroids, days 2.8 ± 2.4 4.0 ± 3.5 0.119
Antibiotic treatment 0 (0.0) 73 (13.4) <0.001
Interval from admission to antibiotics, days NA 4.3 ± 3.7 NA

Outcome measures
O2 supplementation via nasal prong 19 (8.1) 100 (18.4) <0.001
Interval from admission to nasal prong, days 2.0 (2.0–4.0) 3.0 (2.0–5.0) 0.129
Composite outcome for progression to severe disease 5 (2.1) 52 (9.6) <0.001
Interval from admission to composite outcome, days 5.0 (2.5–7.5) 5.0 (3.0–8.0) 0.691
O2 supplement via facial mask 1 (0.4) 12 (2.2) 0.076
Interval from admission to facial mask, days 10.0 (10.0–10.0) 6.5 (5.0–7.8) 0.154
O2 supplement via HFNC 0 (0.0) 8 (1.5) 0.062
Interval from admission to HFNC, days NA 7.0 (6.0–8.8) NA
Referral to tertiary care center† 5 (2.1) 49 (9.0) <0.001
Interval from admission to referral, days 5.0 (2.5–7.5) 5.0 (3.0–8.0) 0.664

Live discharge after recovery without referral 229 (97.9) 494 (90.8) <0.001
Interval from admission to discharge, days 11.0 (9.0–12.5) 12.0 (10.0–15.0) <0.001

In-hospital mortality during follow-up period‡ 0 (0.0) 1 (0.2) 0.512
Frontiers in Immunology | www.frontiersin.org 6
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Data are expressed as the number (%) of patients or mean ± SD unless indicated otherwise. *Other immune modulators, such as baricitinib or tocilizumab, were not administered for the
study population and no one participated in other clinical trials for therapeutics. †‡One patient in the supportive care group could not be referred to a tertiary care center due to insufficient
capacity; that patient received mechanical ventilation support and died. ‡Outcome of patient was followed until discharge or referral. Final outcomes of referred patients were not collected.
NA, not applicable; HFNC, high flow nasal cannula.
A B

DC

FIGURE 2 | Progression-free survival analysis in the total and propensity score–matched cohorts. The 21-day probabilities for composite outcomes 1 (A) and 2
(B) were evaluated in the total cohort, and the regdanvimab group showed clinical benefit for both outcomes. Statistically significant benefits were also found in the
propensity score–matched cohort for composite outcomes 1 (C) and 2 (D).
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multivariate analysis, regdanvimab treatment was significantly
associated with a decreased risk for O2 support via nasal prong
(HR 0.570, 95%CI 0.343–0.946, P = 0.030;Table 3). Age ≥ 70 years,
SpO2 < 97%, thrombocytopenia, creatinine level, CRP elevation >
1.5 mg/dL, cardiovascular disease, and hypertension were
associated with an increased risk for O2 support. The risk for
progression to severe disease was also significantly decreased with
regdanvimab treatment (HR 0.262, 95% CI 0.103–0.667, P = 0.005).
SpO2 < 97% and CRP elevation > 1.5 mg/dL were associated with
an increased risk for progression to severe disease.

To investigate potential risk factors for progression of the
study population in the absence of the regdanvimab effect,
analyses were conducted in the supportive care group
(Supplementary Tables 3, 4). Among the variables found to be
significant in the univariate analyses, SpO2 < 97% and CRP
elevation >1.5 mg/dL remained significant risk factors in the
multivariate analyses for O2 support and progression to severe
disease. When the total cohort was classified into a higher-risk
group (patients with SpO2 < 97% or CRP > 1.5 mg/dL, n = 319)
and a lower-risk group (patients without either of those two risk
factors, n = 459), a significantly higher proportion of the patients
in the higher-risk group required O2 supplementation (28.5%)
and progressed to severe disease (14.4%), compared with those in
the low-risk group (6.1%, and 2.4%, respectively, both P < 0.001).
In the multivariate analyses of the high-risk group, regdanvimab
treatment was associated with decreased risk for progression to
severe disease with slightly lower HR (HR 0.202, 95% CI 0.062–
0 .657 , P = 0 .008) than tha t o f the to ta l cohor t
(Supplementary Table 5).

To identify risk factors for regdanvimab failure, analyses were
conducted in the regdanvimab group (Supplementary
Tables 6, 7). In the multivariate analysis, age ≥ 60 years, time
from symptom onset to admission, SpO2 < 97%, and
thrombocytopenia were associated with an increased risk for
Frontiers in Immunology | www.frontiersin.org 666
O2 support, but only systemic inflammatory response syndrome
(SIRS) was associated with an increased risk for progression to
severe disease.

Analysis of a PS-Matched Cohort
A PS-matched cohort was developed with 1:1 ratio, and 234
patients in the supportive care group were matched to 234
patients in the regdanvimab group. The baseline characteristics
of the matched cohort were statistically balanced (Supplementary
Table 8). In the multivariate analysis, regdanvimab treatment was
not significantly associated with a decreased risk for O2 support
via nasal prong (HR 0.548, 95% CI 0.301–0.999, P = 0.050), but it
was significantly associated with a decreased risk for progression
to severe disease (HR 0.176, 95% CI 0.060–0.516, P = 0.002;
Table 4 and Supplementary Tables 9, 10). These findings were
also observed in the survival analysis using the Kaplan-Meier
method (Figures 2C, D).
DISCUSSION

Passive immunization using mAb products require healthcare
resources for intravenous administration to mild COVID-19
patients (10). To overcome such limitation, casirivimab/
imdevimab added indication for subcutaneous injection based
on a phase I trial (20). In the Republic of Korea, mAb agents are
practically applicable to mild COVID-19 patients with risk
factors for progression because those patients are managed at
general hospitals where intravenous administration is available
(21, 22). After the conditioned approval of regdanvimab on
February 17, 2021, several COVID-19-designated hospitals
began actively administering regdanvimab to indicated
patients. To date, regdanvimab has been widely administered
TABLE 3 | Multivariate analysis of 21-day disease progression probability.

Factors for disease progression O2 support Progression to severe disease

HR (95% CI) P value HR (95% CI) P value

Age ≥ 70 years 2.024 (1.322–3.099) 0.001 1.106 (0.576–2.123) 0.763
Male sex 0.947 (0.609–1.472) 0.808 1.560 (0.792–3.074) 0.199
BMI 1.037 (0.985–1.091) 0.166
BMI ≥ 25 1.555 (0.889–2.721) 0.122
Sx onset to admission, days 1.062 (0.963–1.170) 0.230
SpO2 < 97%* 2.970 (2.018–4.372) <0.001 2.697 (1.545–4.708) <0.001
Neutrophil > 3500/mL 1.321 (0.878–1.990) 0.182 1.283 (0.717–2.297) 0.402
Thrombocytopenia (<150 x103/mL) 2.103 (1.402–3.155) <0.001 1.720 (0.958–3.087) 0.069
Albumin < 4.0 g/dL 1.379 (0.851–2.234) 0.192 1.574 (0.750–3.303) 0.230
Creatinine, mg/dL 2.394 (1.141–5.023) 0.021 2.028 (0.681–6.041) 0.204
CPK, IU/L 1.001 (1.000–1.002) 0.199
CPK elevation (>250 IU/L) 1.144 (0.659–1.988) 0.632
LDH elevation (>400 IU/L) 1.326 (0.880–1.999) 0.177 0.920 (0.513–1.650) 0.780
CRP elevation (>1.5 mg/dL) 2.742 (1.779–4.225) <0.001 2.414 (1.292–4.509) 0.006
Cardiovascular disease 1.703 (1.020–2.845) 0.042
Hypertension 1.564 (1.054–2.322) 0.027 1.403 (0.792–2.486) 0.246
Regdanvimab treatment 0.570 (0.343–0.946) 0.030 0.262 (0.103–0.667) 0.005
November 2021 | Volume 12 | Artic
*Median value of total cohort.
HR, hazard ratio; CI, confidence interval; BMI, body mass index; Sx, symptom; SpO2, saturation of percutaneous oxygen; CPK, creatine phosphokinase; LDH, lactate dehydrogenase;
CRP, C-reactive protein.
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in Korean COVID-19 designated hospitals, but the data from
clinical trials of regdanvimab have not been published as a full
scientific article yet (13). As evaluation of the clinical efficacy of
treatment modalities in a real-world setting would be especially
necessary for drugs under emergency use authorizations (4), we
conducted the present retrospective cohort study for scientific
background for COVID-19 management.

Of note, in the multivariate analyses of the total cohort and
PS-matched cohort, regdanvimab treatment was significantly
associated with a decreased risk of progression to severe
disease. Although a reduced risk for requiring O2

supplementation was not statistically significant in the PS-
matched cohort, a tendency favoring the regdanvimab group
was noticed, consistent with the analysis of the total cohort. The
need for other treatment modalities, including remdesivir,
steroids, and antibiotics, was significantly lower in the
regdanvimab group, and the length of hospital stay among
patients who recovered without referral was also shorter in the
regdanvimab group than in the supportive care group. These
findings consistently indicate that regdanvimab treatment offers
clinical benefit for high-risk patients. Because most mild to
moderate COVID-19 patients of the Republic of Korea are
managed at designated general hospitals, these primary
outcomes of the present study are not identical with those of
clinical trials conducted for non-hospitalized COVID-19 patients
(4, 7, 9). The clinical status of COVID-19 patients who require
O2 supplementation in the present study would be similar or
slightly more severe than those who require hospitalization in
those trials, though indications for hospitalization were not
clearly presented (4, 7, 9). Since those clinical trials did not
evaluated progression to severe disease as an outcome value, the
finding of the present study would additionally support
effectiveness of mAb agents for mild to moderate COVID-
19 patients.

However, the progression rate in this study population was
low (18.4% for O2 supplement and 9.6% for progression to severe
disease in the supportive care group), because regdanvimab
Frontiers in Immunology | www.frontiersin.org 767
treatment is approved for early COVID-19 patients who have
relatively broad risk factors for disease progression. The
proportion of COVID-19-related hospitalization was much
lower in the clinical trials of other mAb agents for non-
hospitalized patients (control arms, 3.2–7.0%) (7, 9). To figure
out whether a high-risk subgroup might gain more benefit from
regdanvimab treatment, we investigated the common risk factors
for progression in our analyses of the total cohort and supportive
care group. Among the various clinical variables, SpO2 < 97%
and CRP level > 1.5 mg/dL were common risk factors for
progression, and the progression rate in the higher-risk sub-
group (of patients with either of those factors) was 28.5% for O2

supplementation and 14.4% for progression to severe disease.
Meanwhile, in the lower-risk sub-group (of patients without any
of these two factors), progression rates to O2 supplement and to
severe disease were 6.1% and 2.4% respectively, which were
similar to those treated with regdanvimab. Adding those
factors to the treatment guidelines could increase the cost-
effectiveness, but a certain proportion of patients would lose
their treatment opportunity. The appropriate indication for mAb
treatment thus needs to be adjusted based on the outbreak
situation and healthcare resources.

Although only five patients in the regdanvimab group (2.1%)
progressed to severe disease, we also conducted multivariate
analyses to identify the risk factors for regdanvimab failure. It
was difficult to find consistent factors between the two primary
endpoints, but the statistically significant factors of late
admission, decreased oxygenation, thrombocytopenia, and
SIRS might be associated with progressed disease. The time
interval between symptom onset to admission or regdanvimab
treatment was associated with O2 supplementation, consistent
with previous cohort study conducted at USA (4), but
administration time interval was not associated with
progression to severe disease in the present cohort. These
findings suggest that early administration of regdanvimab
would be important, but other unmeasured factors may have
stronger association with regdanvimab failure. Since potential
TABLE 4 | Multivariate analysis of 21-day disease progression probability of the PS-matched cohort.

Factors for disease progression O2 support Progression to severe disease

HR (95% CI) P value HR (95% CI) P value

Age ≥ 70 years 1.120 (0.507-2.476) 0.779
Sx onset to admission, days 1.233 (1.052–1.445) 0.010
SIRS 1.699 (0.885–3.262) 0.111
SpO2 < 97%* 3.847 (2.111–7.011) <0.001 2.829 (1.186–6.747) 0.019
Thrombocytopenia (<150 x103/mL) 2.864 (1.563–5.250) <0.001 1.909 (0.814–4.478) 0.003
Albumin < 4.0 g/dL 1.875 (0.752–4.679) 0.178
BUN elevation (>19 mg/dL) 1.490 (0.628–3.535) 0.366
LDH, IU/L 1.004 (1.001–1.008) 0.025
LDH elevation (>400 IU/L) 1.813 (0.984–3.339) 0.056
CRP elevation (>5 mg/dL) 3.613 (1.569–8.319) 0.003 5.881 (1.843–18.771) 0.003
Cardiovascular disease 3.456 (1.617–7.385) 0.001
Diabetes mellitus 1.684 (0.874–3.243) 0.119
Hypertension 1.546 (0.853–2.802) 0.151
Regdanvimab treatment 0.548 (0.301–0.999) 0.050 0.176 (0.060–0.516) 0.002
November 2021 | Volume 12 | Articl
*Median value of total cohort.
HR, hazard ratio; CI, confidence interval; Sx, symptom; SpO2, saturation of percutaneous oxygen; BUN, blood urea nitrogen; LDH, lactate dehydrogenase; CRP, C-reactive protein.
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virulence factors associated with viral mutation was not
evaluated in the present analysis, a larger cohort study with
viral sequencing needs to be conducted to clearly elucidate the
factors involved in regdanvimab failure.

The present study has several limitations. First, we
retrospectively evaluated patients before and after regdanvimab
became available. Even though the management in the outbreak
setting could be different, it is less likely because study population
were admitted at early time point after symptoms onset and
managed at the same hospital. During the study period,
management for mild COVID-19 patients did not change, and
the community-based spread of SARS-CoV-2 variants of
concerns (VOCs) was not significant in the Republic of Korea
(23). The two hospitals participated in the present study have
been dedicated for mild and moderate COVID-19 patient care
since the first (March 2020) and second (June 2020) domestic
outbreak, respectively, and the medical resources and
management protocols were well-stabilized before the start of
present study (December 2020). Nevertheless, basic
demographic factors such as age, sex, and underlying disease
could be variable according to the outbreak situation and
seasons. To overcome that limitation, we enrolled a control
group more than two times larger than the regdanvimab group
in a short period and performed multivariate analyses and PS
matching. Second, the cohort study was conducted in two
general hospitals, and outcomes after patients were referred to
tertiary care centers could not be investigated. During
hospitalization at these general hospitals, only one patient in
the supportive care group died who could not be referred to a
tertiary care center due to insufficient capacity. A large, nation-
wide cohort study is needed to evaluate the final outcomes of
patients whose disease progressed despite regdanvimab
treatment. Last, although the study patients were confirmed
with COVID-19 with SARS-CoV-2 RT-PCR, whole genome
sequencing (WGS) to detect viral mutation was not performed.
Although the effectiveness of mAbs could be different against
VOCs, VOCs were not dominant during the study period in the
Republic of Korea. The healthcare authority selectively
performed WGS to detect viral mutation for risk groups such
as immigrants from VOC-endemic countries and individuals
exposed to VOCs. In the present cohort, only one case in the
regdanvimab group was reported to be infected with alpha
variant. Although he progressed to severe disease despite
regdanvimab treatment, it was difficult to interpret the impact
of a single case of VOC. Follow-up studies against VOCs need to
be conducted during a VOC-dominant outbreak period with
sequencing of entire study population.
Frontiers in Immunology | www.frontiersin.org 868
In conclusion, in a retrospective cohort study evaluating high-
risk COVID-19 patients, regdanvimab treatment within seven
days of symptom onset was associated with decreased risk of
progression to severe disease.
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During the COVID-19 pandemic, SARS-CoV-2 variants have emerged and spread
worldwide. The Delta (B.1.617.2) variant was first reported in India in October 2020
and was classified as a “variant of concern (VOC)” by the WHO on 11 May, 2021.
Compared to the wild-type strain, several studies have shown that the Delta variant is
more transmissible and has higher viral loads in infected samples. COVID-19 patients
infected with the Delta variant have a higher risk of hospitalization, intensive care unit (ICU)
admission, and mortality. The Delta variant is becoming the dominant strain in many
countries around the world. This review summarizes and analyses the biological
characteristics of key amino acid mutations, the epidemic characteristics, and the
immune escape of the Delta variant. We hope to provide scientific reference for
the monitoring and prevention measures of the SARS-CoV-2 Delta variant and the
development strategy of a second-generation vaccine.

Keywords: COVID-19, SARS-CoV-2 variants, mutations, vaccine, immune escape
1 INTRODUCTION

Over the last two decades, SARS -CoV-2 has been the third coronavirus known to cause severe acute
respiratory disease in humans, following SARS-CoV in 2003 and MERS-CoV in 2012 (1–3).
Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has a deleterious impact on health services and the global economy (4–6). As of 8
October 2021, COVID-19 has spread rapidly to more than 200 countries, and there have been
236,599,025 confirmed cases of COVID-19, including 4,831,486 deaths (www.who.int).

At the end of January 2020, the D614G mutation, which turns aspartic acid (Asp) into glycine
(Gly) at site 614 of the spike protein, was first discovered in the UK and quickly became the
dominant epidemic strain in the world, attracting widespread attention (7, 8). The established
nomenclature systems for naming and tracking SARS-CoV-2 genetic lineages by Nextstrain,
GISAID (https://www.gisaid.org/), and Pango are currently in use by scientists. The SARS-CoV-2
variants were classified as “variant of concern (VOCs)” and “Variant of Interest, VOI)” by the
WHO. At present, Alpha B.1.1.7 (known as 20I/501Y.V1, VOC 202012/01) (9), Beta B.1.351
(known as 501Y.V2) (10), Gamma P.1 (known as 501Y.V3) (11) and Delta B.1.617.2 (known as
478K.V1) (12) are defined as “variants of concern (VOCs)” by the WHO. Several studies have
indicated that the Delta variant has higher transmissibility (13–15) and immune evasion than the
early original virus strain and the other three VOCs. COVID-19 patients infected with Delta have a
org November 2021 | Volume 12 | Article 751778170
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higher risk of hospitalization, ICU admission, and mortality
(16–18). The Delta is becoming a prominent global strain
globally, which has brought new challenges to the prevention
and control of the COVID-19 pandemic.

1.1 The Biological Characteristics of Key
Amino Acid Mutations in the Spike Protein
of the SARS-CoV-2 Delta Variant
SARS-CoV-2 invades host cells by binding the spike protein to
angiotensin-converting enzyme-2 (ACE2) (19–21). The SARS‐
CoV‐2 spike protein is cleaved by furin into the S1 subunit and
S2 subunit. The S1 subunit consists of an N-terminal domain
(NTD) and a receptor-binding domain (RBD) and is responsible
for binding to the host-cell ACE2 receptor. In comparison, the S2
subunit includes the trimeric core of the protein and is
responsible for membrane fusion. The spike protein is the
dominant neutralization target of monoclonal antibodies
(mAbs), convalescent plasma, and vaccines (22–24). Therefore,
mutations in the S protein affect the transmissibility,
pathogenicity, and immune escape of SARS-CoV-2 variants.
The Delta variant has accumulated nine amino acid mutations
(T19R, G142D, FR156⁃157del, R158G, L452R, T478K, D614G,
P681R, D950N) in the spike protein (25).

1.1.1 L452R
The L452R mutation is located in the receptor-binding motif
(RBM) region in the RBD region, containing residues that bind
to ACE2 (26–28). Analysis of the SARS-CoV-2 spike protein
revealed that the L452 residue does not directly contact the ACE2
receptor (29). Instead, L452, together with F490 and L492, forms
a hydrophobic patch on the surface of the spike RBD. The L452R
mutation may cause structural changes in this region that
stabilize the interaction between the spike protein and the host
cell’s ACE2 receptor, leading to increasing infectivity (26, 30).
Deng X et al. observed that the entry efficiency into host cells of
stable pseudoviruses carrying the L452R mutation was 6.7-22.5-
fold higher in 293T cells and 5.8-14.7-fold higher in human
airway lung organoids (HAOs) compared to D614G alone (293T
cells and HAOs can stably express ACE2) (26). These results
indicated that L452R mutation could increase the binding affinity
of the spike protein to the host-cell receptor ACE2.

Wilhelm A et al. (31) found that authentic SARS-CoV-2
variants harboring L452R had reduced susceptibility to
convalescent and vaccine-elicited sera and mAbs. Compared to
B.1, the neutralization activity of convalescent sera against Delta
was reduced by 5.33-fold. The neutralization activity of sera
elicited by the mRNA vaccine against Delta was 2-fold weaker
than B.1. In contrast to Kappa, authentic SARS-CoV-2 variants
harboring L452R have a substantial resistance against
imdevimab and bamlanivimab. Even at high concentrations,
imdevimab was not effective against Delta, indicating high
resistance. However, neutralization of Delta was moderately
reduced with the clinically approved combination of
casirivimab/imdevimab (31). In addition, another pseudovirus
simulation showed that the L452R mutation could enhance the
immune escape ability of the virus against convalescent plasma
Frontiers in Immunology | www.frontiersin.org 271
(32) and monoclonal antibodies (SARS2-01, SARS2-02,
LY-CoV555, SARS2-32, X593, P2B2F6) (33).

1.1.2 T478K
Compared with the other two B.1.617 lineages (B.1.617.1 and
B.1.617.3), Delta (B.1.617.2) does not have the E484Q mutation
but has a unique T478K mutation (25). An in silico molecular
dynamics study on the protein structure of spike has predicted
that the T478K mutation, substituting a non‐charged amino acid
(threonine) with a positive one (lysine), may significantly alter
the electrostatic surface of the protein and increase steric
hindrance of the spike protein. These factors could enhance
the binding affinity of RBD to ACE2 and enhance the ability of
the virus to invade the host cell (34). Similarly, in vitro cell
culture studies have shown that the Delta variant carrying T478K
is more likely to undergo secondary mutation in a low titer
antibody environment, leading to the failure of host antibody
immunization (34).

1.1.3 P681R
Interestingly, the P681R mutation in the S protein of the B.1.617
lineage is unique and newly identified in VOCs. The P681R
mutation is located at the furin cleavage site (FCS; residues
RRAR positioned between 682-5), and the cleavage of this region
is the key to host cell entry (35). Several analyses have found that
the P681R mutation affects viral replication dynamics and
potentially determines the B.1.617 variants (36–38).
Pseudoviruses carrying the P681R mutation showed that this
mutation significantly increased the level of the cleaved S2
subunit and the level of the cleaved S2 subunit of the D614G/
P681R mutation was significantly higher than that of D614G
alone. In vitro, cell culture experiments revealed that the size of
floating syncytia in the D614G/P681R mutant-infected culture
was significantly larger than that in the D614G mutant-infected
cell culture (39). These data suggested that the P681R mutation
facilitates furin-mediated cleavage of the SARS-CoV-2 S protein,
accelerates viral fusion, and promotes cell-cell infection.

In addition, the neutralization analyses of pseudoviruses
showed that three monoclonal antibodies against RBD had 1.5-
fold (1.2 ~2.65) decreased neutralization activity by against
pseudoviruses with the D614G/P681R mutation. The
neutralizing activity assay using the 19 sera elicited by the
BNT162b2 vaccine (two doses) showed that pseudoviruses
carrying the D614G/P681R mutation are significantly resistant
to the vaccine-induced NAbs compared to the D614G
pseudoviruses (39). These results suggested that the P681R
mutation generated resistance to some mAbs and sera elicited
by mRNA vaccines.

Stefano Pascarella et al. (40) reported that the surface
electrostatic potential (EP) of the RBD of the spike protein is
markedly increased. This is particularly noticeable in the Delta
variant, which shows multiple replacements from neutral or
negatively charged amino acids to positively charged amino
acids. The EP in the spike protein of the Delta variant includes
the uncharged and hydrophobic residue of Leu452 changing to
the positively charged residue Arg and the neutral residue Thr
November 2021 | Volume 12 | Article 751778
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changing to the positively charged Lys at position 478. The
positive electrostatic potential can favor the interaction between
the B.1.617.2+ RBD and the negatively charged ACE2, increasing
the binding affinity of RBD to ACE2 receptor, thus conferring a
potential increase in the virus transmission.

The above studies suggested that L452R, T478K, and P681R
are the three key mutations of the SARS-CoV-2 Delta variant.
These mutations increased transmissibility and generated
immune escape of the Delta variant, as shown in Figure 1.

1.2 Delta Variant: More Transmissible,
Shorter Incubation Period, Higher Viral
Loads
Epidemiological investigation showed that the incubation period
(the period of time from infection to illness onset) after infection
with the Delta variant was 2-3 days, which was shorter than that
of the wild-type strain (3-7 days). The basic reproductive number
(R0, the infected person can transmit the pathogen to several
other people) of the Delta variant (R0:4.04~5.0) was higher
than that of the wild-type strain (R0:2.2~3.77). In addition,
the generation time (GT, the interval between infection of
the primary case and secondary cases) was 2.9 days (95%
Frontiers in Immunology | www.frontiersin.org 372
CI: 2.4–3.3), which was much shorter than the wild-type strain
(2.9 vs. 5.7). It has been reported that the fifth generation of cases
emerged just ten days after the first case was infected with the
Delta variant (41–43).

One preprint from CDC Guangdong Province, China, had
reported that the viral loads of patients infected with the Delta
variant (n=62, Ct =24.00, IQR:19.00~29.00) were 1260-fold
higher than those of the wild-type strain (n=63, Ct=34.31,
IQR:31.00~36.00) when PCR was first used to detect SARS-
CoV-2. Moreover, the number of patients infected with the Delta
variant containing the viral loads > 6x105 copies/mL in
oropharyngeal swabs was significantly higher than that of the
wild-type strain when the viruses were first detected (80.65% vs.
19.05%) (44). In addition, the mean time of virus turning
negative after the Delta variant infection was 13~15 days,
which was much longer than that of wild-type strains of
7~9 d (45).

Moreover, epidemiological studies from Guangzhou also
showed that patients infected with the Delta variant could
spread in a short time even if individuals did not converse
when sharing toilets or eat in the same space (46–48).
Similarly, a follow-up case in Australia showed that a driver
FIGURE 1 | The biological characteristics of key amino acid mutations in the Spike protein of the SARS-CoV-2 Delta variant. L452R, T478K, and P681R are the
three key amino acid mutations of the Delta variant, and these mutations increased transmissibility and generated immune escape of the Delta variant. RBD, receptor
binding domain; NTD, N⁃terminal domain; ACE2, angiotensin-converting enzyme-2.
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infected with the Delta variant was on the road, in a shopping
mall, or in a cafe at the same time as three patients; virus
transmission occurred despite a distance of only 10-60 cm
(49). This suggests that the Delta variant may spread through
aerosol in addition to the respiratory tract and close contact,
leading to enhanced interpersonal transmission ability.

These data indicated that the Delta variant has higher
transmissibility and a shorter incubation period. Patients
infected with the Delta variant had higher viral loads (Ct value
was less than 30).

1.3 The Delta Variant Is Becoming the
Dominant Epidemic Strain in Many
Countries Around the World
Delta (B.1.617.2) was first reported in India in October 2020 (12).
Ram VS et al. reported that in India, the second wave started in
March 2021, and they became the first country to report 400 000
cases per day by the end of April, and the emerged new Delta
variant has played as a key infectious agent (50). The Delta
variant has been linked to a resurgence of COVID-19 in Nepal
and southeast Asia. Delta seems to be around 60% more
transmissible than the already highly infectious Alpha variant
(B.1.1.7) identified in the UK in late 2020 (51). From 20 to 27
May 2021, the total confirmed cases infected with the Delta
variant increased from 3424 to 6959 in the UK (52, 53). Public
Health England’s weekly coronavirus data on circulating variants
showed 29,892 new cases of the Delta variant in the UK in the
week (as of 9 June 2021), bringing the total number of cases of
the Delta variant detected to 42,323 (54, 55).

According to nationwide sampling conducted by the
genomics company Helix in San Mateo, California, Delta is
rising fast, while Alpha fell from more than 70% of cases in
late April to around 42% by mid-June 2021 (51). Since mid-June
2021, a sharp increase in COVID-19 cases has been observed in
Israel, attributed to the Delta variant, which by mid-July 2021
constituted more than 95% of sequenced virus isolates in Israel
(56, 57).

The first local infection of the Delta variant was identified in
Guangzhou, Guangdong Province, China, on 21 May 2021 (44).
Frontiers in Immunology | www.frontiersin.org 473
From 21 May to 23 June 2021, the Delta variant caused
epidemics in Guangzhou, Maoming, Foshan, Zhanjiang, and
Shenzhen in Guangdong Province, China (46, 47). These
results suggested that the Delta variant is becoming the
dominant epidemic strain in many countries worldwide.

1.4 Delta Variant Has a Higher Risk of
Hospital Admission, ICU Admission,
and Mortality
Many clinical studies have reported that critical COVID-19
illness caused by infection with the wild-type strain includes
acute respiratory distress syndrome; coagulopathies (58); septic
shock; and multiple organ injuries, including liver injury (59),
kidney injury (60), heart injury (61), and gastrointestinal
symptoms (62). Preliminary data from Britain and Scotland
showed that the hospitalization rate of patients infected with
the Delta variant was 2-fold higher than that with Alpha (51). In
Canada, a retrospective cohort study (63) showed that compared
to non-VOC SARS-CoV-2 strains, the adjusted elevation in risk
associated with N501Y-positive variants (B1.1.17, B.1.351 and
P.1) was 59% (49-69%) for hospitalization, 105% (82-134%) for
ICU admission, and 61% (40-87%) for death. Moreover, the
adjusted risk of patients infected with the Delta variant was 120%
(93-153%) for hospitalization, 287% (198-399%) for ICU
admission, and 137% (50-230%) for death, which was
significantly higher than N501Y-positive VOC variants, as
shown in Table 1. In addition, the odds ratios (OR) for
hospitalization, ICU admission, and death with Delta variant
were as high as 2.20 (95% CI:1.93-2.53), 3.87 (95% CI:1.5-3.3),
and 2.37 (95% CI:1.50-3.30), respectively (63). Similarly, the
hazard ratios (HRs) of hospitalization for patients infected with
the Delta variant was higher than that for patients infected with
the wild-type strain in Scotland and in Singapore, with HRs:1.85
(95% CI:1.39-2.47) and HRs: 4.90 (95% CI:1.43-30.78),
respectively (64). These studies showed that the risk of
patients’ hospitalization, ICU admission, and mortality after
Delta infection was higher than N501Y-positive VOC variants
(B1.1.17, B.1.351, and P.1) and the wild-type strain, increasing
the risk of severe COVID-19 disease.
TABLE 1 | The epidemiological characteristics of the SARS-CoV-2 Delta variant.

WHO label Delta

Pango lineage B.1.617.2
Next strain S:478K
GISAID clade G/478K.V1
Amino acid mutations in the spike protein T19R, G142D, FR156⁃157del, R158G, L452R, T478K, D614G, P681R, D950N (25)
Higher transmissibility around 60% more transmissible than Alpha variant (51)
Higher risk of hospitalization, ICU admission, and
mortality

the risk of patients infected with the Delta variant was 120% (93-153%) for hospitalization, 287% (198-399%)
for ICU admission, and 137% (50-230%) for death, In Canada (63)

Immune escape Resistance to partial mAbs, convalescent plasma, and partial vaccine
Shorter incubation period 2-3 days (Delta) vs. 3-7 days (Wild-type strain) (41–43)
Viral loads of patients infected with Delta when PCR first
used to detect SARS-CoV-2

1260-fold higher than the wild-type strain (44)

The basic reproductive number: R0 4.04 ~ 5.0 (Delta) vs. 2.2~3.77 (Wild-type strain) (41–43)
The longer mean time of virus turning negative after the
Delta variant infection

13~15 days (Delta) vs. 7-9 days (Wild-type strain) (45)
R0: The basic reproductive number.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tian et al. Immune Escape of SARS-CoV-2 Delta Variants
1.5 Immune Escape From the
Neutralization Activity of the Monoclonal
Antibodies (mAbs) and Convalescent
Plasma
It has been reported that the neutralization activity of 30% (6/20)
of mAbs against the Delta variant was reduced more than 5-fold
compared with that of the wild-type strain. In addition, the
neutralization activity of 45% and 5% of convalescent plasma
against Delta was reduced by approximately 3-10-fold and >10-
fold, respectively (65, 66). Interestingly, the neutralization assay
found that the neutralizing activity of convalescent plasma from
individuals infected with the P.1 and B.1.351 variants against
Delta was entirely lost, suggesting that individuals infected with
B.1.351 and P.1 may be at risk of reinfection with the Delta
variant (66).

1.6 Vaccine Efficacy Against Delta Variant
In Israel, two doses of the Pfizer vaccine (mRNA vaccine) can
reduce symptomatic infections by 94%, related hospitalization by
87%, severe cases by 92%, and the risk of Delta infection by 79%
(66, 67). In England, compared with patients infected with Delta
who were not vaccinated, the risk of symptomatic infection
caused by the Delta variant was decreased by 33%, and the
hospitalization rate decreased by 75% three weeks after the first
dose of the AstraZeneca or Pfizer vaccine. The effectiveness of the
second dose of the AstraZeneca and Pfizer vaccines against Delta
infection was increased by 60% and 88%, respectively. The
hospitalization rate of patients infected with Delta who
received two doses of the AstraZeneca and Pfizer vaccines was
decreased by 92% and 96%, respectively (68–70).

The Delta variant can cause breakthrough infections in
vaccinated populations in Guangzhou. The effectiveness
evaluation of inactivated-virus vaccines-Sinovac/CoronaVac
against the Delta variant during the epidemic in Guangdong
showed that the efficacy of Sinovac/CoronaVac to prevent close
contact infection was 69%, the efficacy of Sinovac/CoronaVac to
prevent the development of symptomatic COVID-19 was 73%,
and the efficacy of Sinovac/CoronaVac to prevent severe
COVID-19 cases was 95% (45, 71).

All of these data revealed that, although the Delta variant
presents partial immune escape, the mRNA vaccine (AstraZeneca
and Pfizer vaccine) and inactivated-virus vaccines (Sinovac/
CoronaVac) still have a protective effect against the Delta variant.

The severity of COVID-19 is mainly related to hosting
factors, especially cellular immune responses in patients.
Frontiers in Immunology | www.frontiersin.org 574
Patients with mild COVID-19 and recovered patients with
severe COVID-19 exhibit a normal humoral and a T cell-
mediated immune response to effectively eliminate the virus
(72). Vaccines induce neutralizing antibodies against the SARS-
CoV-2 and induce a T cell response against the virus. Animal
experiments have shown that a single intramuscular injection of
the RNA-vaccine in mice elicited robust production of anti–
SARS-CoV-2 S protein IgG antibody isotypes indicative of a type
1 T helper cell response. A prime/boost regimen induced potent
T cell responses in mice, including antigen-specific responses in
the lung and spleen (73). Another study showed that a single
prime RNA- vaccine vaccination in mice led to robust
neutralizing antibodies and produced a strong viral antigen-
specific CD8+ T lymphocyte response (74). Moreover, several
clinical studies have shown that individuals with prior infection
can enhance T cell immunity against VOCs after one dose of
mRNA vaccines (75, 76). mRNA vaccines generate antigen-
specific T cells in a coordinated immune response, and
vaccine-induced T cells resemble durable memory cells primed
by infection (75, 76). These findings suggest that RNA vaccine-
induced T cell responses are also involved in antiviral effects and
neutralizing antibodies.
2 CONCLUSIONS

This review describes the biological characteristics of the L452R,
T478K, and P681R mutations of the Delta variant spike protein.
These mutations impact Delta variant biological behavior,
including increased transmissibility and immune evasion.
COVID-19 patients infected with Delta have a higher risk of
hospitalization and ICU admission than patients infected with
other VOCs (B1.1.17, B.1.351, and P.1) and wild-type strains.
The Delta variant may be the most transmissible VOC and is
becoming the main epidemic variant in many countries worldwide.
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Endogenous Antibody Responses
to SARS-CoV-2 in Patients With Mild
or Moderate COVID-19 Who Received
Bamlanivimab Alone or Bamlanivimab
and Etesevimab Together
Lin Zhang1†, Josh Poorbaugh1†, Michael Dougan2, Peter Chen3, Robert L. Gottlieb4,5,
Gregory Huhn6, Stephanie Beasley1, Montanea Daniels1, Thi Ngoc Vy Trinh1,
Melissa Crisp1, Joshua Joaquin Freitas1, Peter Vaillancourt 1, Dipak R. Patel1,
Ajay Nirula1, Nicole L. Kallewaard1, Richard E. Higgs1 and Robert J. Benschop1*

1 Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN, United States, 2 Massachusetts General Hospital and
Harvard Medical School, Boston, MA, United States, 3 Department of Medicine, Women’s Guild Lung Institute, Cedars-Sinai
Medical Center, Los Angeles, CA, United States, 4 Department of Internal Medicine, Center for Advanced Heart and Lung
Disease, Baylor University Medical Center, Dallas, TX, United States, 5 Baylor Scott & White Research Institute, Dallas, TX,
United States, 6 The Ruth M. Rothstein CORE Center, Cook County Health, Chicago, IL, United States

Background: Neutralizing monoclonal antibodies (mAbs) to SARS-CoV-2 are clinically
efficacious when administered early, decreasing hospitalization and mortality in patients
with mild or moderate COVID-19. We investigated the effects of receiving mAbs
(bamlanivimab alone and bamlanivimab and etesevimab together) after SARS-CoV-2
infection on the endogenous immune response.

Methods: Longitudinal serum samples were collected from patients with mild or
moderate COVID-19 in the BLAZE-1 trial who received placebo (n=153), bamlanivimab
alone [700 mg (n=100), 2800 mg (n=106), or 7000 mg (n=98)], or bamlanivimab (2800
mg) and etesevimab (2800 mg) together (n=111). A multiplex Luminex serology assay
measured antibody titers against SARS-CoV-2 antigens, including SARS-CoV-2 protein
variants that evade bamlanivimab or etesevimab binding, and SARS-CoV-2 pseudovirus
neutralization assays were performed.

Results: The antibody response in patients who received placebo or mAbs had a broad
specificity. Titer change from baseline against a receptor-binding domain mutant (Spike-
RBD E484Q), as well as N-terminal domain (Spike-NTD) and nucleocapsid protein (NCP)
epitopes were 1.4 to 4.1 fold lower at day 15-85 in mAb recipients compared with
placebo. Neutralizing activity of day 29 sera from bamlanivimab monotherapy cohorts
against both spike E484Q and beta variant (B.1.351) were slightly reduced compared with
placebo (by a factor of 3.1, p=0.001, and 2.9, p=0.002, respectively). Early viral load
correlated with the subsequent antibody titers of the native, unmodified humoral response
(p<0.0001 at Day 15, 29, 60 and 85 for full-length spike).
org December 2021 | Volume 12 | Article 790469177
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Conclusions: Patients with mild or moderate COVID-19 treated with mAbs develop a
wide breadth of antigenic responses to SARS-CoV-2. Small reductions in titers and
neutralizing activity, potentially due to a decrease in viral load following mAb treatment,
suggest minimal impact of mAb treatment on the endogenous immune response.
Keywords: serology, antibodies, immune response, COVID-19, bamlanivimab, etesevimab
INTRODUCTION

Coronavirus disease 2019 (COVID-19) is caused by the novel
human pathogen severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and has resulted in widespread global
morbidity and mortality (1).

The host immune response continues to be the best defense
against SARS-CoV-2 (2). While both innate and adaptive immune
processes are important, the humoral response against the virus
remains critical (3, 4).Healthy individuals exposed to SARS-CoV-2
mount a robust immune response involving the production of anti-
SARS-CoV-2 antibodies against a wide variety of SARS-CoV-2
epitopes across the nucleocapsid protein (NCP) and the spike
protein (5). Virus-neutralizing antibodies are primarily directed
to the receptor-binding domain (RBD) of the spike protein,
however some neutralizing epitopes reside within the N-terminal
domain (NTD) (6, 7).While individualswho recover fromCOVID-
19 develop robust immunoglobulin G antibody responses against
SARS-CoV-2 that can persist for at least 3-5 months after infection
(8, 9), waning titers and plasma neutralizing abilities over time have
been reported (10–12).

Several neutralizing monoclonal antibodies (mAbs) have
been developed to treat COVID-19. Two such antibodies,
bamlanivimab and etesevimab, bind to the RBD region of the
spike protein and have been shown to reduce nasopharyngeal
viral load in patients with mild or moderate COVID-19 and
prevent progression of COVID-19 leading to hospitalization or
death (13, 14). The efficacy of these mAbs can be reduced by
mutations within the RBD spike protein, such as at residue E484,
which negatively impacts bamlanivimab binding (13, 15).

Studies are necessary to assess the potential effect treatment
with neutralizing mAbs has on the specificity, magnitude, and
duration of the endogenous antibody response to SARS-CoV-2
infection. Using serum samples collected from patients with mild
or moderate COVID-19 enrolled in the BLAZE–1 trial who
received placebo, bamlanivimab alone, or bamlanivimab and
etesevimab together, we performed longitudinal analyses of
antibody responses to SARS-CoV-2 infection. We examined
the binding and neutralization activity of sera to SARS-CoV-2
viral proteins and assessed the relationship between early viral
load and antibody titers.
MATERIALS AND METHODS

Convalescent Serum Samples
Samples were obtained from individuals infected with SARS-CoV-
2 who received placebo, bamlanivimab (700, 2800, or 7000 mg), or
org 278
bamlanivimab (2800 mg) and etesevimab (2800 mg) together in
the phase 2 portion of the BLAZE-1 trial (NCT04427501) as
described previously (13). All donors provided written informed
consent. Treatment was administered within three days of the first
positive SARS-CoV-2 test sample collection. Serum samples were
collected longitudinally at time of enrollment [baseline (prior to
infusion)] and on day 3, day 15, day 29, day 60, and day 85 after
infusion. Prior to use in each assay, serum samples were
centrifuged for 5 minutes at 10000 x g to pellet any debris.

Luminex Multiplexing
Luminex xMAP technology is an established, multiplex, flow
cytometry-based platform that allows the simultaneous
quantitation of many protein analytes in a single reaction (16).
Antigen-coated microspheres were used to detect and quantitate
endogenous antibodies against multiple viral proteins
simultaneously (Table 2). The method was performed
essentially as previously described (17). Briefly, patient serum
samples were titrated (1:800 – 1:8E9) in phosphate buffered
saline-high salt solution (PBS-HS; 0.01 M PBS, 1% [bovine
serum albumin] BSA, 0.02% Tween, 300 mM NaCl) and
combined with Luminex MAGPlex microspheres coupled with
either SARS-CoV-2 or RBD mutant proteins. Diluted serum
samples and microsphere solution were incubated for 90 minutes
at room temperature, followed by a 60-minute incubation with
the detector phycoerythrin-conjugated anti-IgG Fc-specific
antibody (#109-115-098, Jackson Labs). Washed beads were
then resuspended in a PBS-1% BSA solution and read using a
Luminex FlexMAP 3D System with xPONENT Software.

Pseudovirus Production and
Characterization
E484K and E484Q mutagenesis reactions were performed using
the QuickChange Lightning Site-Directed Mutagenesis Kit
(Agilent #210519) using a template of a spike mammalian
expression vector based on the Wuhan sequence (Genbank
MN908947.3) with a deletion of the C-terminal 19 amino
acids. For the beta variant (B.1.351) pseudovirus a consensus
sequence representative of lineage was synthesized and
incorporated by Gibson cloning. Pseudoviruses bearing mutant
spike proteins were produced using the delta-G-luciferase
recombinant Vesicular Stomatitis Virus (rVSV) system
(KeraFast EH1025-PM, Whitt 2010). Briefly, 293T cells were
transfected with individual mutant spike expression plasmids,
and 16-20 hours later, transfected cells were infected with VSV-
G-pseudotyped delta-G luciferase rVSV, and 16-20 hours
thereafter conditioned culture medium was harvested, clarified
by centrifugation at 1320 g for 10 minutes at 4°C, aliquoted and
December 2021 | Volume 12 | Article 790469
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stored frozen at -80°C. Relative luciferase reporter signal read-
out was determined by luciferase assay (Promega E2650) of
extracts from VeroE6 cells infected with serially-diluted virus.
Luciferase activity was measured on a PerkinElmer EnVision
2104 Multilabel Reader.

Pseudovirus Neutralization Assays
Neutralization assays were carried out essentially as described
previously (18). Serum antibodies were diluted 4-fold in negative
serum and 10-point 3-fold titrations in 25% negative serum were
performed in 384 well polystyrene plates in duplicate using a
Beckman (Biomek i5) liquid handler. Positive and negative
control antibodies and an unrelated control (hIgG1 isotype)
were tested in a 10-point, 3-fold serial dilution starting at 8 µg/
mL, 2 µg/mL and 8 µg/mL, respectively, in 25% negative serum.
An empirically pre-determined fixed amount of pseudovirus
(Wuhan, E484Q, E484K, or the B.1.351 spike) was dispensed
by WDII liquid dispenser on titrated serum antibodies and
controls and pre-incubated for 20 minutes at 37°C. Following
pre-incubation, the virus-antibody complexes were transferred
by Biomek i5 to 8,000/well VeroE6 cells in white, opaque, tissue
culture treated 384W plates, and incubated for 16-20 hours at
37°C. Control wells included virus only (no antibody; 14
replicates) and cells only (14 replicates). Following infection,
cells were lysed with Promega BrightGlo and luciferase activity
was measured on the Biotek Synergy Neo2 Multimode Reader.

Viral Load Determination
Viral load was measured by nasopharyngeal swab followed by
quantitative RT-PCR reaction (13, 19). Viral load data is based
on the cycle threshold and calculated as an arbitrary unit. The
primer sequences for the RT-PCR assay have been reported
previously (20).

Statistical Analysis
Titer is commonly defined as the smallest dilution above the cut
point or the dilution factor at the cut point based on an
interpolation of assay values that straddle the cut point (21). In
the serology assay, we used the latter method to calculate the
titers (cut point for full-length spike, spike-RBD, spike-NTD,
and NCP was set as 3, and cut point for spike-RBD E484Q was
set as 1000). If the maximum signal of a titration curve is less
than the cut point, then the titer is imputed as 800 (smallest
dilution). The samples were run in three batches in the Luminex
serology assay, and batch effect was included as a fixed effect in
the statistical model for downstream analysis.

The treatment effects on titers were compared based on
change from baseline in log10 titer at different time points.
Mixed-model repeated-measure analysis with unstructured
covariance matrix (2-sided test with a level of 0.05) was used
to conduct the significance testing. Treatment group, visit day,
treatment × visit interaction, and batch effect were included as
fixed effects in the model. Adjustments for multiple testing were
not conducted; therefore, the findings should be interpreted as
exploratory. The statistical analyses were performed with R
software (version 4.0.3) (22). Spearman correlations between
viral load (at baseline and visit day 3) and log10 titer fold change
Frontiers in Immunology | www.frontiersin.org 379
from baseline (at visit day 3, 15, 29, 60, and 85) were computed.
Since most samples from the same patient were processed in the
same batch, batch has minimum impact on this correlation.

To calculate IC50 titer of data from the pseudovirus
neutralization assay, a 4-parameter logistic function was used
to estimate the absolute IC50 based on 1/dilution factor (bottom
is fixed at 0). If a sample has less than 50% neutralization over
observed concentration range or a poor fit (the standard error of
the IC50 is not estimable, majority of which has less than 50%
neutralization over observed concentration range, or the
estimated IC50 is larger than the maximum 1/dilution factor),
its IC50 titer was imputed to 0.125 (twice the maximum 1/
dilution factor). For the pseudovirus neutralization assay
analysis, treatment effects (compared to placebo) were
compared based on log10 1/IC50 titer using a non-parametric
Steel’s Test using JMP® (v14.1).
RESULTS

Patient Characteristics
Serum samples were obtained from patients with mild or moderate
COVID-19 enrolled in the BLAZE–1 trial who received placebo,
bamlanivimab (700 mg, 2800 mg, or 7000 mg), or bamlanivimab
(2800 mg) and etesevimab (2800 mg) together. Baseline
demographics and clinical characteristics of patients enrolled in
the BLAZE-1 study have previously been reported (13). Among the
placebo cohort, no patient reported an immunocompromised
condition and 3 patients (1.96%) reported receiving
immunosuppressive treatment at baseline, while among recipients
of bamlanivimab alone or bamlanivimab and etesevimab together 6
patients (1.45%) reported immunocompromised condition and 10
patients (2.41%) reported receiving immunosuppressive treatment
at baseline. A total of 568 patients provided serum samples, 560
samples were collected at baseline, and postbaseline samples were
collected at days 3, 15, 29, 60, and 85 (Table 1). Patients had mild to
moderate COVID-19, defined per US Food and Drug
Administration guidance (23), with symptoms including but not
limited to fever, cough, sore throat, malaise, headache, muscle pain,
gastrointestinal symptoms, or shortness of breath with exertion. A
total of 440 patients (77.5%) had mild COVID-19 at baseline, while
128 (22.5%) had moderate COVID-19 at baseline. Means of viral
load at baseline were 6.3 (standard deviation [SD] 2.2) and 6.9 (SD
2.0) for patients with mild and moderate COVID-19, respectively.
Participants were recruited into the study during the summer of
2020, prior to the widespread emergence of many of the SARS-
CoV-2 variants of interest/concern such as the Alpha, Beta,
Gamma, and Delta variants. Genotypic analysis of the SARS-
CoV-2 virus present in baseline samples confirm absence of these
SARS-CoV-2 variants in this cohort, with the majority of infecting
viruses containing the D614G substitution in spike found in the B.1
pangolin lineages.

Antibody Responses to SARS-CoV-2
A multiplex assay using the Luminex platform was performed to
determine the magnitude and specificity of antibody responses to
SARS-CoV-2. Antibody titers against four different SARS-CoV-2
December 2021 | Volume 12 | Article 790469
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spike versions (the full-length spike protein bearing the D614G
substitution, the Spike-RBD, the RBD carrying the E484Q
alteration, or the NTD) and the nucleocapsid protein (NCP)
(Table 2) were calculated using serum samples obtained from
each cohort. Since bamlanivimab does not bind significantly to
Spike RBD with alterations at residue E484 (15, 24), and as the
epitopes for bamlanivimab and etesevimab lie within the spike
RBD (25, 26), titers against Spike RBD E484Q, NTD, or NCP
proteins solely reflect the endogenous antibody response. Titers
against the full-length spike protein and the Spike-RBD, were
greater among cohorts that received bamlanivimab monotherapy
(all doses), as anticipated (27), and bamlanivimab and
etesevimab together compared with the placebo cohort,
reflecting detection of bamlanivimab and/or etesevimab
(Figure 1). Tracking the endogenous antibody responses
against SARS-CoV-2 proteins, titers were generally lowest at
baseline, with levels increasing over time and peaking around day
29 followed by slight declines in titers through day 85. The same
patterns for Spike RBD E484Q, the NTD, and NCP titers were
observed in the mAb-receiving cohorts. In the placebo cohort,
least square means of titers against the SARS-CoV-2 viral
proteins at day 85 were reduced 1.4 to 1.7 fold from day 29.
Similar reductions were observed for the cohorts treated with
mAbs: among the bamlanivimab monotherapy cohorts, least
square means of titers against Spike-NTD and NCP at day 85
was reduced 1.3 to 1.5 fold and 1.6 to 1.7 fold, respectively, from
day 29. Treatment with bamlanivimab and etesevimab together
resulted in 1.3 and 1.6 fold reductions in least square means of
titers against Spike-NTD and NCP at day 85 from day 29.
Frontiers in Immunology | www.frontiersin.org 480
Effect of mAb Treatment on Endogenous
Antibody Titers
Next, we calculated the titer change from baseline at day 3, 15,
29, 60, and 85 against the Spike-NTD and NCP (i.e., proteins that
bind neither bamlanivimab nor etesevimab), as well as Spike-
RBD E484Q (a mutation that negatively impacts bamlanivimab
binding) (Figure 2). Compared to placebo, treatment with
bamlanivimab monotherapy resulted in an attenuated increase
in antibody titer changes from baseline from day 15 through day
85 against Spike-E484Q (ranging from 2.0 to 2.9 fold across
bamlanivimab doses and time points), Spike-NTD (ranging from
2.5 to 4.1 fold), and NCP (ranging from 1.4 to 2.2 fold)
(Figure 2). Similarly, among recipients of bamlanivimab and
etesevimab administered together, an attenuated increase in
antibody titer changes from baseline from day 15 through day
85 against both Spike-NTD (ranging from 2.9 to 3.7 fold) and
NCP (ranging from 2.5 to 3.4 fold) were observed compared
with placebo.
mAb Treatment Effect on Neutralization of
SARS-CoV-2 Pseudoviruses
To probe the functionality of the polyclonal antibody response,
we tested a randomly selected subset (stratified by treatment
group) of the day 29 serum samples for neutralization activity.
SARS-CoV-2 viral neutralization was measured using a vesicular
stomatitis virus (VSV)-based pseudovirus (18, 28). We assessed
IC50 titers of serum samples against three different pseudoviruses,
containing the E484Q or E484K substitutions in spike, as well as
TABLE 1 | Number of patients in the BLAZE-1 study that provided serum samples at each timepoint.

Treatment Baseline Day 3 Day 15 Day 29 Day 60 Day 85

Placebo 152 140 124 126 125 120
Bamlanivimab 700 mg 99 93 90 86 82 84
Bamlanivimab 2800 mg 104 100 90 91 91 92
Bamlanivimab 7000 mg 97 91 89 86 77 80
Bamlanivimab (2800 mg) and etesevimab (2800 mg) together 108 98 95 96 91 80
Dec
ember 2021 | Vo
lume 12 | Article
Patients received placebo, bamlanivimab alone (700, 2800, or 7000 mg), or bamlanivimab (2800 mg) and etesevimab (2800 mg) together.
TABLE 2 | Details on SARS-CoV-2 proteins.

Serology Assays

Protein SARS-CoV-2 Sequence Length
(AA)

Backbone Expression

Full-length Spike (with
D614G)

1195 (14-1208) Wuhan WT spike CHO

Spike-RBD 199 (329-527) Wuhan RBD CHO
Spike-RBD E484Q 223 (319-541) Wuhan RBD CHO
Spike-NTD 294 (14-307) Wuhan NTD CHO
NCP 419 (1-419) Wuhan NCP CHO

Pseudovirus Assays
E484Q 1256 (1-1256) Wuhan spike NA
E484K 1256 (1-1256) Wuhan spike NA
B.1.351 1253 (1-241; 245-1256) Wuhan spike with (L18F,D80A,D215G,del242-244, K417N,E484K, N501Y,D614G,

A701V)
NA
CHO, Chinese hamster ovary cells; NA, not applicable; NCP, nucleocapsid protein; NTD, N-terminal domain; RBD, receptor-binding domain; WT, wild-type.
790469
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FIGURE 2 | Treatment effect of bamlanivimab monotherapy or bamlanivimab and etesevimab together at days 3, 15, 29, 60 and 85. Least squares means ( ± SE)
of fold changes from baseline were plotted across visit days for different treatment groups: green= 700 mg bamlanivimab, orange= 2800 mg bamlanivimab, gray =
7000 mg bamlanivimab, blue= 2800 mg bamlanivimab and 2000 mg etesevimab, and red = placebo. Titers against Spike-RBD E484Q not shown for cohort
receiving bamlanivimab and etesevimab together as etesevimab binds to this mutant protein. The number of samples at each timepoint are outlined in Table 1.
RBD, Receptor binding domain; NCP, Nucleocapsid protein; NTD, N-terminal domain; SE, Standard error.
FIGURE 1 | Antibody responses to SARS-CoV-2 viral proteins among patients treated with bamlanivimab monotherapy, bamlanivimab and etesevimab together,
and placebo. Least squares means ( ± SE) were plotted across visit days for different treatment groups. The full-length spike protein carries the D614G substitution.
Titers against Spike-RBD E484Q not shown for cohort receiving bamlanivimab and etesevimab together as etesevimab binds to this mutant protein. The number of
samples at each timepoint are outlined in Table 1. RBD, Receptor binding domain; NCP, Nucleocapsid protein; NTD, N-terminal domain; SE, Standard error.
Frontiers in Immunology | www.frontiersin.org December 2021 | Volume 12 | Article 790469581
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the beta-variant (B.1.351) which contains E484K and K417N
substitutions that have been shown to significantly reduce the
binding of both bamlanivimab and etesevimab (29).
Bamlanivimab treatment (all dose levels pooled) resulted in
significantly smaller neutralization of spike E484Q pseudovirus
compared with placebo (p=0.001) with the median of the
bamlanivimab group 3.1-fold lower compared to the median of
the placebo group. Similar neutralization activity was observed
against the Spike E484K pseudovirus (data not shown). As
anticipated, treatment with bamlanivimab and etesevimab
together resulted in significantly increased neutralization of
spike E484Q pseudovirus compared with placebo (p<0.0001)
with the median of the bamlanivimab and etesevimab together
group 15.2-fold higher compared to the median of the placebo
group, due to the presence of etesevimab in the serum (Figure 3).
Treatment with bamlanivimab alone or bamlanivimab and
etesevimab together reduced sera neutralization against the beta
variant B.1.351 compared with placebo (Figure 3). Reciprocal
IC50 values were slightly lower in both bamlanivimab
monotherapy (p=0.002) and bamlanivimab and etesevimab
together (p=0.019) treatment arms compared with placebo with
medians 2.9 and 2.3-fold lower than placebo median, respectively.

Early Viral Load Predicts Antibody Titer
Next, we explored whether the amount of SARS-CoV-2
nasopharyngeal viral load impacts the magnitude of the
endogenous, pharmacologically unmodified antibody
response. Viral load was measured by nasopharyngeal swab
followed by quantitative reverse transcriptase–polymerase
chain reaction (13). Using serum samples provided by
patients in the placebo cohort, we investigated the
relationship between early viral load at baseline and the log10
change from baseline in antibody titer against the full-length
spike and NCP at days 3, 15, 29, 60, and 85 (Figure 4). Patients
with higher viral loads at baseline showed greater fold increases
in antibody titers against the full-length spike and the NCP
Frontiers in Immunology | www.frontiersin.org 682
proteins on day 15 (r=0.47, r=0.43, respectively; p<0.0001) and
day 29 (r=0.49, r=0.39, respectively; p<0.0001) when antibody
responses peaked (but not on day 3 when most titers were
below the detection limit), indicating that baseline viral load
determines the magnitude of the humoral response. These
relationships between early viral load and antibody titers
against the full-length spike and the NCP proteins persisted
to day 60 (r=0.49, r=0.37, respectively; p<0.0001) and day 85
(r=0.43, r=0.3 respectively; p<0.001). Similar relationships were
observed between antibody titers and viral loads at day 3 (data
not shown).
DISCUSSION

This study provides a comprehensive assessment of the effects of
mAb treatment on endogenous antibody responses to SARS-
CoV-2 infection.

We found that patients produce a wide breath of serological
responses against SARS-CoV-2 epitopes regardless of mAb
treatment, with responses durable through to 85 days. To
explore the effects on endogenous responses among mAb
recipients, we utilized the finding that SARS-CoV-2 variants
carrying mutations in the RBD of the spike protein have the
potential to evade mAb treatment (15, 23, 29, 30). As the E484
residue is a key contact within the epitope of bamlanivimab
(25), E484K and E484Q substitutions greatly attenuate binding
of bamlanivimab; however, binding of etesevimab persists, due
to its distinct binding epitope (13). Therefore, we examined
changes in antibody titers against the Spike-RBD E484Q
protein, in addition to titers against proteins that lie outside
of the epitopes of both bamlanivimab and etesevimab (Spike-
NTD and NCP). We found that mAb treatment resulted in
smaller increases in anti-SARS-CoV-2 endogenous antibody
titers (1.4 to 4.1 fold) as compared to placebo, with some being
statistically significant. Despite these small reductions,
FIGURE 3 | Neutralization activity of serum samples against spike E484Q and beta variant (B.1.351) at day 29. Each data point represents the reciprocal IC50 titer
from serum samples collected from an individual patient. Median of the reciprocals of IC50 titers against the spike E484Q were 225, 213, and 220, for sera collected
from the bamlanivimab 700, 2800, and 7000 mg cohorts, respectively. Median of the reciprocals of the IC50 titers against beta (B.1.351) were 49, 87, and 86, for
sera collected from the bamlanivimab 700, 2800, and 7000 mg cohorts, respectively. Boxes and horizontal bars denote the interquartile range (IQR) and the median
reciprocal IC50 titer, respectively. The whiskers are equal to the maximum and minimum values below or above the median at 1.5 times the IQR. Ratio = median in
bamlanivimab or bamlanivimab and etesevimab vs median in placebo. p = p-value from non-parametric Steel’s test.
December 2021 | Volume 12 | Article 790469

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Ab Responses to SARS-CoV-2
antibody titers among mAb recipients showed comparable
patterns to the placebo group from baseline to day 85.
Clinical relevance of these slightly lower titers is not known.
Further, it remains to be seen whether mAb-treated patients
and placebo-treated patients possess equal levels of protection
upon SARS-CoV-2 re-exposure. The effect of mAb treatment
on memory responses (including T and B cells) also remains
unknown. Importantly, the level of exogenously administered
antibody is much higher than the titer of endogenous anti-
spike antibodies, so patients who receive mAb treatment have
an overall greater ability to neutralize virus.

To assess the effects of mAb treatment on the spectrum of
epitopes neutralized, we measured IC50 titers against Spike
E484Q, Spike E484K, and the beta variant (B.1.351). The latter
is a variant of concern and has two key mutations in the RBD of
Frontiers in Immunology | www.frontiersin.org 783
spike, E484K and the K417N, and can escape both bamlanivimab
and etesevimab recognition and neutralization in vitro (15, 31).
We found that serum samples collected from patients who
received bamlanivimab treatment were slightly less effective in
neutralizing spike E484Q and beta variant compared with
placebo (by a factor of 3.1 and 2.9, respectively). As noted
before, it is unknown whether these small reductions are
clinically meaningful.

Finally, we investigated the relationship between the early
viral load and endogenous antibody titers over time within the
placebo cohort. The results show that individuals with lower
viral loads at baseline generate lower antibody titers at later
time points (i.e. from day 15 and beyond), suggesting that
early viral load determines the magnitude of the subsequent
antibody response. This finding, taken together with findings
FIGURE 4 | The natural history relationship between viral load at baseline (x-axis) and the fold change in antibody titer against the full-length spike (top panel) and
NCP (bottom panel) from baseline to day 3, 15, 29, 60, and 85 in the placebo cohort. 42% and 54% of patients were sero-negative at both baseline and day 3 for
full-length spike and NCP, respectively. r is the spearman correlation between viral load and log of titer fold change from baseline; p is the p-value associated with
spearman correlation test.
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from previous reports showing that mAb treatment
administered early during infection reduces SARS-CoV-2
viral load (13, 19) , suggest that the reductions in
endogenous antibody titers among mAb recipients may be
due to reduced early viral load as a result of the efficacy of
mAb treatment. In addition, bamlanivimab is an IgG1 and
may also inhibit endogenous B cell activation through
engagement of FcgRIIb, though we do not know the level of
contribution of this relative to the effect of decreased viral
antigen exposure. As mean viral load at baseline was similar
across treatment groups (13), the observed effects on
endogenous antibody responses can be attributed to mAb-
dependent reductions in viral load following treatment.
Importantly, this reduction in endogenous antibody
responses does not slow viral clearance during acute SARS-
CoV-2 infection; indeed, viral decay is significantly accelerated
among patients administered bamlanivimab alone or
bamlanivimab and etesevimab together (13, 19). This finding
may have implications for optimal timing of SARS-CoV-2
vaccination following recovery from COVID-19 as a result of
neutralizing mAb therapy.

Taken together, the similarity in breadth and duration of
response between the placebo and mAb treatment cohorts
suggest that a similar immune response was induced upon
SARS-CoV-2 infection, but that the magnitude of endogenous
antibody production was attenuated presumably due to the
reduction in antigen exposure (as suggested by reduced viral
load) achieved by mAb treatment.

This study has several limitations. First, it is not yet known
whether the risk to reinfection with SARS-CoV-2 is similar for
mAb-treated patients and placebo-treated patients. Second,
since mAb treatment resulted in a small effect on endogenous
antibody production, we hypothesize that treatment may also
impact vaccine-induced antibody responses. However, this
remains to be evaluated in future dedicated studies. Third, we
could not evaluate changes to antibody titers for additional
SARS-CoV-2 variants, nor wild-type spike/RBD proteins in
this study due to drug interference. Other groups have found
that the polyclonal immune response for some individuals has
at least a proportion that is directed at the E484 position (32).
By using the drug tolerant E484Q/K spike-RBDs in this
investigation, we may be underestimating the overall
endogenous spike immune response. Fourth, we assessed the
impact of just two mAbs (bamlanivimab alone or
bamlanivimab and etesevimab together) on the endogenous
immune response, and therefore we do not know the effect of
other mAbs on the immune response. However, we
hypothesize similar results, as those mAbs also reduce viral
load upon administration (33).

In conclusion, this research identified that mAb therapy for
COVID-19 infection does not abolish the endogenous
immune response against SARS-CoV-2, but instead results
in only minor attenuations of titer and neutralization
capacity. We hypothesize that these minor changes pose
very low risk for patients in terms of reinfection and long-
term immune protection.
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As severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants continue to
emerge and spread around the world, antibodies and vaccines to confer broad and
potent neutralizing activity are urgently needed. Through the isolation and characterization
of monoclonal antibodies (mAbs) from individuals infected with SARS-CoV-2, we
identified one antibody, P36-5D2, capable of neutralizing the major SARS-CoV-2
variants of concern. Crystal and electron cryo-microscopy (cryo-EM) structure analyses
revealed that P36-5D2 targeted to a conserved epitope on the receptor-binding domain
of the spike protein, withstanding the three key mutations—K417N, E484K, and N501Y—
found in the variants that are responsible for escape from many potent neutralizing mAbs,
including some already approved for emergency use authorization (EUA). A single
intraperitoneal (IP) injection of P36-5D2 as a prophylactic treatment completely
protected animals from challenge of infectious SARS-CoV-2 Alpha and Beta. Treated
animals manifested normal body weight and were devoid of infection-associated death up
to 14 days. A substantial decrease of the infectious virus in the lungs and brain, as well as
reduced lung pathology, was found in these animals compared to the controls. Thus,
P36-5D2 represents a new and desirable human antibody against the current and
emerging SARS-CoV-2 variants.
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INTRODUCTION

As the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) continues to rage around the world, multiple
variants have emerged and spread rapidly. Currently, four major
variants of concern (VOCs) have been designated: Alpha
(B.1.1.7), initially identified in the UK; Beta (B.1.351) in South
Africa; Gamma (P.1) in Brazil; and Delta (B.1.617.2) in India (1–
7). These VOCs are not only rapidly displacing local SARS-CoV-
2 variants but are also carrying mutations in the N-terminal
domain (NTD) and receptor-binding domain (RBD) on the
spike protein that are critical for interactions with the ACE2
receptor and neutralizing antibodies (8–21). Conserved among
variants Alpha, Beta, and Gamma, the N501Y mutation was
previously shown to enhance the binding affinity to ACE2 (22,
23). The Beta and Gamma variants each has three mutation sites
in common within the RBD region—K417N/T, E484K, and
N501Y—which change their antigenic profiles. The Delta
variant contains the unique L452R and T478K mutations while
sharing a common mutation with the Alpha and Gamma
variants at P681 near the furin cleavage site. Various deletion
mutants in the NTD have also been identified, such as 69-70del
and Y144del in Alpha and 242-244del in Beta. Mutations in
other spike regions were also identified, and some are located in
or proximal to major S protein antigenic sites and, therefore, may
adversely affect the antibody neutralization induced by natural
infection or through vaccination (12–14, 24). Serum from
individuals vaccinated with the Moderna or Pfizer mRNA
vaccine demonstrated a nearly eightfold reduction in virus
neutralization capability to the Beta variant and fivefold to the
Gamma variant, while retaining similar neutralizing activity to
the Alpha variant compared to the wild-type virus (11, 19). The
chimpanzee adenovirus-based vaccine, ChAdOx1 nCoV-19,
given to individuals as a two-dose regimen failed to protect
against mild to moderate coronavirus disease 2019 (COVID-19)
caused by the Beta variant (25).

We and others have previously reported the isolation and
characterization of several hundred RBD-specific mAbs from
individuals infected with SARS-CoV-2 (26–35), some of which
have been approved for emergency use authorization (EUA) or
under active clinical development. Through structure and
functional characterization, the RBD-specific antibodies were
classified into four major categories (8, 10): class I antibodies,
which are encoded by the VH3-53 gene segment with short
CDRH3 loops, block ACE2 and bind only to “up” RBDs; class II
neutralizing antibodies include ACE2-blocking neutralizing
antibodies that bind both “up” and “down” RBDs and can
contact adjacent RBDs; class III neutralizing antibodies bind
outside the ACE2 site and recognize both “up” and “down”
RBDs; and class IV neutralizing antibodies, which do not block
ACE2 and bind only to “up” RBDs. Most class I mAbs were
largely disrupted by the K417N/T mutation and class II mAbs by
the E484K mutation. Class III and IV mAbs were relatively less
affected by the escape mutants (12–14). Fortunately, by screening
multiple mAbs from convalescent or vaccinated individuals, a
few broad and potent neutralizing antibodies directed to RBD
Frontiers in Immunology | www.frontiersin.org 288
were identified to neutralize or to in vivo protect against selected
VOCs (19, 20, 36–39). These neutralizing antibodies may
contribute to the residual serum neutralizing activity against
SARS-CoV-2 VOCs in these individuals.

Here, we report on the isolation and characterization of a
broad, potent, and protective antibody, P36-5D2, isolated from a
SARS-CoV-2 convalescent individual and capable of neutralizing
the major VOCs such as the Alpha, Beta, and Gamma variants.
Through crystal and electron cryo-microscopy (cryo-EM)
structure analyses, P36-5D2 was found to target a conserved
epitope on the RBD of the spike protein, bypassing the three key
mutations (K417N, E484K, and N501Y) responsible for immune
escape from many potent neutralizing mAbs (12–14). P36-5D2
also demonstrated impressive protection in a transgenic mouse
model against infection with either the SARS-CoV-2 Alpha or
Beta variant. Treated animals demonstrated a substantial
decrease in infectious virus load in the lungs and brain and
reduced lung pathology compared to the control animals. Thus,
P36-5D2 serves as an important reference for the development of
next-generation antibody therapies against SARS-CoV-
2 infection.
RESULTS

P36-5D2 Shows Broad and Potent
Neutralizing Activity Against Pseudotyped
and Infectious SARS-CoV-2
We used flow cytometry to isolate memory B cells that
recognized the fluorescence-labeled SARS-CoV-2 spike trimer
as previously described (28). A total of 70 mAbs were able to bind
to the SARS-CoV-2 spike, eight of which demonstrated
neutralizing ability against the SARS-CoV-2 pseudovirus and
infectious virus (Table 1, Supplementary Figures S1A, B). Four
mAbs—P36-1A3, P36-1B7, P36-5D2, and P74-6D2—showed
stronger neutralizing activity, with respective IC50 values of
0.015, 0.025, 0.053, and 0.025 mg/ml against pseudovirus
(Table 1, Supplementary Figure S1A). The remaining four—
P33-1F1, P33-3C5, P36-1C5, and P36-8F2—had relatively
weaker neutralizing potency, with IC50 values ranging from
0.037 to 39.6 mg/ml, and failed to reach 90% neutralizing
activity even at the highest concentration of 50 mg/ml
(Table 1, Supplementary Figure S1A). The control and
representative mAbs from each class, REGN10933 (class I),
CB6 (class I), BD368-2 (class II), and REGN10987 (class III),
were RBD-specific and showed comparable neutralizing activity
to that reported (26, 27, 32). Another control NTD-specific mAb,
4A8 (40), had an IC50 of 0.115 mg/ml, but failed to reach 90%
neutralization. Comparable neutralizing potency was also found
for the eight isolated mAbs against the infectious SARS-CoV-2
wild-type (WT) strain (Table 1, Supplementary Figure S1B).

To evaluate the neutralizing breadth of the top 4 neutralizing
mAbs, we used the established panel of pseudoviruses including
three of the most challenging SARS-CoV-2 VOCs, Alpha, Beta,
and Gamma, as well as single mutants derived from the three
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VOCs (20). As shown in Figure 1A, Supplementary Figure S2,
P36-5D2 was the most broad and potent against all the
pseudotyped VOCs and variants tested, as was the class III
control REGN10987. In contrast, P36-1B7, like the class I mAb
CB6, was substantially impacted by the SARS-CoV-2 Alpha,
Beta, and Gamma variants, largely due to K417N/T and N501Y
mutations. P74-6D2 demonstrated reduced or loss of
neutralizing activities to the three VOCs, which was largely
attributed to E484K, similar to the class II control mAb
BD368-2 and the class I control mAb REGN10933. P36-1A3
appeared to be heavily affected by N501Y and K417-E484K-
N501Y mutations. Furthermore, the neutralizing patterns
against these pseudotyped VOCs and variants correlated well
with their binding avidity to cell surface-expressed VOCs and the
mutant spike proteins (Figure 1B, Supplementary Figure S3).
This result suggested that a compromised binding avidity is a
major escape mechanism.

Subsequently, we evaluated the neutralizing ability of P36-
5D2 against the infectious SARS-CoV-2 WT, Alpha, and Beta.
Consistent with that from pseudoviruses, P36-5D2 showed
broad neutralizing activity to all three infectious viruses, with
IC50 values of 0.060, 0.051, and 0.034 mg/ml against the SARS-
CoV-2 WT, Alpha, and Beta respectively (Figure 1C). The
dissociation constant (KD) of P36-5D2 with the SARS-CoV-2
RBD was 6.91 nM, measured using surface plasmon resonance
(SPR), which was similar to those of P36-1A3, P36-1B7, and P74-
6D2 (Supplementary Figure S1B). Through competition
analysis measured by SPR, we found that P36-5D2 partially
competed while P36-1A3, P36-1B7, and P74-6D2 completely
competed with ACE2 for binding to RBD (Supplementary
Figure S1C). Competition among the four mAbs further
showed that P36-5D2 recognized a less overlapping epitope,
while the other three strongly competed among each other
(Supplementary Figures S1D, E). These results indicated that
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P36-5D2 recognized a different epitope from those by the other
three mAbs.
P36-5D2 Binds to a Highly Conserved
Epitope on RBD and Avoids Three Key
Mutant Residues (K417N, E484K,
and N501Y)
To reveal the molecular basis of the broad and potent
neutralizing activity of P36-5D2, we determined the crystal
structure of its antigen-binding fragment (Fab) bound to the
RBD-3M carrying the K417N, E484K, and N501Y mutations
initially identified in the SARS-CoV-2 Beta variant. At a
resolution of 3.1 Å, we found that P36-5D2 recognized an
epitope consisting of 11 residues (T345, R346, L441, K444,
V445, G446, G447, Y449, N450, T470, and F490) on RBD,
devoid of the three key mutant residues K417N, E484K, and
N501Y that facilitated escape from the neutralization of many
mAbs, including some approved for EUA (Figure 2A). Over
99.5% conservation was found at all these sites among the 1.96
million spike sequences in the GISAID EpiCoV database
collected from December 2019 to July 2021. The paratope of
P36-5D2 consisted of nine heavy-chain residues—T30 and T31
of HCDR1; G54 and K59 of HCDR2; and R103, Q105, F106,
D107, and Y108 of HCDR3—as well as six light-chain residues:
W32 of LCDR1; D50 of LCDR2; and Y91, N92, G93, and Y94 of
LCDR3 (Figure 2B). At the binding interface, R346 of the RBD
had salt bridge interaction with D107 of HCDR3 and D50 of
LCDR2, and K444, G446, and N450 had hydrogen bond
interactions with residues Y91 of LCDR3 and K59, F106, and
D107 of HCDR2 and HCDR3 (Figures 2C, D and
Supplementary Table S2). Based on the binding specificity,
P36-5D2 was closest to the class III RBD-targeting mAbs,
including REGN10987, S309, C110, and C135 (8, 27, 30, 41).
TABLE 1 | Binding capacity, neutralizing activity, and gene family analysis of eight monoclonal antibodies (mAbs) isolated from individuals infected with SARS-CoV-2
and five published representative mAbs.

mAb name Pseudovirus
(mg/ml)

Infectious virus
(mg/ml)

Binding to RBD Heavy chain Kappa chain or Lambda chain

IC50 IC90 IC50 IC90 KD (nM) Comepting w/ ACE2 IGHV CDR3 lengh SHM% IGK(L)V CDR3 lengh SHM%

P33-1F1 39.679 >50 27.918 >50 n.a. n.a. 3-13*01 14 1.37 K 1-39*01 10 0.70
P33-3C5 0.037 >50 0.151 >50 n.a. n.a. 1-24*01 14 1.70 L 2-14*01 10 0.34
P36-1A3 0.015 0.101 0.029 0.320 2.33 +++ 3-66*01 9 1.02 K 1-9*01 8 0.00
P36-1B7 0.025 0.305 0.096 1.388 7.37 +++ 3-66*01 11 0.68 K 1-9*01 10 0.00
P36-1C5 0.142 >50 0.154 >50 n.a. n.a. 3-7*01 23 1.69 L 3-1*01 9 0.36
P36-5D2 0.053 0.910 0.060 0.513 6.91 + 1-3*01 15 0.68 K 1-5*01 9 0.71
P36-8F2 23.487 >50 22.476 >50 n.a. n.a. 3-13*01 22 0.34 K 1-39*01 10 0.00
P74-6D2 0.025 0.302 0.075 1.260 4.11 +++ 1-18*01 10 1.37 K 1-33*01 8 0.36
REGN10933(class I) 0.006 0.046 n.a. n.a. <0.01 +++ 3-11*01 13 n.a. K 1-33*01 9 n.a.
CB6(class I) 0.015 0.136 n.a. n.a. 0.26 +++ 3-66*01 13 n.a. K 1-39*01 11 n.a.
BD368-2(class II) 0.004 0.023 n.a. n.a. 0.07 +++ 3-23*01 18 n.a. K 2-28*01 9 n.a.
REGN10987(class III) 0.006 0.046 n.a. n.a. <0.01 +++ 3-30*01 13 n.a. L 2-14*03 10 n.a.
4A8(NTD) 0.115 >50 n.a. n.a. n.a. n.a. 1-24*01 21 n.a. K 2-24*01 9 n.a.
December 2
021 | Volum
e 12 | Article
IC50 represents the half-maximal concentration and IC90 the 90% inhibitory concentration in the pseudovirus and infectious SARS-CoV-2 neutralization assay. Antibody binding to RBD
was presented either by KD or by competing with ACE2, in which +++ indicates >70% competition, ++ means 50%–70%, + denotes 20%–50%, and − indicates <20% competition. The
program IMGT/V-QUEST was applied to analyze the gene germline, CDR3 length, and somatic hypermutation (SHM). The CDR3 length was calculated from the amino acid sequences.
The SHM frequency was calculated from the mutated nucleotides.
RBD, receptor-binding domain; IGHV, immunoglobulin heavy-chain variable region gene; n.a. not available.
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The P36-5D2 epitope overlapped more with that of REGN10987
and C110 than with S309 and C135 (Figures 2E–H). All these
five class III mAbs shared two residues, R346 and L441, among
their epitopes. Interestingly, P36-5D2, C110, and C135 had light-
chain variable regions all derived from germline IGKV 1-5,
indicating a selective preference for the particular germline
gene during the development of this class of mAbs from
different infected individuals.

We went further to determine the cryo-EM structures of the
P36-5D2 Fab bound to the SARS-CoV-2 spike trimer at 3.7-Å
resolution (Figure 2I). In one model, P36-5D2 Fabs bound two
“up”RBDsandone “down”RBD. In theothermodel, P36-5D2Fabs
bound two “down” RBDs and one “up” RBD of the spike trimer.
Consistentwith the crystal structure analysis, the cryo-EMstructure
clearly demonstrated that the mutant residues K417N, E484K, and
N501Y were not involved in the P36-5D2 epitope. Furthermore,
P36-5D2 andACE2 only had two overlapping residues atG446 and
Y447, which was sufficient to exert spatial hindrance in disrupting
Frontiers in Immunology | www.frontiersin.org 490
the interaction between ACE2 and RBD. These results collectively
revealed the highly conserved nature of the P36-5D2 epitope and
provided a molecular basis for its broad and potent neutralizing
activity against all the SARS-CoV-2 VOCs and mutant strains
tested here.

Next, we conducted a single-site alanine scanning mutagenesis
for the 11 epitope residues within the P36-5D2 epitope to identify
the key residues that mediate RBD binding. All 11 mutated spikes
were successfully expressed on the surface of human embryonic
kidney (HEK)293T cells and can bind to the cellular receptorACE2
(Figures 3A, B, E). Among the mutated residues, R346A, K444A,
G446A, and N450A resulted in a near loss of P36-5D2 binding
(Figures 3A, C). Two resides, K444A andV445A, also resulted in a
substantial reduction in REGN10987 binding (Figure 3D),
consistent with the epitope residues defined by structural analysis.
Furthermore, among the 11pesudoviruses bearing alaninemutated
spikes, nine were able to confer resistance to P36-5D2, while the
remaining two (L441A and T470A) had a relatively weaker impact
A

B

C

FIGURE 1 | P36-5D2 shows broad and potent neutralizing and binding spectrum against pseudotyped and infectious SARS-CoV-2. P36-5D2, P36-1B7, P74-6D2,
and P36-1A3 were the top 4 isolated neutralizing monoclonal antibodies (mAbs) against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from
infected individuals. Published representative receptor-binding domain (RBD)-specific mAbs included REGN10933 (class I), CB6 (class I), BD356-2 (class II), and
REGN10987 (class III). The neutralizing and binding ability of mAbs against pseudotyped SARS-CoV-2, including Alpha (B.1.1.7), Beta (B.1.351), and Gamma (P.1),
and the respective mutations derived from the three variants of concern (VOCs) were evaluated. Values indicate the fold changes in half-maximal inhibitory
concentrations (IC50) (A) and the mean fluorescence intensity (MFI) relative to that of wild-type (WT) D614G (B). The IC50 of antibodies against WT D614G are listed
in (A). The minus symbol represents increased resistance and the plus sign indicates increased sensitivity. IC50 or MFI highlighted in red indicates that resistance
increased at least threefold; in blue, sensitivity increased at least threefold. BDL (below detection limit) represents the highest concentration of mAbs that failed to
reach 50% potency in neutralization activity or mAbs that failed to bind the cell surface-expressed SARS-CoV-2 variants. Results are presented as the mean value
from three independent experiments. (C) Neutralization of P36-5D2 against the infectious SARS-CoV-2 WT, Alpha, and Beta variants. 2G4 is the negative control
antibody specific for Ebola virus glycoprotein (EBOV GP). Experiments were performed in triplicate, and all data were presented as the means ± SEM.
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(Figure 3F). These results suggested that the levels of binding to the
surface-expressed spikes could not be accounted for during the
entire neutralization of P36-5D2.

P36-5D2 Protects K18-hACE2 Mice
From Infectious SARS-CoV-2 Alpha
or Beta Infection
Thereafter, we evaluated the prophylactic potential of P36-5D2
against infectious SARS-CoV-2 Alpha or Beta infection in a well-
established hACE2 transgenic mouse model (42, 43). The entire
experimental protocol and assays conducted to evaluate the
Frontiers in Immunology | www.frontiersin.org 591
protection capability of P36-5D2 are outlined in Figure 4A.
Briefly, 12 K18-hACE2 mice were IP administered with P36-5D2
at a dose of 10 mg/kg body weight a day before the intranasal
(IN) challenge with 103 plaque-forming units (PFU) SARS-CoV-
2 Alpha or Beta variant. The mice were monitored for 14 days to
record their body weight and symptoms. Half of them were
euthanized at 4 days post-infection (dpi) to obtain the right lung
and brain for viral titration and the left lung for histological
staining (Figure 4A).

For SARS-CoV-2 Alpha infection, P36-5D2-treated animals
maintained relatively stable body weights with 100% survival,
A B D
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FIGURE 2 | P36-5D2 binds to a highly conserved epitope on the receptor-binding domain (RBD) and avoids three key mutant residues: K417N, E484K, and
N501Y. (A) The epitope of P36-5D2 (purple) is highlighted on the surface of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RBD-3M carrying
K417T, E484K, and N501Y (cyan) (PDB: 7FJC). RBD-3M residues on the epitope are labeled. The percentages show the conservation at these positions observed
in the GISAID EpiCoV database by aligning 1,959,333 sequences of the SARS-CoV-2 spike from December 2019 to July 2021. (B) The paratope of P36-5D2 (sliver)
is highlighted on heavy chain (purple) and light chain (pink). Antibody residues are labeled in purple or pink depending on their origin from heavy or light chain.
(C, D) Interaction between P36-5D2 Fab and SARS-CoV-2 RBD-3M. (E–H) Listed class III mAbs Fab fragments are superposed onto P36-5D2/RBD-3M crystal
structure. REGN10987, S309, C110, and C135 are reference class III mAbs. The epitopes of these antibodies were assigned by selection of any RBD residue within
4 Å of any antibody residue. The epitope of REGN10987 (PDB: 6XDG) is colored in blue, S309 (PDB: 7JX3) in red, C110 (PDB: 7K8V) yellow, C135 (PDB: 7K8Z)
green, and P36-5D2 in purple. (I) Electron cryo-microscopy (cryo-EM) for the P36-5D2 Fab and SARS-CoV-2 spike complex (left, 3.65 Å; right, 3.69 Å) reveals the
binding of P36-5D2 Fab to both “up” and “down” RBDs. P36-5D2/RBD-3M crystal structure shown as cartoon superposed onto one protomer of P36-5D2/spike
cryo-EM structure. The spike is shown as a molecular surface, with one protomer RBD colored cyan, NTD green, SD1-2 yellow, and S2 gray. The top view shows
that P36-5D2 avoids residues K417, E484, and N501, which are shown as red-colored spheres. Inset: structure superposition showing clashes between ACE2
(PDB: 6MOJ; green) and P36-5D2 Fab. Overlapping residues shared between P36-5D2 and ACE2 are listed below.
December 2021 | Volume 12 | Article 766821

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shan et al. Potent and Protective SARS-CoV-2 Antibody
whereas those without treatment suffered drastic loss of body
weight starting from 5 dpi and reached humane endpoint at 7 dpi
(Figures 4B, C). The viral titers found at 4 dpi for the untreated
group were on average 3.3 × 105 ± 1.5 × 105 PFU/tissue and brain
7.2 × 105 ± 106 PFU/tissue. In contrast, the P36-5D2-treated
group showed minimum detectable levels of viruses in the lung
and brain tissues (Figures 4F, G). To assess the extent of lung
damage and pulmonary inflammation of the virus infection, we
performed histopathological analysis on the lung sections using
hematoxylin and eosin (H&E) staining. The untreated group
infected by the SARS-CoV-2 Alpha variant revealed evidence of
moderate to severe lung damage and inflammation with marked
infiltration of inflammatory cells such as granulocytes. In
contrast, in the P36-5D2 group, the lung tissue remained intact
and well defined (Figure 4J).

For SARS-CoV-2 Beta infection, the untreated group
exhibited progressive body weight loss from 3 to 5 dpi, and all
succumbed to infection by 5 dpi. These results indicated that the
disease progressed faster and with greater severity caused by
SARS-CoV-2 Beta as compared to SARS-CoV-2 Alpha infection.
Yet, P36-5D2 still conferred complete protection and the mice
maintained stable body weights, except for one mouse
experiencing a slight decline with mild symptoms at 6 dpi and
recovering by 8 dpi (Figures 4D, E). In the untreated group, the
viral titers found at 4 dpi were on average 789 ± 420 PFU/tissue
Frontiers in Immunology | www.frontiersin.org 692
and brain 7.0 × 104 ± 105 PFU/tissue. The prophylactic use of
P36-5D2 against the SARS-CoV-2 Beta variant was able to
reduce lung viral titers for 2 logs compared to that in the
control animals. The brain titers of the P36-5D2 group were
undetectable, except for one mouse (Figures 4H, I). Evaluation
of H&E staining revealed that the lung sections from the
untreated group infected by the Beta variant showed similar
histopathological changes to those infected by the Alpha variant,
with severe inflammatory infiltrates and edema. In contrast, in
the P36-5D2 group, there was no damage or pulmonary
inflammation in lung tissues (Figure 4K). These results
strongly indicate the broad and potent neutralizing activity of
P36-5D2 against the SARS-CoV-2 Alpha and Beta variants in
vivo via prophylactic interventions.
DISCUSSION

We report here the structural and functional characterization of
the human neutralizing antibody P36-5D2 isolated from
SARS-CoV-2 convalescent individuals. Compared to many
other isolated human mAbs, the most outstanding and unique
feature of P36-5D2 is its breadth and potency against the
SARS-CoV-2 Alpha, Beta, and Gamma variants, as well as
mutant viruses derived from the variants. Passive delivery of
A
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FIGURE 3 | Impact of single alanine mutated residues on P36-5D2 binding and neutralization. (A) Wild-type and single alanine mutated spike were expressed on
the surface of HEK 293T cells, incubated with P36-5D2, REGN10987, or ACE2, followed by staining with anti-human IgG Fc phycoerythrin (PE) or anti-His PE, and
analyzed by FACS. For each panel, the X-axis means tested antibody or ACE2 binding PE/FITC and the Y-axis means side-scattered light (SSC). The gated cell
percentages are shown. (B) The S2 monoclonal antibody (mAb) is a positive control antibody used for spike expression normalization. (C–E) The relative mean
fluorescence intensity (MFI) of mAbs or ACE2 binding was determined by comparing the total MFI in the selected gate between the spike variants and WT D614G.
2G4 targeting Ebola virus glycoprotein (EBOV GP) is a negative control mAb. NC denotes HEK 293T cells with mock transfection. Alanine mutated residues
completely destroying P36-5D2 binding are highlighted in yellow. Data are presented as the mean ± SEM from three independent experiments. (F) Impact of single
alanine mutated residues on pseudovirus neutralization sensitivity to P36-5D2. Results are presented as the mean value from three independent experiments.
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P36-5D2 protected K18-hACE2 mice from infection with the
SARS-CoV-2 Alpha or Beta variant and significantly reduced the
viral loads in both the lungs and brain. Crystal and cryo-EM
structural analyses showed that P36-5D2 recognized a highly
conserved epitope on RBD, which is accessible in both “up” and
“down” conformations and able to withstand the mutated
residues K417N, E484K, and N501Y that compromised many
neutralizing mAbs, including some approved for EUA. Recently,
Hastie and colleagues conducted a comprehensive study to map
the landscape of neutralizing epitopes on the RBD of SARS-CoV-
2 (44). A total of 186 RBD-directed antibodies with potential
therapeutic use were categorized into seven core “communities”
(RBD-1 to RBD-7) based on their distinct footprints and broad
competition profiles. RBD-1, RBD-2, and RBD-3 antibodies
targeted the receptor-binding surface, while RBD-4 and RBD-5
antibodies bound to the outer face of RBD. RBD-6 and RBD-7
antibodies, on the other hand, bound to the inner face of RBD. In
this context, P36-5D2 would fall into the community of RBD-5
antibodies together with REGN10987 and S309. Consistent with
what we have found here, RBD-5 antibodies showed broad
resistance to the SARS-CoV-2 variants, suggesting that this
community of antibodies binds to the conserved epitopes
Frontiers in Immunology | www.frontiersin.org 793
across all variants. Similar to REGN10987 and S309, P36-5D2
barely competed with ACE2 for binding to RBD, suggesting that
their mechanism of neutralization may involve immunoglobulin
G (IgG)-mediated spike crosslinking on virions, steric hindrance,
or aggregation of virions (41). Nevertheless, these results
indicated that we have identified a broad and potent
neutralizing antibody capable of overcoming the major
circulating SARS-CoV-2 variants. P36-5D2 and the epitope it
recognized may serve as an important reference for the
development of next-generation antibody therapies and
vaccines against SARS-CoV-2 infection.

A couple of points need to be highlighted here. Firstly, despite
the rapid emergence and spread of the SARS-CoV-2 variants,
infected and convalescent individuals can generate and produce
RBD-specific antibodies with impressive breadth and potency.
The number and relative proportion of such antibodies appeared
to be small, but they may contribute substantially to the remaining
serum neutralizing activity to the variants in recovered or
vaccinated individuals, particularly after boosting with mRNA
vaccines (24, 45, 46). Comprehensive characterization of this class
of antibodies will provide us with deeper insights into their
ontogeny and potential ways of inducing broader and more
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FIGURE 4 | Efficacy of P36-5D2 prophylaxis against the infectious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Alpha or Beta variant in
K18-hACE-2 mice. (A) Experimental schedule for antibody prophylaxis. Eight-week-old K18-hACE2 transgenic female mice were administered 10 mg/kg of P36-
5D2 intraperitoneally or untreated 1 day prior to challenge with 103 plaque-forming units (PFU) infectious SARS-CoV-2 Alpha or Beta via the intranasal route.
(B–E) The survival percentage (B, D) and body weight (C, E) were recorded daily after infection until the occurrence of death or until the experimental end point
at 14 days post-infection (dpi) (P36-5D2, n = 6; untreated, n = 5). Mice were sacrificed at 4 dpi for virus titer analysis (P36-5D2, n = 6; untreated, n = 7).
(F–I) Lung titers (F, H) and brain titers (G, I) were tested by plaque assays in lung and brain tissue homogenates. The PFU per tissue were compared between
groups in log10-transformed units. All data are presented as the mean ± SEM. Analysis of a two-tailed unpaired t-test was used. *p < 0.05, **p < 0.01. n.s., not
significant. (J, K) H&E staining of lung sections from P36-5D2-injected or untreated mice at 4 dpi. VL, vascular lumen; BL, bronchiolar lumen. Scale bars, 50
mm. Each image is representative of each group.
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effective protection against the circulating and future variants.
Secondly, although many of the current SARS-CoV-2 variants
bear mutations in the RBD, the identification of P36-5D2 has
revealed the existence of a highly conserved sequence and
structure on RBD that could potentially be used to trigger more
broad and potent immune responses, avoiding the current
prevalent mutations in dampening the immune responses
generated during natural infection and vaccination. This would
require preferentially exposing the conserved regions on RBD
while minimizing the receptor-binding motif that is commonly
recognized during infection and vaccination. How to achieve this
design and, more importantly, to realize the desired immune
response will surely be a big challenge. However, recent advances
in structure-based vaccine design through understanding of the
antigen–antibody interaction will certainly offer new possibilities
for this highly anticipated outcome. The identification of P36-
5D2, as well as other similar mAbs (19, 20, 36–39), represents the
first but important step for us to achieve the ultimate goal of
developing a universal vaccine against all SARS-CoV-2 variants
and beyond.
MATERIALS AND METHODS

Study Approval
This study received approval from the Research Ethics
Committee of Beijing Youan Hospital, China (LL-2020-039-K)
and Shenzhen Third People’s Hospital (2020-084). The research
was conducted in strict accordance with the rules and regulations
of the Chinese Government for the protection of human subjects.
The study subjects agreed and signed the written informed
consent for the use of their blood samples in research. All
animal experiments were conducted in a Biosafety Level 3
(BSL-3) facility in accordance with the National University of
Singapore (NUS) Institutional Animal Care and Use Committee
(IACUC) (protocol no. R20-0504), and the NUS Institutional
Biosafety Committee (IBC) and NUS Medicine BSL-3 Biosafety
Committee (BBC) approved SOPs.

Cell Lines
HEK293T cells (ATCC, Manassas, VA, USA), HeLa cells
expressing hACE2 orthologs (kindly provided by Dr. Qiang
Ding), and Vero E6 cells (ATCC) were maintained at 37°C in
5% CO2 in Dulbecco’s minimal essential medium (DMEM)
containing 10% (v/v) heat-inactivated fetal bovine serum (FBS)
and 100 U/ml penicillin–streptomycin. FreeStyle 293F cells
(R79007; Thermo Fisher Scientific, Waltham, MA, USA) were
maintained at 37°C in 5% CO2. Sf9 cells and Hi5 cells (ATCC)
were maintained at 27°C in Sf-900 II SFM medium.

Recombinant Protein Expression
and Purification
Recombinant SARS-CoV-2 RBD (residues R319–F541) and
trimeric spike for SARS-CoV-2 (residues M1–Q1208) and the
N-terminal peptidase domain of human ACE2 (residues S19–
D615) were expressed using the Bac-to-Bac Baculovirus
Expression System (Invitrogen, Carlsbad, CA, USA) as
Frontiers in Immunology | www.frontiersin.org 894
previously described (9, 47). The SARS-CoV-2 spike contains
proline substitutes at residues 986 and 987, “GSAS” substituted
at the furin cleavage site (residues 682–685), and C-terminal
foldon trimerization motif, Strep-tag, and six-histidine tag. The
SARS-CoV-2 RBD, RBD-3M, carrying K417N/E484K/N501Y
mutations and ACE2 peptidase domain contains a C-terminal
six-histidine tag. These recombinant protein genes were cloned
into pFastBac-Dual vectors (Invitrogen) and transformed into
DH10Bac component cells. The bacmid was extracted and
transfected into Sf9 cells using Cellfectin II Reagent
(Invitrogen). The recombinant baculoviruses were extracted
from the transfected supernatant and amplified to generate
high-titer virus stock. Viruses were then used to infect Hi5
cells for recombinant protein expression.

Antibody and Fab Production
Antibody and Fab production was conducted as previously
described (47, 48). The published SARS-CoV-2 mAbs
REGN10933, CB6, BD368-2, REGN10987, and 4A8 and the
negative control antibody 2G4 against Ebola virus (EBOV)
glycoprotein (GP) were synthesized according to the sequences
released in Protein Data Bank (PDB) (26, 27, 32, 40, 49).
Antibodies were produced by transient transfection of HEK
293F cells (Life Technologies, Carlsbad, CA, USA) using equal
amounts of paired heavy- and light-chain plasmids by PEI
(Sigma, St. Louis, MO, USA). After 5 days, the culture
supernatant containing antibodies was collected and purified
with protein A microbeads (GenScript, Piscataway, NJ, USA)
according to the manufacturer’s protocol. Beads were collected
using the magnetic separation rack and the antibodies eluted
from beads with an elution buffer (0.3 M glycine, pH 2.0) into a
neutralization buffer (1 M Tris-HCl, pH 8.0), followed by
dialyzing into phosphate-buffered saline (PBS). Concentrations
were determined by BCA Protein Assay kits (Thermo Scientific,
Waltham, MA, USA). To produce Fab fragments, the antibodies
were cleaved using Protease Lys-C (Sigma) with an IgG/Lys-C
ratio of 4000:1 (w/w) in 10 mM EDTA, 100 mM Tris-HCl, pH
8.5, at 37°C for 12 h. Fc fragments were removed using Protein
A microbeads.

Isolation of Spike-Specific Single B Cells
by FACS
Spike-specific single B cells were sorted as previously described
(28). Peripheral blood mononuclear cells (PBMCs) from
individuals infected with SARS-CoV-2 were collected and
incubated with 500 nM SARS-CoV-2 spike for 30 min at 4°C,
followed by antibody cocktail for the identification of spike-
specific B cells. The cocktail consisted of CD3-PE-Cy5 (BD
Biosciences, Franklin Lakes, NJ, USA) at a 1:25 dilution, CD14-
PE-Cy5 (eBioscience, San Diego, CA, USA) at a 1:50 dilution,
CD16-PE-Cy5 (BD Biosciences) at a 1:25 dilution, CD235a-PE-
Cy5 (BD Biosciences) at a 1:100 dilution, CD20-PE-Cy7 (BD
Biosciences) at a 1:200 dilution, CD27-BV421 (BD Biosciences) at
a 1:50 dilution, IgG–fluorescein isothiocyanate (FITC) (BD
Biosciences) at a 1:25 dilution, anti-His-APC (BioLegend, San
Diego, CA, USA) at a 1:20 dilution, and streptavidin–
phycoerythrin (PE) (eBioscience) at a 1:100 dilution. The
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stained cells were washed with FACS buffer (PBS containing 2%
FBS) and resuspended in 500 ml FACS buffer before being stained
with propidium iodide (PI) (eBioscience). Spike-specific single B
cells were gated as live+CD3−CD14−CD16−CD235a−CD20+

CD27+IgG+Spike+ and sorted into 96-well PCR plates
containing 2 ml of lysis buffer (1.9 ml 0.2% Triton X-100, 0.1 ml
RNase inhibitor; Clontech, Mountain View, CA, USA) per well.
The plates were then snap-frozen on dry ice and stored at −80°C
until the reverse transcription reaction.

Single B-Cell PCR and Construction of
Antibody Genes
The IgG heavy- and light-chain variable genes were amplified by
nested PCR and cloned into linear expression cassettes or
expression vectors to produce full IgG1 antibodies as
previously described (28). Specifically, all second-round PCR
primers containing tag sequences were used to produce the linear
Ig expression cassettes by overlapping PCR. Separate primer
pairs containing the specific restriction enzyme cutting sites
(heavy chain, 5′-AgeI/3′-SalI; kappa chain, 5′-AgeI/3′-BsiWI;
and lambda chain, 5′-AgeI/3′-XhoI) were used to amplify the
cloned PCR products. The PCR products were purified and
cloned into the backbone of the antibody expression vectors
containing the constant regions of human IgG1. Overlapping
PCR products of paired heavy- and light-chain expression
cassettes were co-transfected into HEK 293F cells.

Neutralization Activity of mAbs Against
Pseudotyped SARS-CoV-2
WT and mutated SARS-CoV-2 pseudoviruses were generated by
co-transfection of human immunodeficiency virus backbones
expressing firefly luciferase (pNL43R-E-luciferase) and
pcDNA3.1 (Invitrogen) expression vectors encoding the
respective spike proteins into 293T cells (ATCC) (20). Viral
supernatants were collected 48 h later. Viral titers were measured
as the luciferase activity in relative light units (Bright-Glo
Luciferase Assay Vector System; Promega Biosciences, WI,
USA). Serial dilutions of mAbs were prepared with the highest
concentration of 5 or 50 mg/ml. WT or mutated spike
pseudoviruses were mixed with mAbs and incubated at 37°C
for 1 h. HeLa-hACE2 cells (1.5 × 104 per well) were then added
into the mixture and incubated at 37°C for 60 h before cell lysis
for measuring the luciferase activity. The percent of
neutralization was determined by comparing with the
virus control.

Neutralization Activity of mAbs Against
Infectious SARS-CoV-2
A plaque reduction neutralization test against infectious
SARS-CoV-2 WT, shown in Supplementary Figure S1A, was
performed in a Chinese certified BSL-3 laboratory.
Neutralization assays against infectious SARS-CoV-2 WT were
conducted using a clinical isolate (Beta/Shenzhen/SZTH-003/
2020, EPI_ISL_406594 at GISAID) previously obtained from a
nasopharyngeal swab of an infected patient (28). Serial dilutions
of the test antibodies were conducted, mixed with 75 ml of SARS-
Frontiers in Immunology | www.frontiersin.org 995
CoV-2 [8 × 103 focus-forming units (FFU)/ml] in 96-well
Microwell plates, and incubated for 1 h at 37°C. The mixtures
were then transferred into 96-well plates, seeded with Vero E6
cells, and allowed absorption for 1 h at 37°C. The inocula were
then removed before adding the overlay media (100 ml MEM
containing 1.6% carboxymethyl cellulose). The plates were then
incubated at 37°C, 5% CO2 for 24 h. Cells were fixed in 4%
formaldehyde solution for 30 min and the overlays removed.
Cells were permeabilized with 0.2% Triton X-100 and incubated
with cross-reactive rabbit anti-SARS-CoV-N IgG (Sino
Biological, Beijing, China) for 1 h at room temperature before
adding horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (H+L) antibody (Jackson ImmunoResearch, West
Grove, PA, USA). Cells were further incubated at room
temperature. The reactions were developed with KPL TrueBlue
Peroxidase substrates (Seracare Life Sciences, Milford, MA,
USA). The numbers of SARS-CoV-2 foci were calculated using
an EliSpot reader (Cellular Technology, Shaker Heights,
OH, USA).

The plaque assay against infectious SARS-CoV-2 VOCs,
shown in Figure 1C, was performed in the National University
of Singapore certified BSL-3 laboratory. The infectious SARS-
CoV-2 used in the neutralization belongs to GISAID lineage
clade L (WT, B) (accession ID: EPI_ISL_574502), GRY (Alpha,
B.1.1.7) (accession ID: EPI_ISL_754083), and GH (Beta,
B.1.351.3) (accession ID: EPI_ISL_1173248). Serial dilutions of
the test antibodies were conducted, mixed with 50 PFU
infectious SARS-CoV-2 in 12-well plates, and incubated for 1 h
at 37°C. The mixtures were then transferred into 12-well plates,
seeded with Vero E6 cells, and allowed absorption for 1 h at
37°C. The inocula were then removed and the wells washed once
with PBS before adding the overlay media [1 ml DMEM
containing 1.2% microcrystalline cellulose (MCC)]. The plates
were then incubated at 37°C, 5% CO2 for 72 h for plaque
formation. Cells were fixed in 10% formalin overnight before
counterstaining with crystal violet. The virus titer of each
dilution was determined through the number of plaques
formed and expressed in neutralization percentage in
comparison to positive control.

Antibody Binding Kinetics, Competition
with Receptor ACE2, Epitope Mapping
Measured by SPR
The binding kinetics of mAbs to SARS-CoV-2 RBD were analyzed
using SPR (Biacore 8K; GE Healthcare, Chicago, IL, USA).
Specifically, recombinant protein A (Sino Biological) or the anti-
His antibody (Cytiva, Marlborough, MA, USA) was covalently
immobilized to a CM5 sensor chip via amine groups in 10 mM
sodium acetate buffer (pH 4.5) for a final RU (response units)
around 7,000. The running buffer HBS-EP was composed of 0.01
M HEPES, pH 7.4, 0.15 M NaCl, and 0.05% (v/v) Tween-20. The
IgG form of mAbs was captured by the sensor chip immobilized
with recombinant protein A, and then serial dilutions of SARS-
CoV-2 RBD flowed through the sensor chip system. The resulting
data were fitted to a 1:1 binding model using the Biacore 8K
Evaluation software (GE Healthcare).
December 2021 | Volume 12 | Article 766821

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shan et al. Potent and Protective SARS-CoV-2 Antibody
To determine competition with the human ACE2, the SARS-
CoV-2 RBD was immobilized to a CM5 sensor chip via the
amine group for a final RU around 250. In the first round,
antibodies (1 mM) were injected onto the chip for 120 s to reach
binding steady state and HBS-EP was injected for 120 s. In the
second round, antibodies (1 mM) were injected onto the chip for
120 s and ACE2 (2 mM) was then injected for 120 s. In the third
round, HBS-EP was injected for 120 s and ACE2 (2 mM) was
then injected for 120 s. The sensorgrams of the three rounds were
aligned from 120 to 240 s in Biacore 8K Evaluation software (GE
Healthcare). The blocking efficacy was determined by a
comparison of the response units with and without prior
antibody injection.

For epitope mapping, the SARS-CoV-2 RBD was
immobilized to a CM5 sensor chip via the amine group for a
final RU around 250. Two different mAbs were sequentially
injected and monitored for binding activity to determine
whether these two mAbs recognized separate or closely
situated epitopes.

Binding of mAbs to Cell Surface-
Expressed WT and Mutated Spikes
The entire procedure was conducted as previously described (20).
HEK 293T cells were transfected with expression plasmids encoding
either WT or mutated full-length spike of SARS-CoV-2, and
incubated at 37°C for 36 h. Cells were removed from the plate
using trypsin and distributed into 96-well plates for individual
staining. Cells were washed twice with 200 ml staining buffer (PBS
with 2% FBS) between each of the following. Firstly, cells were
stained with 2 mg/ml testing mAb and 5 mg/ml S2-specific
monoclonal antibody (MP Biomedicals, Santa Ana, CA, USA) at
4°C for 30 min in 100 ml staining buffer. Then, PE-labeled anti-
human IgG Fc (BioLegend) at a 1:100 dilution and anti-mouse IgG
FITC (Thermo Fisher Scientific) at a 1:200 dilution were added into
40 ml staining buffer at room temperature for 30 min. After
extensive washes, the cells were resuspended and analyzed with
BD LSRFortassa (BD Biosciences) and FlowJo v10 software
(FlowJo). HEK 293T cells without transfection were also stained
as a background control. The RBD-specific mAbs REGN10933,
CB6, BD368-2, and REGN10987 were used as positive control
mAbs, while 2G4 was used as a negative control mAb. HEK 293T
cells with mock transfection were stained as a background control.

Antibody Protection in hACE2
Transgenic Mice
Eight-week-old female K18-hACE2 transgenic mice (InVivos
Ptd Ltd, Lim Chu Kang, Singapore) were used for this study.
The mice were housed and acclimatized in an ABSL-3 facility for
72 h prior to the start of the experiment.

K18-hACE2 transgenic mice were subjected to pretreatment
of mAb P36-5D2 (10 µg/kg) delivered through IP injection a day
prior to infection. The inoculation of mice was conducted
through IN delivery with 25 µl, 103 PFU of the infectious
SARS-CoV-2 Alpha or Beta variant. Baseline body weights
were measured prior to infection and monitored daily by two
personnel post-infection for the duration of the experiment. To
assess the viral load, mice from each experimental group were
Frontiers in Immunology | www.frontiersin.org 1096
sacrificed 4 dpi, with brain and lung tissues harvested. Each
organ was halved for the plaque assay and histology, respectively.
Tissues were homogenized with 0.5 ml DMEM supplemented
with antibiotic and antimycotic (Gibco, Waltham, MA, USA)
and titrated in Vero E6 cells using plaque assays.

For virus titer determination, supernatants from homogenized
tissues were diluted 10-fold serially in DMEM supplemented with
antibiotic and antimycotic. Of each serial diluted supernatant,
250 µl was added to Vero E6 cells into 12-well plates. After 1 h of
incubation for virus adsorption, the inoculum was removed and
washed once with PBS. About 1.2% MCC-DMEM supplemented
with antibiotic and antimycotic overlay media was added to each
well and incubated at 37°C, 5% CO2 for 72 h for plaque formation.
The cells were then fixed in 10% formalin overnight and
counterstained with crystal violet. The number of plaques was
determined and the virus titers of individual samples were
expressed in logarithm of PFU per organ.

Histopathological Analyses
Left lung lobes were fixed in 3.7% formaldehyde solution prior to
removal from BSL-3 containment. The tissues were routinely
processed, embedded in paraffin blocks (Leica Surgipath
Paraplast), sectioned at 5-µm thickness, and stained with H&E
(Thermo Scientific) following standard histological procedures.
The extent and severity of lung damage was qualitatively
described as no infection, mild, moderate, or severe.

Crystal Analysis and Structural
Determination
The antibody P36-5D2 Fab and RBD-3M were mixed at a molar
ratio of 1:1.5 and incubated at 4°C for 60 min. The mixture was
purified by gel filtration pre-equilibrated by 1× HBS buffer. The
complex of P36-5D2 Fab and RBD-3M was concentrated to 11
mg/ml for crystallization. Crystal of the P36-5D2 Fab and RBD-
3M complex was obtained after 5 days using the sitting drop
method. The well solution was 0.1 M sodium HEPES 7.5, 10%
(w/v) PEG 6000, and 5% (v/v) MPD. Diffraction data were
collected at SSRFBL18U1 beam line of the Shanghai
Synchrotron Research Facility (SSRF). The data were processed
by HKL3000 and the structure was determined using the
molecular replacement method with PHASER in the CCP4
suite (50). Model building and refinement were performed
using COOT v.0.9.2 and PHENIX v.1.18.2, respectively (51,
52). The data processing statistics are listed in Supplementary
Table S1.

Cryo-EM Sample Preparation
and Data Collection
Aliquots of complex of SARS-CoV-2 spike ectodomains and
P36-5D2 Fab (4 ml, 1.6 mg/ml, in buffer containing 20 mM Tris,
pH 8.0, and 150 mM NaCl) were applied to glow-discharged
holey carbon grids (Quantifoil grid, Au 300 mesh, R1.2/1.3). The
grids were then blotted for 2 s and plunge-frozen into liquid
ethane using Vitrobot Mark IV (Thermo Fisher Scientific).

Images for complex were recorded using the FEI Titan Krios
microscope (Thermo Fisher Scientific) operating at 300 kV with
a Gatan K3 Summit direct electron detector (Gatan Inc.,
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Pleasanton, CA, USA) at Tsinghua University. The automated
software AutoEMation2 (53) was used to collect 4,534 movies for
complex of SARS-CoV-2 spike ectodomains and P36-5D2 Fab in
super-resolution mode at a nominal magnification of ×29,000
and at a defocus range between −1.5 and −1.8 mm. Each movie
has a total accumulated exposure of 50 e-/Å2 fractionated in 32
frames of 2.13-s exposures. The final image was binned twofold
to a pixel size of 0.97 Å. The data collection statistics are
summarized in Supplementary Table S3.

Cryo-EM Data Processing
Motion correction (MotionCor2 v.1.2.6) (54), CTF estimation
(GCTF v.1.18) (55), and non-templated particle picking
(Gautomatch v.0.56; http://www.mrc-lmb.cam.ac.uk/kzhang/)
were automatically executed using the TsingTitan.py program.
Sequential data processing was carried out on RELION-3.1 (56).
Initially, ~910,000 particles were subjected to 2D classification.
After three additional 2D classifications, the best selected 480,469
particles were applied for the initial model and 3D classification.
A subset of 242,871 particle images from state 1 (one RBD up
and two RBDs down) and 225,216 particle images from state 2
(two RBDs up and one RBD down) were further subjected to 3D
auto-refine and post-processing. The final resolutions for states 1
and 2 were 3.69 and 3.65 Å, respectively. The interface between
the S protein of SARS-CoV-2 and Fab was subjected to focused
refinement with mask on the region of the RBD–Fab complex to
improve the map quality. The selected 480,469 particles were 3D
classified focused on the RBD–Fab complex. Then, the good
particles were selected for focused refinement and post-
processing with a final resolution of 3.8 Å. The resolution was
estimated with the gold-standard Fourier shell correlation 0.143
criterion. Details of the data collection and processing are shown
in Supplementary Figure S4 and Table S3.

Cryo-EM Model Building and Refinement
The initial model of complex of SARS-CoV-2 spike ectodomains
and P36-5D2 Fab was generated using the models (PDB 7A94
and 7A97) and fit into the map using UCSF Chimera v.1.15 (57).
Manual model rebuilding was carried out using COOT v.0.9.2
(51) and refined with PHENIX v.1.18.2 (52) real-space
refinement. The quality of the final model was analyzed with
PHENIX v.1.18.2 (52). The validation statistics of the structural
models are summarized in Supplementary Table S3. All
structural figures were generated using PyMOL 2.0 (58) and
Chimera v.1.15 (57).

Quantification and Statistical Analysis
The technical and independent experiment replicates were
indicated in the figure legends. The half-maximal inhibitory
concentration (IC50) and 90% inhibitory concentration (IC90)
of the mAbs were calculated using the four-parameter dose
inhibition equation in Graphpad Prism 9.0. Percentages of the
binding of mAbs to cell surface-expressed SARS-CoV-2 variants
were calculated as the ratio between the mutated over WT mean
fluorescence intensity (MFI) normalized relative to that of the
S2-specific antibody. All MFI values were weighted by
multiplying the number of positive cells in the selected gates.
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The fold change of the mutant spike relative to WT D614G in
binding or neutralization was calculated by simple division of the
respective IC50 or MFI values. In animal experiments, a two-
tailed unpaired t-test was used to assess statistical significance.
Statistical calculations were performed in GraphPad Prism 9.0.
Differences with p-values less than 0.05 were considered to be
statistically significant (*p < 0.05, **p < 0.01; n.s., not significant).
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Supplementary Figure 1 | SARS-CoV-2 spike-specific neutralizing antibodies
screening and evaluation. (A) Antibody neutralization against pseudotyped and
infectious SARS-CoV-2. Antibodies included eight isolated neutralizing mAbs P33-
1F1, P33-3C5, P36-1A3, P36-1B7, P36-1C5, P36-5D2, P36-8F2 and P74-6D2
from SARS-CoV-2 infected individuals, four RBD-specific representative mAbs
REGN10933, CB6, BD368-2, REGN10987, one NTD-specific representative mAb
4A8 and one negative control mAb 2G4. Data are presented as the means ± SEM
from three independent experiments. (B) Binding kinetics of the top four isolated
neutralizing mAbs P36-1A3, P36-1B7, P36-5D2 and P74-6D2 with SARS-CoV-2
RBD measured by SPR. The black lines indicate the experimentally derived curves
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while the red lines represent fitted curves based on the experimental data. Results
presented are representatives of two independent experiments. (C) Antibody
competition with ACE2 for binding to SARS-CoV-2 RBD measured by SPR. The
plots show distinct binding patterns of ACE2 to the RBD with (colored curve) or
without (black curve) prior incubation with each tested mAb. The results are
representative of two independent experiments and color-coded for each mAb.
(D) Epitope mapping through competitive binding measured by SPR. Pairs of
antibodies were sequentially applied to SARS-CoV-2 RBD immobilized sensor chip.
The level of reduction in response unit comparing with or without prior antibody
incubation is the criterion for determining the two antibodies recognize the separate
or closely situated epitopes. (E) Summary of antibody competition in (D), in which
‘+++’ indicates >70% competition; ‘++’ 50–70%; ‘+’ 20–50%; and ‘−’ <20%.

Supplementary Figure 2 | Neutralization of SARS-CoV-2 variants by each
antibody, related to Figure. 1. Pseudoviruses bearing the indicated mutations were
tested against serial dilutions of each mAb. Neutralizing activity was defined as the
percent reduction in luciferase activities compared to no antibody controls. Levels of
resistance were calculated as the -fold change in IC50 between each mutant and
WT D614G, as presented in Figure. 1A. Results are presented as the mean value
from three independent experiments.

Supplementary Figure 3 | Binding to cell surface expressed SARS-CoV-2
variants by each antibody, related to Figure. 1. Wildtype and mutated spike were
expressed on the surface on HEK 293T, incubated with the mAbs, followed by
staining with anti-human IgG Fc PE and analysed by FACS. The gated cell
percentages are shown. The fold changes in antibody binding, as shown in Figure.
1B, was determined by comparing the total MFI in the selected gate between spike
variants and WT D614G. S2 mAb is a positive control antibody used for spike
expression normalization. 2G4 targeting EBOV GP is negative control antibody. NC
is HEK 293T cells with mock transfection.

Supplementary Figure 4 | Cryo-EM data processing workflow. (A) Processing
workflow of the P36-5D and SARS-CoV-2 spike complex cryo-EM data. Local
resolution map and particle orientation distribution of the P36-5D/spike complex
with 2 “down” and 1 “up” RBD (B) or with 1 “down” and 2 “up” RBD (C). (D, E) The
corrected, unmasked, masked and phase randomised FSC for the cryo-EM
reconstructions of the density maps of P36-5D2/spike complex with C3 symmetry.
The final resolution of the P36-5D/spike complex with 2 “down” and 1 “up” RBD is
3.69 Å (D). The final resolution of the P36-5D/spike complex with 1 “down” and 2
“up” RBD is 3.65 Å (E).

Supplementary Table 1 | Crystal structure data collection and refinement statistics.

Supplementary Table 2 | Contacts between SARS-CoV-2 RBD-3M and P36-
5D2 (distance cutoff 4 Å).

Supplementary Table 3 | Cryo-EMdata collection, refinement and validation statistics.
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Convalescent plasma is a suggested treatment for Coronavirus disease 2019 (Covid-19),
but its efficacy is uncertain. We aimed to evaluate whether the use of convalescent plasma is
associated with improved clinical outcomes in patients with Covid-19.In this systematic
review and meta-analysis, we searched randomized controlled trials investigating the use of
convalescent plasma in patients with Covid-19 in Medline, Embase, Web of Science,
Cochrane Library, and medRxiv from inception to October 17th, 2021. Two reviewers
independently extracted the data. The primary efficacy outcome was all-cause mortality.
The Cochrane Risk of Bias Tool and GRADE (Grading of Recommendations Assessment,
Development and Evaluation) method were used. This study was registered with
PROSPERO, CRD42021284861. Of the 8874 studies identified in the initial search,
sixteen trials comprising 16 317 patients with Covid-19 were included. In the overall
population, the all-cause mortality was 23.8% (2025 of 8524) with convalescent plasma
and 24.4% (1903 of 7769) with standard of care (risk ratio (RR) 0.97, 95% CI 0.90-1.04)
(high-certainty evidence). All-cause mortality did not differ in the subgroups of noncritically ill
(21.7% [1288 of 5929] vs. 22.4% [1320 of 5882]) and critically ill (36.9% [518 of 1404] vs.
36.4% [455 of 1247]) patients with Covid-19. The use of convalescent plasma in patients
who tested negative for anti-SARS-CoV-2 antibodies at baseline was not associated with
significantly improved survival (RR 0.94, 95% CI 0.87-1.02). In the overall study population,
initiation of mechanical ventilation (RR 0.97, 95%CI 0.88-1.07), time to clinical improvement
(HR 1.09, 95% CI 0.91-1.30), and time to discharge (HR 0.95, 95% CI 0.89-1.02) were
similar between the two groups. In patients with Covid-19, treatment with convalescent
plasma, as compared with control, was not associated with lower all-cause mortality or
improved disease progression, irrespective of disease severity and baseline antibody status.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/, identifier
PROSPERO (CRD42021284861).
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INTRODUCTION

Coronavirus disease 2019 (Covid-19) is an acute illness caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) that is associated with severe inflammation and organ
dysfunction. Immunomodulatory treatments for Covid-19
remain elusive with only a few strategies (glucocorticoids and
tocilizumab) showing a clear survival benefit. Therapeutic use of
plasma from individuals who have recovered from Covid-19 has
been hypothesized to show clinical benefits, particularly in
immunocompromised patients and when used early in the
course of the disease (1). The treatment rationale behind the use
of convalescent plasma is to bridge the critical time period until a
sufficient immune response is established in the infected patient
(2). The use of convalescent plasma for the treatment of patients
with Covid-19 has attracted widespread attention, yet definitive
evidence of its efficacy is missing.

Observational data showed that convalescent plasma may have
a role for patients who are immunocompromised and unable to
adequately produce antibodies (3, 4). Further data suggested some
benefits of targeting selected patient populations (non-intubated
patients, age under 80 years) and using high-titer plasma (5–7).
However, clinical data from randomized controlled trials were
unable to reproduce these findings in an overall Covid-19
patient population.

With this systematic review we aimed to summarize all
available data from published randomized controlled trials and
discuss potential clinical implications. In the meta-analysis, we
investigated whether convalescent plasma is associated with
improved survival and disease progression.
METHODS

Search Strategy and Selection Criteria
This meta-analysis has been reported in accordance with the
Preferred Reporting Items for Systematic Review and Meta-
analysis and performed according to established methods, as
described previously (8). This meta-analysis was registered at
PROSPERO under the registration number CRD42021284861.
We employed a systematic search strategy in Medline, Embase,
Web of Science, Cochrane Library and the preprint server
medRxiv from database inception through October 17th, 2021
by searching for Covid-19 (and related terms) and convalescent
plasma (and related terms) (9). The exact search strategies can be
found in Appendix Table 1. Retrieved articles were assessed for
their eligibility by reading the title and abstract and, if necessary,
the full text. References of identified articles and previous meta-
analysis or systematic reviews were searched for additional
literature. There were no restrictions on language, publication
date, publication status restrictions, or geographic region.

Only full-text articles were included in this meta-analysis. We
included trials that (i) were randomized controlled trials (RCTs),
(ii) compared convalescent plasma with standard of care or
placebo, and (iii) reported on at least one of our outcomes of
interest (all-cause mortality, requirement of mechanical
ventilation, time to clinical improvement, time to hospital
Frontiers in Immunology | www.frontiersin.org 2102
discharge). Ongoing, retrospective, other non-RCTs, and
duplicate studies were excluded. Studies were excluded from
the analysis if one could determine, from the title, abstract, or
both that the study did not meet the inclusion criteria. If an
article could not be excluded with certainty, the full text of the
study in question was acquired and evaluated. The literature
search and study selection were independently carried out by two
reviewers (A.J. and G.G.). Any discrepancies were resolved with
personal discussion and author consensus.

Data Analysis
Selected trials included patients with Covid-19, that were being
randomly allocated to convalescent plasma, standard-of-care
treatment, or placebo and standard-of-care treatment. Randomized
controlled trials were included regardless of the level of plasma titer
(high or low antibody titer), number of patients included or
healthcare setting (inpatient or outpatient). We extracted the
following information for each RCT: trial design characteristics,
number of patients included, patient demographics, convalescent
plasma treatment details and regimen.

High antibody titer was defined as S-protein receptor-binding
domain-specific IgG antibody titer of 1:640 or higher or serum
neutralization titer of 1:40 or higher, according to previously
used definitions (10).

The primary efficacy outcome was all-cause mortality.
Secondary outcomes included requirement of mechanical
ventilation after enrollment, time to clinical improvement, and
time to hospital discharge. Due to variable endpoint definitions
and study designs of the included trials, the pooling of other
relevant endpoints was not feasible. We performed predefined
subgroup analyses for all-cause mortality comparing critically ill
and noncritically ill patients and patients with and without anti-
SARS-CoV-2 antibodies at baseline. The definition of critically ill
patients included those with shock or organ failure requiring
admission to an intensive care unit (ICU), invasive mechanical
ventilation, and/or vasopressors. Noncritically ill patients were
those with moderate to severe Covid-19 not admitted to an ICU
and without organ failure or shock. Sensitivity analyses were
performed by removing each trial from the overall analyses and
testing the impact of fixed- versus random-effect models of each
outcome. Another sensitivity analysis involved the removal of
preprint studies from the overall analysis. All reports eligible for
analysis were assessed using the Cochrane Risk of Bias Tool.
Publication bias was assessed by preparing funnel plots based on
fixed-effect models of the key outcomes of the meta-analysis.
Finally, the overall certainty of evidence for the primary and
secondary outcomes was assessed according to the GRADE
recommendations (11).

The data was extracted from full-text publications and, if
available, supplementary files. Categorical variables are reported
as frequencies and percentages. Results were pooled according to
the inverse variance model. Risk ratios (RR) with 95% confidence
intervals (95% CI) or hazard ratios (HR) with 95% CIs of each
study and of pooled data are reported. Unadjusted p values are
reported throughout, with hypothesis testing set at the two-tailed
significance level of below 0.05. Heterogeneity between studies
was assessed by inconsistency testing (I2). Percentages lower than
February 2022 | Volume 13 | Article 817829
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25% (I2 < 25%), between 25% and 50% (25% ≥ I2 < 50%), or 50%
or higher (I2 ≥ 50%) correspond to low, medium and high
heterogeneity, respectively. Due to high clinical heterogeneity of
the included trials, a random-effect model was used. The
statistical analysis was carried out using Review Manager
(Version 5.4 Copenhagen: The Nordic Cochrane Centre, The
Cochrane Collaboration, 2014).

Role of Funding Source
There was no funding source for this study. G.G. is supported by
a grant from the Austrian Science Funds (SFB54-P04) and by the
Federal Ministry of Education, Science and Research for
performing the ACOVACT trial.
RESULTS

The literature search identified a total of 8874 records (Figure 1).
After removal of duplicates and articles that were not
randomized controlled trials, 27 articles were assessed for
eligibility. Of these, eleven articles were excluded because they
were retrospective studies (n=3), investigated other treatments
(n=3), were study protocols (n=2), or because of other reasons
(n=3). One trial was excluded because it was not a randomized
trial (12). The final analysis included sixteen trials with a total of
16 317 patients. Twelve studies were published in peer-reviewed
journals (13–24) and four were published on the preprint server
medRxiv (25–28). Included trials were performed in North and
Frontiers in Immunology | www.frontiersin.org 3103
South America, Europe, Asia and Australia (Appendix Table 2).
Seven trials were terminated early, because of futility or poor
recruitment. One trial was stopped early after emergency use
authorization was granted for convalescent plasma in the United
States (23). Four included trials were double-blind, placebo-
controlled trials (20–23); one trial was single-blind (24), and
the remaining trials were all open-label. The trials only included
patients with confirmed Covid-19, except for the RECOVERY
trial, which also included patients with suspected SARS-CoV-2
infection (18). Only one trial included outpatients (20). In one
trial, patients were randomly allocated to either convalescent
plasma or fresh frozen plasma in addition to the standard of care
(26). Patients received a single infusion of convalescent plasma in
eight trials and were given two infusions 24 hours apart in seven
trials. Plasma antibody titers ranged from 1:100 to 1:1000. Five
trials did not provide plasma titers (13, 14, 24, 26, 28). Eleven of
the sixteen trials reported on the time from symptom onset to
enrolment. Of these, nine trials had median durations from
symptom onset to enrolment between 7 and 10 days (Table 1).
The longest median duration was reported by the ChiCTR trial
(median [IQR], 27 [22-39] vs.30 [19-38] days), and the shortest
mean duration was reported by the INFANT-COVID-19 trial
(mean ± SD, 1.7 ± 0.6 vs. 1.6 ± 0.6 days). Six trials assessed the
anti-SARS-CoV-2 antibody status at baseline. In the
convalescent plasma group, 56% of patients (3986 of 7120) had
pre-existing antibodies and 33% (2417 of 7120) had no
antibodies at baseline. In the control group, 52% of patients
(3467 of 6690) had pre-existing antibodies and 29% (1992 of
6690) had no antibodies at baseline. The serologic status of the
remaining patients was unknown.

Using the Cochrane Risk of Bias Tool, the risk of bias of the
key outcomes of this meta-analysis was assessed as low for most
of the trials (Appendix Table 3). In two trials, some concerns
were associated with the risk of bias arising from the
randomization process (14, 25). The risk of bias was deemed
high in one trial because of incomplete reporting on
randomization and treatment allocation and adherence (28).
Funnel plots did not show obvious asymmetry, indicating no
clear evidence of publication bias (Appendix Figure 1).

The primary endpoint all-cause mortality was assessed in all
sixteen trials. All-cause mortality was assessed from 15 to 30 days
after randomization in fourteen trials. Two trials assessed all-
cause mortality 60 days after randomization (17, 24), and one
trial did not provide the length of follow-up (14). Five trials only
included noncritically ill patients (13, 14, 20, 25, 28), and one
trial included only critically ill patients with Covid-19 (16). Of
the remaining ten trials, two trials provided subgroup analyses
for all-cause mortality in noncritically and critically ill patients
(18, 19). Two trials performed a subgroup analysis of all-cause
mortality according to the anti-SARS-CoV-2 antibody status at
baseline (16, 18).

Data on the use of mechanical ventilation were available in
seven trials (six peer-reviewed and one preprint). Time to
hospital discharge was assessed in eight trials, only one of
which was published as a preprint. All trials reporting on time
to hospital discharge provided hazard ratios. Similarly, four trials
FIGURE 1 | Flow diagram of search and selection process.
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TABLE 1 | Characteristics of the included trials.

Dose description Titer Control
arm

N (n vs. n)

ransfusions of 200 mL
istered 24 h apart

Not specified SOC 40 (20 vs. 20)

transfusion of 500 mL Low (>1:100 RBD) SOC 921 (614 vs.
307)

transfusion of 300 mL Low (≥1:400 RBD) SOC 86 (43 vs. 43)

transfusion of 4 to 13 mL/kg
weight

High (not specified) SOC 103 (52 vs. 51)

transfusion of 200 to 250 mL Low (1:400) SOC +
placebo

223 (150 vs.
73)

ransfusions of 200 mL
istered 24 h apart

Not specified SOC 464 (235 vs.
229)

ransfusions of 200 to 350 mL
istered 12 h apart

High (neutralizing titers of
1:100)

SOC 11 558 (5795
vs. 5763)

ransfusions of 550 ± 150 mL High (not specified) SOC 2000 (1084 vs.
916)

transfusion of 5 to 10 mL/kg
weight

High (≥1:800 RBD) SOC +
placebo

333 (228 vs.
105)

ransfusions of 480 mL ≥145 reflectance light units for
IgG

SOC +
placebo

74 (59 vs. 15)

r two transfusions of 500mL Not specified SOC 60 (30 vs. 30)

transfusion of 250mL High (IgG titer > 1:1000) SOC +
placebo

160 (80 vs. 80)

transfusion of 250 to 300 mL High (VMNT-ID50: all titers
>1:80)

SOC 81 (38 vs. 43)

ransfusions of 200mL Not specified SOC 80 (40 vs. 40)

transfusions on day 1, 3, 5 Median PRNT50 titer 1:160
IQR: 1:80 to 1:320

SOC 105 (53 vs. 52)

ransfusions of 500 mL
istered 24 h apart

Not specified SOC +
FFP

29 (14 vs. 15)

ain; SOC, standard of care; VMNT-ID50 virus microneutralization test - ID50% assay.
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Study Status Illness sever-
ity

Symptom onset to enrolment
(median days)

Blinding

AlQahtani et al., 2021
(14)

Completed Noncritical Not reported Open
label

Two
adm

CONCOR-1, 2021 (15) Terminated early Noncritical
and critical

8 (5–10) vs.8 (5–10) Open
label

Singl

ConCOVID, 2021 (17) Terminated early Noncritical
and critical

9 (7–13) vs. 11 (6–16) Open
label

Singl

ChiCTR, 2020 (19) Terminated early Noncritical
and critical

27 (22-39) vs. 30 (19-38) Open
label

Singl
body

O’Donnell, 2021 (21) Completed Noncritical
and critical

10 (7–13) vs. 9 (7–11) Double-
blind

Singl

PLACID, 2020 (13) Completed Noncritical 8 (6-11) vs. 8 (6-11) Open
label

Two
adm

RECOVERY, 2021 (18) Completed Noncritical
and critical

9 (6–12) vs. 9 (6–12) Open
label

Two
adm

REMAP-CAP, 2021
(16)

Terminated according
to protocol

Critical Not reported Open
label

Two

PlasmAr, 2021 (22) Completed Noncritical
and critical

8 (5–10) vs. 8 (5–10) Double-
blind

Singl
body

Bennett-Guerrero
et al., 2021 (23)

Terminated early Noncritical
and critical

9 (6–18) vs. 9 (6–15) Double-
blind

Two

Pouladzadeh et al.,
2021 (24)

Completed Noncritical
and critical

Not reported Single-
blind

One

INFANT-COVID-19,
2021 (20)

Terminated early Noncritical 1.7 ± 0.6 vs. 1.6 ± 0.6* Double-
blind

Singl

ConPlas-19 (preprint)
(25)

Terminated early Noncritical 8 (7–9) vs. 8 (6-9) Open
label

Singl

PICP19 (preprint) (28) Not reported Noncritical Not reported Open
label

Two

CAPSID (preprint) (27) Not reported Noncritical
and critical

7 (2-9) vs. 7 (5-10.5) Open
label

Thre

ILBS-COVID-02
(preprint) (26)

Not reported Noncritical
and critical

Not reported Open
label

Two
adm

IgG, immunoglobulin G; PRNT50, concentration of serum to reduce the number of plaques by 50%; RBD, receptor-binding do
*mean ± standard deviation.
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provided data on time to clinical improvement (three published
in peer-reviewed journals, one as a preprint) using hazard ratios.

In the overall population, the all-cause mortality was 23.8%
(2025 of 8524) with convalescent plasma and 24.4% (1903 of
7769) with standard of care. The risk ratio for all-cause mortality
between convalescent plasma and standard of care was 0.97 (95%
CI 0.90-1.04, p = 0.39) (Figure 2). After excluding the preprints,
the all-cause mortality was 23.9% (2004 of 8379) with
convalescent plasma and 24.5% (1870 of 7619) with standard
of care alone, resulting in a risk ratio of 0.98 (95% CI 0.93-1.04,
p = 0.53).

Convalescent plasma neither decreased the risk for all-cause
mortality in noncritically ill patients (21.7% [1288 of 5929] vs.
22.4% [1320 of 5882]) nor in critically ill patients with Covid-19
(36.9% [518 of 1404] vs. 36,4% [455 of 1247]). The risk ratios for
all-cause mortality were 0.97 (95% CI 0.91-1.04, p = 0.38) in
noncritically ill patients and 1.04 (95% CI 0.93-1.16, p = 0.49) in
critically ill patients (Appendix Figure 2).

All-cause mortality did not differ significantly in patients with
or without preexisting anti-SARS-CoV-2 antibodies at baseline
(20.8% [765 of 3675] vs. 19.8% [636 of 3219]) and 33.8% [772 of
2286] vs. 35.2% [636 of 1808]), respectively) (Appendix
Figure 3). The respective risk ratios for all-cause mortality
Frontiers in Immunology | www.frontiersin.org 5105
were 1.03 (95% CI 0.93-1.12, p = 0.6) in patients with
preexisting anti-SARS-CoV-2 antibodies and 0.94 (95% CI
0.87-1.02, p = 0.16) in patients without antibodies.

Initiation of mechanical ventilation was required in 11.8%
(734 of 6236) of patients with convalescent plasma and in 12.2%
(734 of 5993) of patients with standard of care (RR 0.97, 95% CI
0.88-1.07, p = 0.54) (Appendix Figure 4).

The time to clinical improvement was reported by four trials.
The definitions of clinical improvement varied among the trials
and were specified as improvement of one or two points on
similar but not identical ordinal outcome scales (Appendix
Table 4). The median days to clinical improvement are
provided in Appendix Table 4. Overall, the time to clinical
improvement was similar between patients receiving
convalescent plasma and the control group (HR 1.09, 95% CI
0.91-1.30, p = 0.37) (Appendix Figure 5).

Given the different levels of illness severity, the median time
to hospital discharge varied considerably among the seven trials
included in this analysis. The REMAP-CAP trial (16) reported
the longest median time to hospital discharge between
convalescent plasma and control (44 vs. 39 days, HR 0.95, 95%
CI 0.86-1.06), and the trial by Pouladzadeh at al. (24). reported
the shortest mean hospital stay (8.7 ± 3.9 vs. 6.7 ± 4.3 days, HR
ALL-CAUSE MORTALITY

Favours Plasma   Favours Control

FIGURE 2 | Forrest plot depicting the risk ratio of all-cause mortality between treatment with convalescent plasma and standard of care alone.
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0.37, 95% CI 0.02-6.84) (Appendix Table 5). Overall, the use of
convalescent plasma, as compared with control, was not
associated with a reduced time to hospital discharge (HR 0.95,
95% CI 0.89-1.02, p = 0.19) (Appendix Figure 6).

The sequential exclusion of each trial from the overall
analyses did not change the pooled risk ratios and hazard
ratios for any of the outcomes significantly. The exclusion of
the preprints also did not change any of the pooled outcomes.
For all-cause mortality, there was no statistically significant
subgroup difference and a medium level of heterogeneity
between peer-reviewed articles and preprints (Chi2 = 1.58, I2 =
36.6%, p = 0.21) (Figure 2). For all-cause mortality between
noncritically and critically ill patients, there was no statistically
significant subgroup difference and a low level of heterogeneity
(Chi2 = 1.09, I2 = 8.2%, p = 0.3) (Appendix Figure 2). No
statistically significant subgroup difference was observed between
seronegative and seropositive patients in terms of all-cause
mortality (Chi2 = 1.79, I2 = 44.1%, p = 0.18). Switching from a
random-effect model to a fixed-effect model did not influence the
outcomes of the meta-analyses significantly.

According to the GRADE assessment, the evidence for the
observed effect of convalescent plasma on all-cause mortality is
high (Appendix Table 6). The width of the 95% confidence
interval (0.93-1.04 without preprints and 0.90-1.04 with
preprints) makes substantial clinical effects on mortality
unlikely in the given patient population. Further factors
contributing to the high level of certainty of evidence include
the large sample size (over 16 000 patients), the objective
endpoint death, the low level of heterogeneity (I2 = 6%) and
the robustness to sensitivity analyses. Similarly, the certainty of
evidence for the use of mechanical ventilation was rated as high.
The evidence for the effect of convalescent plasma on the time to
hospital discharge was downgraded to moderate because of
moderate concerns regarding the risk of bias, which might
have been introduced by incomplete reporting and the
subjectiveness of the endpoint. The evidence for the time of
clinical improvement was downgraded to very low because of
serious concerns regarding the risk of bias, incomplete reporting,
heterogenous endpoint definitions, and imprecision (95% CI
0.91-1.30).
DISCUSSION

In this meta-analysis that included sixteen RCTs with over 16
000 patients with Covid-19, there was no significant difference in
all-cause mortality or any other clinical outcomes between
treatment with convalescent plasma and control (standard of
care alone or standard of care and placebo) (Figure 3). Similarly,
there was no difference in all-cause mortality between
convalescent plasma and control in the subgroups of critically
ill or noncritically ill patients and in patients without anti-SARS-
CoV-2 antibodies at baseline. This meta-analysis confirms the
results of previous analyses which did not support the routine
use of convalescent plasma.

So far, very few immunomodulatory agents, glucocorticoids
and interleukin-6 antagonists, have been shown to significantly
Frontiers in Immunology | www.frontiersin.org 6106
reduce mortality in patients hospitalized with Covid-19 (29, 30).
Failure of RCTs to show a significant survival benefit of
convalescent plasma could be due to a number of reasons: (i)
In contrast to other pharmacological treatments against Covid-
19, convalescent plasma is not artificially produced but collected
from patients who recovered from a SARS-CoV-2 infection.
Although the U.S. Food and Drug Administration provides
guidance on the collection and use of convalescent plasma
(31), it is inherently variable, which may confound the
evidence of its potential benefits. In the sixteen included trials,
six titer cut-offs using different SARS-CoV-2 antibody detection
assays were defined, six trials did not specify any thresholds, and
almost all trials administered different plasma volumes (Table 1);
(ii) most patients were included more than seven days after
symptom onset. Delayed patient inclusion might have concealed
potential therapeutic effects of convalescent plasma; (iii) the type
of SARS-CoV-2 variant of the infected individual may also affect
the patient’s clinical response to treatment with convalescent
plasma. SARS-CoV-2 variant types, of both the infected patient
and the infused convalescent plasma, were not reported; (iv)
cumulatively, more than 50% of patients in the treatment group
tested positive for preexisting anti-SARS-CoV-2 antibodies at
baseline, while around 30% of patients in the treatment group
tested negative. Considering that the anticipated treatment effect
of convalescent plasma is the highest in patients without
adequate immune response , the vas t inc lus ion of
immunocompetent patients might have confounded the results.
The question remains whether the absence of baseline anti-
SARS-CoV-2 antibodies may potentially be helpful to guide the
appropriate use of convalescent plasma. Our subgroup analysis,
although possibly underpowered, showed no significant survival
benefit of convalescent plasma over control in patients who
tested negative for anti-SARS-CoV-2 antibodies at baseline.

In light of these uncertainties, it is unclear whether different
plasma products, given at different stages of disease progression,
may convey therapeutic benefits. The expected - but to this day
undetected - treatment benefit might only apply for selected
populations, such as immunocompromised patients. Clinical
trials have included an overall patient population with Covid-
19, irrespective of immunocompetency, and were therefore
unable to determine the efficacy of convalescent plasma in
immunocompromised patients. Treatment advantages of
convalescent plasma have been observed in immuno-
compromised patients (32, 33) but lack of data from
prospective RCTs precludes clear recommendations for this
particular patient population. One larger trial, although only of
observational nature, investigating the efficacy and safety of
convalescent plasma in immunocompromised patients is
currently underway (NCT04884477).

No formal analysis was performed on the safety profile or
serious adverse events because of limited data availability
and inadequate quality of data. The use of convalescent
plasma is deemed safe, with a low incidence of serious
adverse events (5).

The RECOVERY trial was the only study that was powered
for the primary endpoint all-cause mortality. The remaining
trials were potentially susceptible to biased adjudication of
February 2022 | Volume 13 | Article 817829

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jorda et al. Convalescent Plasma for Covid-19
primary and secondary outcomes (use of ventilation, time to
clinical improvement, time to hospital discharge, clinical
status, or disease progression) due to their open-label
design (34).

The current guidelines from the National Institute of Health
already recommend against the use of convalescent plasma in
patients without impaired immunity but acknowledge
insufficient evidence to recommend either for or against the
use of convalescent plasma in immunocompromised patients
with Covid-19 (35). Considering the overall lack of evidence for
convalescent plasma in patients with Covid-19, the associated
high treatment costs (36), and tenuous supply (especially when
only high-titer plasma is sought) may contribute to a negative
cost-effectiveness balance and may not warrant routine clinical
use. In addition, the recent emergence of neutralizing
monoclonal antibodies against SARS-CoV-2, having already
shown a good clinical efficacy and safety profile, may render
the use of convalescent plasma obsolete in the future (37–40).
Frontiers in Immunology | www.frontiersin.org 7107
The main strength of this meta-analysis is the large sample
size of over 16 000 patients and the low heterogeneity of all-cause
mortality among the trials. Considering the high quality of most
of the included RCTs, the results of this meta-analysis provide a
high certainty of evidence and should assist physician and health
care providers in their decision-making in the current pandemic.

This study has several limitations. First, data from four
studies were only available as preprint versions, which have
not yet been peer-reviewed. However, they only contributed a
small proportion of the patient population, and sensitivity
analyses showed that the results were not changed by these
preprints. Second, treatment regimens of convalescent plasma
varied significantly between trials. Nine trials did not define the
time window of symptom onset to treatment. Third, time of
outcome assessment of the primary endpoint was not the same
between trials. Fourth, twelve of the sixteen trials were open-
label trials, which may have influenced the assessment of
clinical outcomes. Fifth, contrary to the overall analysis, the
A

B

FIGURE 3 | Summary risk ratios (A) and hazard ratios (B) of outcomes between treatment with convalescent plasma and control (standard of care with or without placebo).
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subgroup analyses were possibly underpowered and should be
interpreted with caution. Sixth, except for one trial (20), the
results of this meta-analysis only apply to patients hospitalized
with moderate or severe Covid-19. The efficacy of convalescent
plasma in mild Covid-19 remains unclear. Seventh, the
RECOVERY trial contributed to 71% of patients (11 558 of
16 293) and 55% of the weight of the meta-analysis in the
random-effects model. Notably, the results of the RECOVERY
trial were consistent with the pooled outcomes of the remaining
studies. Eighth, trials did not provide sufficient data to assess
the potential therapeutic benefit of convalescent plasma in
patients with Covid-19 and impaired immunity or increased
inflammatory markers.

In conclusion, convalescent plasma treatment compared
with control was not associated with a significant decrease in
all-cause mortality or with any improvement of other clinical
outcomes in the overall patient population, consisting of
critically ill and noncritically ill patients with Covid-19.
Considering the high certainty of evidence, these results do
not support the routine clinical use of convalescent plasma in
patients with Covid-19.
Frontiers in Immunology | www.frontiersin.org 8108
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS

GG conceived the idea. AJ and GG performed the research,
interpreted the results, and drafted the manuscript. All authors
critically revised the manuscript and approved the final version
for publication.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.817829/
full#supplementary-material
REFERENCES
1. Chen L, Xiong J, Bao L, Shi Y. Convalescent Plasma as a Potential Therapy for

COVID-19. Lancet Infect Dis (2020) 20(4):398–400. doi: 10.1016/S1473-3099
(20)30141-9

2. Luke TC, Kilbane EM, Jackson JL, Hoffman SL. Meta-Analysis: Convalescent
Blood Products for Spanish Influenza Pneumonia: A Future H5N1
Treatment? Ann Intern Med (2006) 145(8):599–609. doi: 10.7326/0003-
4819-145-8-200610170-00139

3. Clark E, Guilpain P, Filip IL, Pansu N, Le Bihan C, Cartron G, et al.
Convalescent Plasma for Persisting COVID-19 Following Therapeutic
Lymphocyte Depletion: A Report of Rapid Recovery. Br J Haematol (2020)
190(3):e154–e6. doi: 10.1111/bjh.16981

4. Thompson MA, Henderson JP, Shah PK, Rubinstein SM, Joyner MJ, Choueiri
TK, et al. Association of Convalescent Plasma Therapy With Survival in
Patients With Hematologic Cancers and COVID-19. JAMA Oncol (2021) 7
(8):1167–75. doi: 10.1101/2021.02.05.21250953

5. JoynerMJ,BrunoKA,Klassen SA,KunzeKL, JohnsonPW,LesserER, et al. Safety
Update: COVID-19 Convalescent Plasma in 20,000 Hospitalized Patients.Mayo
Clin Proc (2020) 95(9):1888–97. doi: 10.1016/j.mayocp.2020.06.028

6. Joyner MJ, Senefeld JW, Klassen SA, Mills JR, Johnson PW, Theel ES, et al.
Effect of Convalescent Plasma on Mortality Among Hospitalized Patients
With COVID-19: Initial Three-Month Experience. medRxiv (2020). doi:
10.1101/2020.08.12.20169359

7. Joyner MJ, Carter RE, Senefeld JW, Klassen SA, Mills JR, Johnson PW, et al.
Convalescent Plasma Antibody Levels and the Risk of Death From Covid-19.
N Engl J Med (2021) 384(11):1015–27. doi: 10.1056/NEJMoa2031893

8. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD,
et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting
Systematic Reviews. BMJ (2021) 372:n71. doi: 10.1136/bmj.n71

9. McGowan J, Sampson M, Salzwedel DM, Cogo E, Foerster V, Lefebvre C.
PRESS Peer Review of Electronic Search Strategies: 2015 Guideline Statement.
J Clin Epidemiol (2016) 75:40–6. doi: 10.1016/j.jclinepi.2016.01.021

10. Janiaud P, Axfors C, Schmitt AM, Gloy V, Ebrahimi F, Hepprich M, et al.
Association of Convalescent Plasma Treatment With Clinical Outcomes in
Patients With COVID-19: A Systematic Review and Meta-Analysis. JAMA
(2021) 325(12):1185–95. doi: 10.1001/jama.2021.2747

11. Guyatt GH, Oxman AD, Vist GE, Kunz R, Falck-Ytter Y, Alonso-Coello P,
et al. GRADE: An Emerging Consensus on Rating Quality of Evidence and
Strength of Recommendations. BMJ (2008) 336(7650):924–6. doi: 10.1136/
bmj.39489.470347.AD
12. Abolghasemi H, Eshghi P, Cheraghali AM, Imani Fooladi AA, Bolouki
Moghaddam F, Imanizadeh S, et al. Clinical Efficacy of Convalescent
Plasma for Treatment of COVID-19 Infections: Results of a Multicenter
Clinical Study. Transfus Apher Sci (2020) 59(5):102875. doi: 10.1016/
j.transci.2020.102875

13. Agarwal A, Mukherjee A, Kumar G, Chatterjee P, Bhatnagar T, Malhotra
P. Convalescent Plasma in the Management of Moderate Covid-19 in
Adults in India: Open Label Phase II Multicentre Randomised
Controlled Trial (PLACID Trial). Bmj (2020) 371:m3939. doi: 10.1136/
bmj.m3939

14. AlQahtani M, Abdulrahman A, Almadani A, Alali SY, Al Zamrooni AM,
Hejab AH, et al. Randomized Controlled Trial of Convalescent Plasma
Therapy Against Standard Therapy in Patients With Severe COVID-19
Disease. Sci Rep (2021) 11(1):9927. doi: 10.1038/s41598-021-89444-5
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During the ongoing COVID-19 epidemic many efforts have gone into the investigation of
the SARS-CoV-2–specific antibodies as possible therapeutics. Currently, conclusions
cannot be drawn due to the lack of standardization in antibody assessments. Here we
describe an approach of establishing antibody characterisation in emergent times which
would, if followed, enable comparison of results from different studies. The key component
is a reliable and reproducible assay of wild-type SARS-CoV-2 neutralisation based on a
banking system of its biological components - a challenge virus, cells and an anti-SARS-
CoV-2 antibody in-house standard, calibrated to the First WHO International Standard
immediately upon its availability. Consequently, all collected serological data were
retrospectively expressed in an internationally comparable way. The neutralising
antibodies (NAbs) among convalescents ranged from 4 to 2869 IU mL-1 in a significant
positive correlation to the disease severity. Their decline in convalescents was on average
1.4-fold in a one-month period. Heat-inactivation resulted in 2.3-fold decrease of NAb
titres in comparison to the native sera, implying significant complement activating
properties of SARS-CoV-2 specific antibodies. The monitoring of NAb titres in the sera
of immunocompromised COVID-19 patients that lacked their own antibodies evidenced
the successful transfusion of antibodies by the COVID-19 convalescent plasma units with
NAb titres of 35 IU mL-1 or higher.

Keywords: passive antibody therapy, convalescent plasma, COVID-19, SARS-CoV-2, wild-type virus
neutralization assay
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INTRODUCTION

Passive immunotherapy is a century-old practice of administering
pathogen-specific antibodies to prevent or treat a disease caused by
the same pathogen (1). Specific immunoglobulins (pooled, purified
and concentrated immunoglobulin preparations), some even
sourced from animals, have an important role in the prophylactic
or therapeutic treatment of various clinical conditions, including
viral diseases (hepatitis A and B, rabies, varicella, infections with
respiratory syncytial virus, cytomegalovirus, measles). However, in
situations with insufficient time or resources to generate the
immunoglobulin preparations, such as during emerging
infections and pandemics (influenza, SARS-CoV-1, MERS,
Ebola), convalescent plasma can be collected from recovered
donors and employed to treat the infectious disease in question
(2). In 2020, the worldwide spread of a previously unknown virus
named SARS-CoV-2 caused the global COVID-19 pandemic.
Experience from prior outbreaks with other coronaviruses
(SARS-CoV-1) showed that convalescent sera contained
neutralising antibodies (NAbs) against the virus and that their use
was beneficial to the treated patients (3, 4). Therapy with antibody-
laden blood of those who have recovered from SARS-CoV-2
infection is currently used and investigated worldwide (5–18).

Although convalescent plasma therapy has been considered
generally beneficial due to multiple examples, both historical and
recent (1, 19, 20), scientific medical community lacks definitive
proof of its efficacy coming from carefully designed randomized
clinical trials (2). When such trials were undertaken, they were
unable to demonstrate a beneficial effect of plasma over placebo
(21). The reasons lay mostly in the specific circumstances of its
usage. Namely, the time frame of convalescent plasma usage is
short. It is used only during epidemics caused by a new and
insufficiently known pathogen, in a period when pathogen-
specific therapy and vaccines are lacking. During this period,
methods for plasma neutralisation potency determination are
usually lacking or if they exist, they are neither standardized nor
validated. This results in variability within the individual trials
and renders comparison between different case studies, case
series or trials difficult. Further, convalescent plasma is a
complex, non-standardized medicine varying in NAb titre, as
well as in the content of non-specific immunomodulators
between units collected from different individuals. The inability
to demonstrate convalescent plasma effectiveness might be
linked to variation in the concentration of NAbs and the
subsequent lack of standardized doses between patients (22, 23).

We describe here the Croatian approach to the establishing of
prerequisites for the COVID-19 convalescent plasma (CCP)
usage in a manner that enables comparison between different
countries and studies. The approach includes several steps: (i)
development of a reproducible wild-type SARS-CoV-2
neutralisation potency assay; (ii) establishment and continuous
usage of an anti-SARS-CoV-2 in-house standard; (iii) finding the
best fitting correlation function between the results of
commercial assays used by Croatian transfusion centres and
the results of neutralisation assay, thus enabling that the
neutralisation potencies of plasma units can be expressed in
the same way and in the same units in the whole country; and
Frontiers in Immunology | www.frontiersin.org 2111
(iv) finally, and most importantly, recalculation of all
neutralisation potencies of plasma units used in Croatia in
relation to the first WHO international standard once it was
established and available to the scientific community, by
calibrating our own in-house standard (24).
MATERIALS AND METHODS

Cell Media, Buffers and Solutions
Minimum Essential Medium (MEM; GIBCO, Thermo Fisher
Scientific, MA USA) supplemented with penicillin (100 IU mL-1),
streptomycin (100 µg mL-1), and L-glutamine (2 mM) (all from
Capricorn Scientific, Germany) was used. Foetal bovine serum
(PAN-Biotech, Germany) was inactivated at 56°C for 60 minutes
prior the use. For the Vero E6 cell propagation and maintenance
medium with 10% FBS was used. In SARS-CoV-2 titration
(CCID50 assay) and SARS-CoV-2 neutralisation (ED50) assays
medium was supplemented with 2.5% FBS.

Cell Culture
Vero E6 cells, an epithelial cell line from the kidney of an African
green monkey (Ceropithecus aethiops), were acquired from the
American Type Culture Collection (ATCC – CRL 1587). The
working cell bank was prepared, aliquoted and stored in liquid
nitrogen. After thawing, cells were cultivated in cell cultivation
flasks in the medium with 10% FBS in a 5% CO2 environment at
37°C, and maintained by subcultivations every 3-4 days,
according to ATCC instructions.

SARS-CoV-2 Working Stock
SARS-CoV-2 isolate was derived from the PCR positive oro- and
nasopharyngeal swab designated 297/20 Zagreb taken from a
patient in Zagreb, Croatia. It was propagated four times in Vero
E6 cells. The virus was subcultivated one more time at m.o.i.
0.001 in Vero E6 maintained in MEM supplemented with 10%
FBS, penicillin, streptomycin, and L-glutamine in a 5% CO2

environment at 37°C, to obtain SARS-CoV-2 working stock.
Two days post infection virus-infected Vero E6 cell culture
supernatant was centrifuged for 10 minutes at 1500×g,
formulated in 20% FBS, aliquoted and stored at -75°C. It has
been used throughout as a challenge virus in neutralisation assay,
and as a reference in a virus microtitration assay.

Next Generation Sequencing (NGS)
RNA vas isolated from400 µL of virus-infectedVero E6 cell culture
supernatants using Quick-RNA Viral kit (Zymo Research, USA).
Reverse transcription and PCR amplification were performed
following nCoV-2019 sequencing protocol for Illumina V.3
(available at https://www.protocols.io/), using LunaScript RT
SuperMix kit (New England Biolabs, Germany) and Q5 Hot-Start
High-Fidelity DNA polymerase (New England Biolabs) with
primers from ARTIC nCoV-2019 V3 Panel (Integrated DNA
Technologies, USA). Libraries were prepared with NEBNext Ultra
IIFSDNALibraryprepkit (NewEnglandBiolabs), their qualitywas
checked on 2100 Bioanalyser (Agilent, USA) usingHigh Sensitivity
DNA Kit (Agilent). Libraries were pooled and sequenced on
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Illumina MiniSeq instrument (Illumina, USA) using MiniSeq Mid
Output Kit (2 × 150 paired-end reads; Illumina). Quality of raw
reads was assessed with FastQC v0.11.8 and subjected to trimming,
adapter removal and removal of short reads using BBDuk within
BBTools package. Paired-end reads were aligned to hCoV-
19/Wuhan/WIV04/2019 (GISAID accession ID EPI_ISL_402124)
using Bowtie2 v2.4.2 (25). Geneious Prime® 2019.2.3 software was
used for construction of consensus sequences. The epidemiological
lineage was attributed by the GISAID database, software version
v.3.1.7 2021-07-09.

Neutralisation Assay
Infective virus-neutralisation assay followed the general principles
already described for other viruses (26, 27), but was adapted
specifically to the SARS-CoV-2, as follows. SARS-CoV-2
neutralisation assay was performed in 96-well tissue culture
microplates (TPP, Switzerland). Octaplicates of two-fold serial
dilutions of the patient’s sera or the plasma donor’s serum (50 mL)
were preincubated with approximately 20 CCID50/50 mL per well of
SARS-CoV-2 working stock at 37°C and 5% CO2 for 90 minutes.
Plasma of known neutralising capacity (anti-SARS-CoV-2 in-house
standard) was used as a positive control (in duplicate). After adding
100 mL/well of Vero E6 cells (3×105 mL-1), the plates were incubated
at 37°C and 5% CO2. Wells with cell suspension without the virus
served as cell growth control. After four days of incubation cell layers
in all wells were inspected by an inverted optical microscope andwells
with cytopathic effect (CPE) counted. The effective dose 50 (ED50),
the amount of undiluted serum that inhibits CPE in 50% of infected
wells, was calculated according to Spearman-Kärber method.
Neutralisation titre (NT) was expressed as number of ED50 doses
in 1 mL of plasma/serum. NTs of experimental samples in each assay
were corrected for the deviation of anti-SARS-CoV-2 in-house
standard from its nominal NT value. The quantity of SARS-CoV-2
working stock used as a challenge in each neutralisation assay was
determined using 50% cell culture infective dose (CCID50) assay in
96-well format. Octaplicates of three-fold serial dilutions of virus
suspension (100 mL) were mixed with Vero E6 cell suspension (3×105

mL-1; 100 mL). After four days of incubation at 37°C and 5% CO2,
wells with CPE were counted and CCID50 mL-1 calculated using
Spearman-Kärber method. Anti-SARS-CoV-2 in-house standard was
calibrated to the 1st WHO International Standard for anti-SARS-
CoV-2 (NIBSC, UK; https://www.nibsc.org/products/brm_product_
catalogue/detail_page.aspx?catid=20/136), upon its availability,
enabling expression of NT in IU mL-1.

Commercial Serological Assays
Human IgG antibodies specific for SARS-CoV-2 spike (S) protein
were determined by several commercial assays. Anti-SARS-CoV-2
ELISA (EuroimmunMedizinische Labordiagnostika AG, Germany)
for determination of S-specific IgG uses S1 domain recombinantly
produced in HEK 293 cells as a coating antigen. The VIDAS®

SARS-CoV-2 IgG (BioMerieux, France) is an automated ELFA
assay, which uses recombinant receptor binding domain (RBD) of
the S protein as the coating agent. The VIDAS® SARS-COV-2 IgG
test was performed on a VIDAS® instrument. The LIAISON®
Frontiers in Immunology | www.frontiersin.org 3112
SARS-CoV-2 CLIA (DiaSorin Inc., USA) uses magnetic beads
coated with recombinant S1 and S2 antigens and was performed
on a Liaison XL analyser. Architect SARS-CoV-2 IgG II quant
(Abbott, Ireland) is an automated assay using CMIA technique, in
which receptor RBD of the S protein is used as a coating antigen.
The assay was performed using Architect i2000SR instrument.
Human IgG antibodies specific for nucleoprotein of the SARS-
CoV-2 virus were measured by Abbott’s SARS-CoV-2 IgG assay,
which uses recombinant nucleoprotein as a coating agent. We also
measured human IgM and IgA antibodies specific for S protein, by
BioMerieux’s VIDAS® SARS-CoV-2 IgM and Euroimmun’s anti-
SARS-CoV-2 ELISA (IgA) assays, respectively.

Convalescent Plasma Samples
COVID-19 convalescent plasma (CCP) was obtained by apheresis
using the Amicus (Fenwal, USA) and MCS+ (Haemonetics, USA)
devices. Each donor had a documented history of laboratory-
confirmed SARS-CoV-2 infection (positive RT-PCR test, positive
SARS-CoV-2 antigen test, and/or SARS-CoV-2 specific antibodies).
All plasma units were donated by recovered and healthy COVID-19
patients who had been asymptomatic for ≥ 28 days. If eligible
according to standard blood donor criteria, donors were enrolled in
a plasmapheresis program. Sera from eligible plasma donors were
analysed by virus neutralisation assay for quantification of SARS-
CoV-2 NAbs. Sera were analysed in native form and after
inactivation by heating at 56°C for an hour. Collected plasma was
used for therapy from donors having NT in heat-inactivated sample
above 700 ED50 mL-1 (which equals 35 IU mL-1).

CCP-Treated Patients
Demonstratedhere are theNAbchangesduring theCCP therapy in
thebloodof three representative immunocompromisedCOVID-19
patients, who lacked their own antibodies. The first patient was
diagnosed with nasopharyngeal diffuse large C-cell lymphoma and
treated with R-CHOP/R-DHAP chemotherapy protocols
(containing rituximab, cyclophosphamide, doxorubicin,
vincristine and prednisone/rituximab, dexamethasone, cytarabine
and cisplatin), followed by autologous stem cell transplantation,
radiotherapy of Waldeyer’s ring, and finally maintenance therapy
with the anti-CD-20monoclonal antibody rituximab.At the start of
CCP therapy a nasopharyngeal swab showed persistent RT-PCR
positivity for SARS-CoV-2 for 45 days and he had a fever,
respiratory insufficiency and lung infiltrates (28). The second
patient had history of chronic lymphocytic leukaemia and was
treated with rituximab and bendamustine. At the start of CCP
therapy on the 57th day of the disease, he had no anti-SARS-CoV-2
antibodies and was respiratory insufficient (dependent on low flow
of oxygen therapy). The third patient had a history of follicular
lymphoma treated with G-CHOP chemotherapy protocol
(containing 2nd generation anti-CD20 monoclonal antibody
obinutuzumab, cyclophosphamide, doxorubicin, vincristine and
prednisone), with the last cycle administered around the time of his
infection with SARS-CoV-2 virus. He was diagnosedwith COVID-
19 pneumonia and treated with remdesivir and high flow oxygen
therapy on several occasions. He lacked SARS-CoV-2 specific
February 2022 | Volume 13 | Article 816159
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antibodies before the CCP transfusion, which was received on the
102nd day of the disease.

Data Analysis
NT values expressed as ED50 mL-1 or IU mL-1 were linearized by
calculating logarithmic values and then used for statistical
analysis. When average value from the set of n data was
calculated, 95% confidence interval was provided as an
indicator of measurement uncertainty. To assess a relationship
of the antibody level with the donor disease severity and the time
period from recovery to collection of CCP, Kruskal-Wallis test
was performed. To assess a difference between heat inactivated
and native sera a two tailed t-test for paired samples was used
with p and t values, as well as degrees of freedom (DF) provided.
Relationship between neutralisation assay results and results of
other serological assays was assessed by Pearson’s correlation
coefficient (r). MedCalc v20.011 was used for statistical analysis.

Study Approval
Collection ofCOVID-19 convalescent plasma (CCP)was approved
by the Croatian Ministry of Health (023-03/20-01/235; permission
No. 534-04-3-2/2-20-11). The approval was based on the positive
opinion of the Ethical Committee of Croatian Institute of
Transfusion Medicine (003-06/20-04/02, opinion No.251-541-06/
6-20-2). Immunocompromised COVID-19 patients were treated
with COVID-19 plasma according to periodically updated FDA
and EC guidelines (https://www.fda.gov/media/141477/download;
https://ec.europa.eu/health/sites/default/files/blood_tissues_
organs/docs/guidance_plasma_covid19_en.pdf). All COVID-19
convalescent plasma donors and all included patients (or their
representatives) were informed about the study and gave written
informed consent.
RESULTS

Characterisation of SARS-CoV-2
Working Stock
The infectivity of SARS-CoV-2 working stock (the fifth (P5)
subcultivation of 297/20 Zagreb SARS-CoV-2 isolate) was
determined to be 6.83 ± 0.15 CCID50 mL-1 (n=8). Its complete
genomic sequence was determined by NGS and compared to the
sequence of the same virus isolate from the second subcultivation
(P2), which is the closest one to the original clinical sample.
Obtained genome coverage was 99.75% for both P2 and P5
samples. Sequences were submitted to GISAID database,
accession IDs are EPI_ISL_3013040 and EPI_ISL_3013041 for
P2 and P5, respectively. The virus belongs to the lineage B.1.1.1.
Their consensus sequences were identical, except for nucleotides
4402 (ORF1ab gene) and 23607 (S gene). The difference stems
from P5 ambiguity at both positions (C4402Y and G23607R in
reference to P2; Figure S1). Both C and T at the position 4402
lead to the same amino acid in nsp3. The nucleotide 23607 is
located in the S gene. Its ambiguity causes an amino acid
substitution in a portion of the virus population (Figure S1).
This amino acid is located within S1 protein subunit, but outside
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the RBD. In comparison to S protein of hCoV-19/Wuhan/
WIV04/2019 [the sequence that represents the consensus of
early submissions of SARS-CoV-2 sequences (29)] two
differences were observed: G23607R (present only in P5) and
A23402G (present in both P2 and P5). The latter difference is a
well-known D614G mutation which occurred in early February
2020 (30) and is characteristic for nearly all strains detected since
late spring 2020. The list of all nucleotide and amino acid
differences between P5 and hCoV-19/Wuhan/Wiv04/2019 is
presented in the Table S1.

Overall, we concluded that the virus has not substantially
changed on its way from the clinical sample to the SARS-CoV-2
working stock, and can be considered as having the wild-
type phenotype.

Neutralisation Assay Development
and Characterisation
Althoughtherewereplentyofdifferentassaysavailableon themarket,
nonewere sufficiently characterised toprovide the informationon the
antibody quality and functionality.We focused on the establishment
of stable and reproducible wild-type SARS-CoV-2 neutralisation
assay, as the most relevant assay for estimation of the ability of
antibodies toneutralise the virus infectivity.Togain reproducible and
reliable results, we established laboratory working banks of Vero E6
cells, SARS-CoV-2 and anti-SARS-CoV-2 antibodies, aliquoted and
stored in liquid nitrogen, at -60°C or below, and at -16°C or
below, respectively.

After thawing, Vero E6 cells were used for the assay from the
3rd up to the 28th subcultivation. The number of subcultivations
did not significantly impact the titre of SARS-CoV-2 working
stock, which was quantified in each assay run (Figure 1A).
Linear function describing dependence of virus titre and “cell
age” expressed as a number of subcultivations indicates a slight,
negligible rise in titre value if cells for the assays were from 3rd or
28th subcultivation. In contrast, the titre of SARS-CoV-2 working
stock has been continuously slowly dropping down with the
increase of the storage period. Within the period of 9.3 months of
storage at -60°C and below, the titre decreased from nominal
6.83 log CCID50 mL-1 to 6.21 log CCID50 mL-1, resulting in
overall drop of approx. 0.61 log CCID50 mL-1, or 0.09 log CCID50

mL-1 per month (Figure 1B). This decrease was considered when
preparing a working dilution of a challenge virus for the assay.
Knowing that the results of the neutralisation assay inversely
correlate with the titre of the challenge virus (26), we targeted 20
CCID50 per well (400 CCID50 mL-1), the estimated lowest
amount ensuring 100% infectivity in all wells, which at the
same time enables highest sensitivity of the neutralisation assay.

Anti-SARS-CoV-2 in-house standard was prepared by
selecting one of the convalescent plasma samples, having a
medium high NT in the preliminary assays. It was heat-
inactivated, aliquoted and stored. Its nominal titre was
determined to be 3.50 ± 0.04 log ED50 mL-1 (n=14). The NAb
titre was stable throughout the 6-month period of its usage
(Figure 1C). When the First WHO International Standard for
anti-SARS-CoV-2 became available (NIBSC, UK, beginning of
2021) having nominal NT of 1000 IU mL-1 (4.32 ± 0.11 log ED50
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mL-1 (n=11) in our assay), we calibrated our in-house standard
to it. Several independently performed simultaneous analyses of
both standards indicated that WHO International Standard, with
1000 IU mL-1 had 6.6 times higher neutralising activity than our
in-house standard, to which 152 IU mL-1 was assigned
accordingly. This enabled recalculation of all previously
collected results and their expression in both ED50 mL-1 and
IU mL-1, the units of the WHO International Standard.

The Role of Complement in
SARS-CoV-2 Neutralisation
Analysis of 69 convalescent sera samples in native and heat
inactivated form revealed 2.37 ± 0.30 (average ± 95% CI) times
higher neutralisation potency of native samples (Figure 2A). The
Frontiers in Immunology | www.frontiersin.org 5114
difference was statistically significant (p<0.0001; t=12.809;
DF=68), indicating complement activation properties of
convalescents’ SARS-CoV-2-specific antibodies. Moreover, the
factor of neutralisation potency decrease upon complement
inactivation was highest in samples with low neutralisation
potency in comparison to the high titre sera (Figure 2B). This
difference could be explained by the properties of the assay itself,
since low titre samples are analysed in low dilutions in the assay,
while high titre samples had to be highly diluted for analysis.
In such situation, complement components and factors are also
highly diluted, and their effect cannot be expressed equally as in
low titre samples, analysed in low dilutions. So, it would be
correctly to estimate complement activation properties of NAbs
from the data obtained for low titre sera only (n=52), showing
A

B

C

FIGURE 1 | Optimization and control parameters of the neutralisation assay performance. (A) SARS-CoV-2 working stock titre determined in assay runs using Vero
E6 cells from different subcultivations. (B) SARS-CoV-2 working stock stability during the storage at -60°C or below. (C) Stability of anti-SARS-CoV-2 in-house
standard during 6-month storage. The break in line indicates the start of two times lower dilution of SARS-CoV-2 working stock usage as a challenge virus, due to
the drop of its infectivity.
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that neutralisation potency of specific antibodies is increased
2.67 ± 0.30 (average ± 95% CI) times, probably through classical
activation of human complement. No complement activity
against the SARS-CoV-2 was detected in the native human
sera collected from people who were not infected or vaccinated.

Neutralisation Potency of COVID-19
Convalescents’ Sera
Learning that the complement is activated by virus-specific
antibodies and that it increases neutralisation potency,
differently in high- and low-titre sera due to assay inherent
properties, only heat-inactivated sera were tested to assess SARS-
CoV-2 specific humoral immunity. We analysed in total 124 sera
samples of COVID-19 convalescents by SARS-CoV-2
neutralisation assay who had a documented COVID-19 history
and who successfully recovered. The time frame of plasma
donation ranged between 1 to 7 months after recovery from
the illness. Only four donors had unmeasurable quantities of
NAbs in their blood, all four reported only mild symptoms and
all four donated plasma within 3 months from the illness. The
range of neutralisation potencies in positive sera was from 73 to
59452 ED50 mL-1 (1.87 to 4.77 log ED50 mL-1), which equals 4 to
2869 IU mL-1 (0.55 to 3.46 log IU mL-1). However, the median
value was 1631 ED50 mL-1 (3.21 log ED50 mL-1) or 79 IU mL-1

(1.90 log IU mL-1).
For 113 samples we had complete data on the disease severity

and the time of onset of their illness and used them to analyse the
impact of these two factors on the NT level. NTs were highest in
the group of sera taken within the first two months after the
illness onset, then slowly decreased. However, measurable, even
high levels of NTs were determined in samples taken 4-7 months
after the illness onset (Figure 3A). If longer periods passed and
antibodies were still high, it was highly probable that donors
faced contact with the virus again which boosted their response,
while having no symptoms due to the pre-existing immunity. To
avoid such situations that might mislead our conclusion, only
Frontiers in Immunology | www.frontiersin.org 6115
samples taken within first three months (n=77) were considered
in the analysis of the impact of disease severity on NT. Disease
severity was classified as asymptomatic (0), mild (1), moderate
(2) and severe (3), on the basis of the donor’s report and on
medical documentation (Table 1). Donors that reported the
most severe clinical picture also had the highest levels of NTs
(Figure 4) and this increase was statistically significant
(p<0.002). However, most of them were not found eligible for
donation due to their comorbidities. Furthermore, if their
recovery was not complete for months after the illness, they
were not considered for donation. Consequently, NAb titres in
collected CCP units were not higher than 600 IU mL-1.

Population picture (Figure 3A) implied that high NAb titres
in convalescents persist for several months, and that their
decrease is slow. This was proven by the analysis of duration
of antibodies in six individual convalescents, showing that their
neutralising antibodies were indeed persistent (Figure 3B).
Slopes of lines describing the relationship between NT and the
time after the first donation were in the range from -0.0117 to
0.0023, with an average value of -0.0042 log IU mL-1 per day.

Relationship Between Neutralisation
Potency and Commercial Assays
for SARS-CoV2-Specific
Antibody Determination
COVID-19 convalescent plasma collection was initiated at the
Croatian Institute of Transfusion Medicine in Zagreb. In parallel
with the neutralisation potency determination of CCP plasma
samples, several commercial assays compatible with
instrumentation at this transfusion centre were also screened.
We found high correlation (r=0.93; n=49) between the in-house
neutralisation potency results of heat inactivated convalescent
sera and the VIDAS SARS-CoV-2 IgG determining IgG specific
for receptor binding domains of the SARS-CoV-2 S protein
(Figure 5A). Due to the low throughput properties of the
neutralisation potency assay, further characterisation of CCP
A B

FIGURE 2 | The role of complement in SARS-CoV-2 neutralisation. (A) Decrease of SARS-CoV-2 neutralisation power of convalescent sera upon heat inactivation;
*p<0.0001 (n=69) according to the two-tailed t-test for paired samples; (t=12.809; DF=68), (B) Factor of neutralisation titre decrease in relation to the quantity of
neutralising antibodies in the convalescents’ sera.
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samples was performed only by VIDAS SARS-CoV-2 IgG, and
the results expressed in IgG index have been converted to NTs
expressed in log IU mL-1 according to the inverse formula: y =
0.3477ln(x) + 1.4259, where x is IgG index. After the
international standard became available, Biomerieux calibrated
VIDAS SARS-CoV-2 IgG accordingly to it and their previous cut
off value of 1.0 was replaced with 20 IU mL-1. Using the above
formula describing the relationship between the NT and the
SARS-CoV-2 IgG VIDAS assay results, we calculated similarly
that the IgG index value of 1.0 equals 26.7 IU mL-1. This
confirms that the correlation between VIDAS SARS-CoV-2
IgG and NT in COVID-19 convalescent sera is strong and that
the transformation of ED50 mL-1 results to IU mL-1 is accurate.

NTs also significantly (p<0.0001) correlated to the results of
several other commercially available serological assays that are
used in other Croatian transfusion centres. A high correlation
was found between NT of heat-inactivated convalescent sera and
the results of Euroimmun’s anti-SARS-CoV-2 IgG (Figure 5B),
DiaSorin’s anti-SARS-CoV-2 IgG (Figure 5C) and Abbott’s anti-
SARS-CoV-2 IgG (Figure 5D), with Pearson’s coefficients of
correlation being 0.87 (n=36), 0.93 (n=25) and 0.90
(n=27), respectively.

Results of commercial assay measuring IgG directed to the
nucleoprotein of SARS-CoV-2 virus as well as of those
measuring antibodies of IgM or IgA class specific for S protein
Frontiers in Immunology | www.frontiersin.org 7116
did not correlate with the neutralisation potency results (data
not shown).

Convalescent Plasma Usage for
COVID-19 Therapy
In Croatia, the collection of convalescent plasma started in July 2020
and its use for COVID-19 therapy started in December 2020. A
regularly updated document (last on 23/06/2020) “An EU
programme of COVID-19 convalescent plasma collection and
transfusion - Guidance on collection, testing, processing, storage,
distribution and monitored use” was used as the main guidance
document (https://www.isbtweb.org/fileadmin/user_upload/
guidance_plasma_covid19_en.pdf). This most recent version still
doesnot provide a cut-off value ofNAb titre for the release ofCCP for
transfusion, due to lack of robust scientific evidence.When deciding
which plasma units to provide to the hospitals the following
assumptions were considered: (1) the lowest NT measured in sera
of COVID-19 convalescents was around 4 IU mL-1, implying that
such quantities might also be beneficial; (2) if the volume of one
plasmaunit is 200mL and the average volumeof humanblood is 5-6
L, 25–30x dilution of NAbs is expected during transfusion; (3) the
recruitment of convalescents for plasma donations was slow; (4) the
median level ofNT inconvalescentplasma is closer to the lowest then
to the highest measured value among the convalescents; (5) plasma
units have to be given only to ABO compatible patients, which
A B

FIGURE 3 | Persistence of anti-SARS-CoV-2 neutralizing antibodies in convalescent sera. (A) Neutralisation titre in convalescent donors’ sera (n=113) in relation to
the time period between the illness and serum collection. (B) Longitudinal monitoring of neutralisation titre in sera of six convalescents.
TABLE 1 | Categories of COVID-19 disease severity.

Category Designation Symptoms

ASYMPTOMATIC 0 positive PCR test, no symptoms
MILD 1 short-term fever up to 38.5°C, anosmia, ageusia, runny nose, cough
MODERATE 2 short-term fever over 38.5°C, accompanied with several or all of the following: headache, mialgia, general weakness, vertigo and

anosmia, ageusia, runny nose, cough
SEVERE 3 prolonged, persistent fever over 38.5°C, accompanied with the most of symptoms 2, involving also pneumonia in some cases;

patients that seeked medical help, but without the need for hosptalization
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together with (3) and (4) would contribute to the insufficiency
of units for the high needs during epidemics. The final decision
was to consider plasma units with titres of 35 IUmL-1 and greater as
suitable for transfusion, with a recommendation to provide the
compatible plasma with the highest titre available at the moment
and, if plasma units were of the lower titres, to provide several of
them. COVID-19 convalescent plasma was given mostly to patients
immunocompromised due to the different haematological
malignancies or their treatment. Those lacking B-cell branch of
immune system and immunoglobulins had noNAb before the CCP
therapy and were excellent experimental systems to test the
appropriateness of the above described recommendations. The
increase of NAb levels in their serum samples after transfusion was
successfullymonitored, andmeasured quantities were in accordance
to theoretical expectation, proving our decisions on plasma unit cut-
off value and multiple units administration correct. Waves of NAbs
were detected in the patients’ blood in quantities equal to the ones
measured in some successfully recovered convalescents (three
examples in Figure 6), proving that the here described approach
indeed provided SARS-CoV-2 neutralising immunoglobulins to
patients incapable of mounting these by themselves. Transfused
NAbs were cleared from systemic circulation within the period of 3
weeks, after which plasma was given again if needed. NAbs induced
improvement of clinical symptoms, either permanently or just
transiently (28). Results on the effectiveness of COVID-19
convalescent plasma treatment of COVID-19 patients with
underlying haematological malignancies will be reported separately.
Frontiers in Immunology | www.frontiersin.org 8117
DISCUSSION

Convalescent plasma (CP) usage to treat infectious diseases is
limited to short periods of epidemics, when other treatment
options are not available. These are the only times when clinical
studies on CP application can be conducted, but in circumstances
of inadequate characterisation of plasma units used for the
treatment. In regular times drug investigated in clinical trials
should be characterised by fully validated methods. In epidemics
the methods are just being developed, with no calibration to
international standards (because none exists) so CP is
characterised in different, incomparable ways and sometimes
used without any antibody characterisation. All this aggravates
the assessment of clinical trial results (15). Currently, there is a
growing number of trials on CCP usage for the treatment of
COVID-19 hospitalized immunocompetent patients that have
been completed or the interim results have been published and
reviewed (31, 15). Most of them demonstrated no effectiveness of
CCP over placebo, which is in line with the general principles of
passive antibody therapy, based on a century long experience (3).
Namely, antibodies have been considered more effective in
prevention of infection diseases than in their treatment. If used
for the treatment, they are more effective if provided before the
onset of symptoms. Also, it has already been known that high
antibody concentrations are required. Thus, the lack of evidence
that CCP is beneficial in the treatment of COVID-19 severe
patients should not come as a surprise, since the antibodies from
a plasma unit (200 mL) are being diluted 25-30 times considering
the full volume of human blood (cca 8% of human body weight). In
addition, evidence is growing (including our work) that the
quantity of SARS-CoV-2 specific antibodies is correlated with the
severity of disease, highest in the most severe cases (32), implying
that a small additional infusion cannot provide significant benefit.
However, there are trials reporting beneficial outcomes of CCP
usage for COVID-19 treatment (17, 33, 34), particularly those
attributed to the high-titre CCP usage early in the course of the
illness (13, 15, 16, 23). Currently collected data on the CCP
treatment of COVID-19 in patients with innate or acquired
immunosuppression have been promising and warrant further
investigation (14, 18). It would be highly important to ensure that
the plethora of available clinical data is comparable between
different studies to correctly assess available results and make
reliable conclusions for the future. This is currently not possible.
For example, Li et al. reported the usage of CCP with S-RBD-
specific antibody titre of at least 1:640 (not specifying assay and
producer), which correlated to neutralisation titre (also not
specifying the details of the assay) to some extent (r=0.622) (9).
They reported that a serumNT of 1:80 is approximately equivalent
to a titre of 1:1280 for S-RBD-specific IgG. Agarwal et al. treated
patients with CCP without determining the antibody titre, but
assayed them in a stored plasma samples at the end of the trial.
They reported that 2/3 of donated plasmas had NT higher than
1:20, without stating many details of the assay itself (8). They also
stated thatmost of their donors had onlymild symptoms, implying
low levels of antibodies in the blood given for transfusion.
Simonovich et al. reported that infused plasma had median titre
February 2022 | Volume 13 | Article 816159
FIGURE 4 | SARS-CoV-2 neutralisation titre in convalescent donors’ sera in
relation to disease severity according to scale: 0 – no symptoms, 1 – mild,
2 – moderate, 3 – severe; *p < 0.002 in comparison to other groups, calculated
by Kruskal-Wallis test.
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of 1:3200 obtained in COVIDAR ELISAmeasuring IgG specific for
RBD of S protein. They demonstrated a certain, though not a high
degree of correlation between this assay and the neutralising
activity in a pseudotyped particle system (r=0.52) (10). Joyner et
al. characterised antibody content in the plasma by the VITROS
anti-SARS-CoV-2 enzyme immunoassay providing results in
signal-to-cut off ratios. They categorized plasma units to low,
medium and high, and observed the beneficial effect in patients
treated with high antibody units (23). Obviously, COVID-19
convalescent plasma was used globally, but characterised by
different assays, so the results cannot be compared.

InCroatiaweestablished thewild-type virusneutralisationassay
as the most reliable indicator of protective humoral immunity and
Frontiers in Immunology | www.frontiersin.org 9118
used it in the screening of convalescent plasma units. ED50 assay
format using 8 replicates of each two-fold dilution was preferred
over plaque reduction neutralization assay due to its better
resolution. Here we provide a detailed demonstration on the
establishment of a highly controlled SARS-CoV-2 neutralisation
assay. For the reduction of assay variability, the banking system of
the main biological components of the assay – virus, cells and in-
house antibody standard was used and they have been constantly
controlled Figure 1). Involvement of the in-house standard in each
assay and its use for the correction of experimental samples results
ensured the assay’s reproducibility. Calibration of the in-house
standard to the international standard as soonas it became available
(24), enabled recalculation of all gained results for transfused
A B

DC

FIGURE 5 | Relationship between neutralisation titres of convalescent sera and quantity of anti-spike protein (anti-S) IgGs determined by (A) Biomerieux’s VIDAS
(r=0.93, n=49), (B) Euroimmun’s (r=0.87; n=36), (C) DiaSorin’s (r=0.93; n=25) and (D) Abbott’s (r=0.90; n=27) commercial assays. Coefficient r denotes Pearson’s
coefficient of correlation from the n number of measurements.
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plasmas to the units of the international standard, therefore
expressing the results from our country in an internationally
comparable way.

We demonstrate here that NAb level in plasma of COVID-19
convalescents (not including hospitalized patients) was in the range
from 4 to 2869 IU mL-1 (0.55 to 3.46 log IU mL-1). We observed
significant positive correlation between SARS-CoV-2 NTs in
convalescents and the disease severity (Figure 4), already noticed
by others (32, 35, 36). We also observed a slow decline of NAbs in
COVID-19 recovered persons (Figure 3A), the kinetics of which
were calculated from the data of longitudinal monitoring of NT
levels in six individual patients (Figure 3B). Neutralising antibodies
declined on average 1.4-times during one-month period, or cca 3-
times during 3 months, which is in line with the estimation of
Crawford et al. of 4-fold decline from 1 to 4 months after the
symptom onset (37). Complement activity in COVID-19 has so far
been addressed mainly from the pathology-inducing aspect (38,
39). Kang et al. also investigated the role of antibodies directed to
SARS-CoV-2 nucleoprotein (40), based on the pre-printed
hypothesis of Gao et al. that complement hyperactivation is
induced via N-protein, and its binding to mannan-binding
lectin-associated serine protease 2 (41). We demonstrated here
that complement activation in convalescent sera is probably
initiated by SARS-CoV-2 antibodies (Figure 2), resulting in titres
2.7 times higher in native than in heat-inactivated sera. High
correlation between NTs in convalescent sera and results of
several widely used serological assays determining IgGs specific
to S protein was clearly demonstrated (Figure 5) corroborating the
results of Šimanek et al. (42), while no correlation was found with
assays determining other antibody classes or different antibody
specificities. The cut-off value for the release of convalescent plasma
to therapy was set to 35 IU mL-1. Food and Drug Administration
Frontiers in Immunology | www.frontiersin.org 10119
authorized the emergency use of high titre COVID-19
convalescent plasma for the treatment of hospitalized patients
with COVID-19 early in the course of disease and those
hospitalized with impaired humoral immunity (August 23,
2020; revision on March 09, 2021; https://www.fda.gov/media/
141477/download). High titre COVID-19 plasma, according to
the current version, is the one with anti-SARS-CoV-2 IgG ratio
in Euroimmun’s ELISA≥ 3.5 orAbbott’s SARS-CoV-2 IgG result
≥ 840AUmL-1. These values correspond to 144 and 131 IUmL-1,
respectively, according to here determined relationships
between the results of these two assays and neutralisation titres
(Figures 5B, D). We can indirectly conclude that the value of
high titre plasma expressed in units of the First WHO
International Standard for anti-SARS-CoV-2 would be approx.
140 IUmL-1. In comparison to FDA recommendations, our limit
for plasma usage was four-fold lower. However, patients were
always given several units, thusmultiplying the quantity of NAbs
received. In RECOVERY trial plasma donations with a sample to
cut-off ratio of 6.0 or more on the Euroimmun IgG ELISA were
used for the treatment (7). We could estimate from the function
describing significantly correlating relationship between NTs
and Euroimmun’s results (Figure 5B) that plasmas of 323 IU
mL-1 or more were used, but this is only estimation. True
determination should be performed by assessing international
standard in the Euroimmun’s assay, used in this particular trial.

In conclusion, a high amount of currently incomparable data has
been generated during the previous two years. We should put our
efforts to validate all different assays used in different studies and
calibrate them to the FirstWHO International Standard as to enable
conclusions on quantities of antibodies providing or not providing
benefit in the treatment of COVID-19 immunocompetent and
particularly immunocompromised patients.
A B C

FIGURE 6 | Neutralising SARS-CoV-2 antibody titres (in IU mL-1) during COVID-19 convalescent plasma therapy in the first (A), second (B) and the third (C)
representative COVID-19 patient, all three completely lacking their own immunoglobulins due to the underlying haematological malignancy and its treatment. The
quantities of measured NAbs were above the lowest NT detected in successfully recovered persons.
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Virus-neutralizing antibodies are one of the few treatment options for COVID-19. The
evolution of SARS-CoV-2 virus has led to the emergence of virus variants with reduced
sensitivity to some antibody-based therapies. The development of potent antibodies with
a broad spectrum of neutralizing activity is urgently needed. Here we isolated a panel of
single-domain antibodies that specifically bind to the receptor-binding domain of SARS-
CoV-2 S glycoprotein. Three of the selected antibodies exhibiting most robust
neutralization potency were used to generate dimeric molecules. We observed that
these modifications resulted in up to a 200-fold increase in neutralizing activity. The
most potent heterodimeric molecule efficiently neutralized each of SARS-CoV-2 variant of
concern, including Alpha, Beta, Gamma, Delta and Omicron variants. This heterodimeric
molecule could be a promising drug candidate for a treatment for COVID-19 caused by
virus variants of concern.

Keywords: SARS-CoV-2, COVID-19, single-domain antibodies, VHH, VOC, neutralizing antibodies, nanobodies
INTRODUCTION

The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has resulted in over 340 million of infections and over 5 million deaths worldwide (January 2022,
WHO). These numbers are still rising and COVID-19 disease remains a great challenge to public
health system. The development of safe and effective treatment together with vaccination is a highly
important goal for scientists and health care professionals over the world.
org February 2022 | Volume 13 | Article 8221591122
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One of the approaches to the development of an effective
therapeutic agent is the isolation of monoclonal antibodies that
efficiently neutralize SARS-CoV-2 virus. Currently, several
monoclonal antibodies already received emergency use
authorization for COVID-19 treatment and post-exposure
prophylaxis. These antibodies are bamlanivimab plus etesevimab,
casirivimab plus imdevimab, sotrovimab and regdanvimab (1–4).

Along with conventional antibodies, camelid single-domain
antibodies (also called nanobodies or VHHs) are promising
candidates for the development of antibody-based therapies (5, 6).
Camelids have unique heavy-chain antibodies that are devoid of
light chains (7). Nanobodies are the minimal antigen-binding
domains of these heavy-chain antibodies. They have several
advantages, including the ability to recognize epitopes that are not
accessible to conventional antibodies, increased stability of
nanobodies, simplicity of generation of multivalent forms and low
cost bacterial production (8). Currently, several nanobodies to
SARS-COV-2 have been isolated showing neutralizing activity in
in vitro and in vivo studies, which confirms their promising
potential as therapeutic agents (9–15).

The evolution of SARS-CoV-2 virus has resulted in
emergence of virus variants that have become more
transmissible and less sensitive to neutralizing antibodies. The
spread of these new virus variants has reduced the efficacy of
vaccines and some therapeutic antibodies. The list of these
variants of concern (VOCs) consist of B.1.1.7 (Alpha), B.1.351
(Beta), B.1.1.28/P.1 (Gamma), B.1.617.2 (Delta) and B.1.1.529
(Omicron) variants (January 2022, WHO). The reduction of
neutralization by antibodies is caused by mutations in S
glycoprotein, including K417N/T, L452R, T478K, E484K and
N501Y substitutions (16, 17). Recently appeared Omicron
variant has more than 30 mutations in S glycoprotein that
provide considerable escape from neutralization by antibodies
(18, 19). In this regard, it became necessary to isolate antibodies,
the neutralizing activity of which will not be affected due to
observed mutations, therefore, these antibodies or their cocktails
will retain activity against each of VOCs.

Here we identified and characterized a panel of single-domain
antibodies isolated from immune VHH library that specifically
bind RBD of S glycoprotein. We assessed the neutralizing activity
of the isolated antibodies in a microneutralization assay with live
SARS-CoV-2 and selected three most potent antibodies. To
increase the therapeutic potential, these clones were modified to
homodimeric and heterodimeric forms, and the neutralizing
activity against SARS-CoV-2 VOCs was investigated. The most
potent heterodimeric form, P2C5-P5F8, exhibited activity against
all tested virus variants at low concentration. These results indicate
that P2C5-P5F8 heterodimer is a promising candidate for further
research to develop COVID-19 antibody-based therapy.
RESULTS

To identify SARS-CoV-2 neutralizing single-domain antibodies
we immunized one Bactrian camel with SARS-CoV-2 RBD. The
recombinant RBD protein was previously produced in CHO-S
Frontiers in Immunology | www.frontiersin.org 2123
cells and purified. Immunization was performed using five
sequential injections (Figure 1A). Blood was collected 5 days
after final immunization and the serum RBD-specific antibodies
titer was detected by ELISA. Post-immunization serum
demonstrated potent binding to SARS-CoV-2 RBD with titer
more than 1/200 000 (Figure 1B). The neutralizing activity of
antibodies in the immunized serum was measured by the
microneutralization assay using live SARS-CoV-2 B.1.1.1, the
neutralizing antibodies titer was 1/1280.

To isolate monoclonal RBD-specific nanobodies, we
constructed a VHH phage display library by cloning VHH
sequences from B cells of immunized camel into a phagmid
vector. We performed one round of phage display followed by
ELISA-based screening of individual clones to identify RBD-
specific binders.

We used monoclonal phage-ELISA together with monoclonal
ELISA to identify RBD binders with high expression levels and
high solubility. A total of 212 clones showing positive phage-
ELISA and ELISA signals were selected for sequencing
(Figure 1C), which lead to the identification of 39 unique
clones of nanobodies. After sequence alignment and
phylogenetic analysis we selected 16 antibodies with highly
diverse sequences for further research (Figure 1D). These
nanobodies were expressed and purified, and the RBD binding
activity of each antibody was analyzed by ELISA. We confirmed
the binding of 14 clones with ELISA EC50 values ranged from 1.1
to 313.3 nM (Figure 2A). Most of the antibodies (13 out of 14)
displayed strong positive signals with EC50 below 22 nM.

To examine the capacity of selected RBD binders to neutralize
live SARS-CoV-2 virus we performed a microneutralization assay
with inhibition of the cytopathic effect of virus as a marker of
neutralization. We found that 10 of 14 nanobodies efficiently
neutralized SARS-CoV-2 virus (B.1.1.1) at concentrations ranging
from 12 nM to 1540 nM (Figure 2A). The three most potent
antibodies were P2C5, P2G1 and P5F8, which completely
inhibited the cytopathic effect of the virus at 24 nM, 12 nM and
48 nM, respectively.

We investigated the binding kinetics of P2C5, P2G1 and P5F8
neutralizing nanobodies via surface plasmon resonance (SPR).
All antibodies tested bound RBD with high affinity, dissociation
constants (KD) were 3.97 nM, 5.36 nM and 1.94 nM for P2C5,
P2G1 and P5F8, respectively (Figure 2B).

To explore whether the isolated antibodies bound to distinct
epitopes we performed epitope binning immunoassay using SPR.
Two groups of nanobodies were identified; antibodies from the
first group have overlapping or competing epitopes with P2C5,
and antibodies from the second group with P2G1 (Figure 2C).
We also revealed that P2C5 competes with class I anti-RBD
antibody casirivimab and P2G1 competes with class III
antibody imdevimab.

Since the capacity of an antibody to neutralize SARS-CoV-2
virus is frequently associated with blocking the interaction between
S glycoprotein and ACE2 receptor, we analyzed the ability of
isolated nanobodies to block the RBD binding to ACE2 by
competitive ELISA (Figure 2D). We revealed a decrease in
ELISA signal for most of neutralizing nanobodies indicating
February 2022 | Volume 13 | Article 822159
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antibodies competition with ACE2 for RBD binding. We observed
that one of the most potent neutralizing antibodies, P2C5, blocked
the ACE2-RBD interaction with an inhibition rate greater than
90% at 0.5 mg/ml.

In order to improve the antiviral property of antibodies we
produced homodimer and heterodimer forms of P2C5, P2G1
and P5F8 clones. Monomers were fused using a flexible GS-
linker (Gly4Ser)4 for dimerization. The binding of generated
dimeric molecules to the recombinant RBD protein was
confirmed by ELISA. Analysis of the neutralization capacity in
the microneutralization assay revealed a pronounced
improvement in the neutralizing activity of several dimeric
forms (Table 1). Notable, P2C5 homodimer inhibited
cytopathic effect of the virus at 89 pM, thus the homodimer
activity increased more than 200-fold compared to the monomer
activity. We also observed that P2C5-P5F8 heterodimer form
was up to 100 times more active than the monomeric forms, this
molecule exhibited neutralization activity at 178 pM.

With the emergence and spread of new variants of SARS-CoV-2
with increased transmissibility and reduced neutralization by
Frontiers in Immunology | www.frontiersin.org 3124
antibodies it became necessary to isolate antibodies with a broad
spectrum of neutralizing activity. We assessed the neutralizing
activity of isolated antibodies against variants of concern (VOCs),
including B.1.1.7 (Alpha), B.1.351 (Beta), B.1.1.28/P.1 (Gamma),
B.1.617.2 (Delta) and B.1.1.529 (Omicron) variants (Table 1).
P2C5 monomer neutralized B.1.1.7, B.1.351, B.1.1.28/P.1 and
B.1.1.529 but was unable to neutralize B.1.617.2. P5F8 and P2G1
monomeric forms remained active against all tested VOCs
(inhibited CPE at 12-96 nM) except Omicron variant. P5F8
monomer showed a 2-fold decrease in activity against B.1.351
and B.1.1.28/P.1. P2G1 showed a 2-4-fold decrease against VOCs.
The most potent heterodimeric molecule P2C5-P5F8 exhibited
activity against all VOCs neutralizing B.1.1.7, B.1.351, B.1.1.28/P.1,
B.1.617.2 and B.1.1.529 variants at 89 pM, 356 pM, 356 pM, 2.85
nM and 709 pM, respectively. The most active P2C5 homodimer
neutralized each of VOC except B.1.617.2 at a concentration 356
pM and lower, depending on the virus variant. Overall, P2C5-P5F8
heterodimer showed neutralizing activity against each of the tested
VOCs and was a promising candidate for further investigations as a
potential therapeutic agent.
BA

DC

FIGURE 1 | Isolation of RBD-specific nanobodies. (A) Immunization schedule. Bactrian camel was immunized with 100 mg RBD subcutaneously (with complete
Freund`s adjuvant), followed by four consecutive immunization with 100 mg RBD subcutaneously (with incomplete Freund`s adjuvant). Blood samples were collected
before immunization and five days after the last immunization. (B) RBD-specific antibodies in camel serum before and after immunization, detected by ELISA. The
assay reveals a strong positive RBD-specific serological activity 5 days after the last immunization. (C) ELISA-based RBD-binders screening. A total of 212 individual
clones with a strong positive ELISA signal were selected for sequencing. (D) Phylogenetic tree showing sequence diversity of 39 unique VHH clones from this study
and four previously described single-domain antibodies of C. bactrianus (20), blue squares –previously described single-domain antibodies of C. bactrianus, green
squares – the clones selected for further analysis.
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DISCUSSION

The SARS-CoV-2 virus gave rise to ongoing pandemic, which
continues to claim lives and poses a threat to public health. Along
with vaccination to prevent COVID-19, therapeutic antiviral
agents are urgently needed to treat the infection.

One of the promising approaches for the viral infection
treatment is an antibody-based therapy. Antibodies
administration approved for immunoprophylaxis and treatment
of viral infections caused by respiratory syncytial virus and
Frontiers in Immunology | www.frontiersin.org 4125
ebolavirus (21, 22). Today, several monoclonal antibodies are
already in use for COVID-19 treatment (bamlanivimab plus
etesevimab, casirivimab plus imdevimab and sotrovimab). It was
shown that the administration of these antibodies to
nonhospitalized patients with symptomatic COVID-19 and risk
factors for disease progression reduced the risk of hospitalization
and death (1–4).

In addition to conventional antibodies, single-domain
antibodies or nanobodies from camelid heavy-chain antibodies
are being actively investigated as a potential therapeutic agent
C

A

B

D

FIGURE 2 | Characterization of the selected nanobodies. (A) RBD-binding activity of nanobodies by ELISA and neutralization activity of nanobodies by
microneutralization assay using live SARS-CoV-2 virus. The minimal neutralizing concentration was defined as the lowest antibody concentration (highest antibody
dilution) that completely inhibited the cytopathic effect of the virus in two or three from the three replicable wells. (B) Kinetic parameters of nanobodies interaction
with RBD by SPR. Association (kon), dissociation (koff), maximal analyte binding capacity (Rmax), equilibrium association constants (KA), equilibrium dissociation
constants (KD) and Chi2 for VHHs binding to RBD. (C) SPR-based epitope binning experiments, in-tandem format. The first saturating antibody indicated on the top
row, the second competing antibody indicated on the left column. (D) Blocking of ACE2-RBD interaction measured by competitive ELISA.
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with a number of advantages. The small size and single-domain
nature of nanobodies allow them to bind epitopes that are not
available for conventional antibodies, in particular concave
epitopes such as grooves and clefts (23–25). Nanobodies show
strong binding affinities and also are highly stable across wide
range of temperatures and pH (26). The production of
nanobodies in bacteria is less expensive than classical antibody
production. All this allows the use of single-domain antibodies
for many of applications, including research, diagnostics and
therapy (6, 8).

The main mechanism of virus-neutralizing activity of
antibodies is associated with the prevention of viral entry into
host cells. The entry of SARS-CoV-2 virus occurs after the
interaction of S glycoprotein with cell receptor angiotensin-
converting enzyme 2 (ACE2). Therefore, S glycoprotein, in
particular its receptor-binding domain (RBD), is an attractive
target for the development of neutralizing antibodies.

In our work, we immunized a Bactrian camel with the
recombinant RBD protein for following isolation of effective
neutralizing antibodies against SARS-CoV-2 virus. We generated
a VHH phage display library and selected a panel of RBD-
specific nanobodies. Using an in vitro microneutralization assay
we identified three clones (P2C5, P5F8 and P2G1) of the most
potent antibodies that completely inhibited the cytopathic effect
of SARS-CoV-2 virus at minimal concentrations from 12 nM to
48 nM.

At the next stage, to enhance the neutralization potential of
isolated nanobodies we generated homodimeric and
heterodimeric forms of the most active antibodies. It was
previously shown that multivalent forms of nanobodies are
characterized by increased functionality by improving antigen-
binding through avidity effect (27). For example, the dimeric
form of anti-TNF VHH was up to 500 times more active than the
monovalent form in rheumatoid arthritis model in vivo (28),
homotrimeric molecule of anti-SARS-CoV-2 nanobody Nb213
were 30-fold more potent in pseudovirus neutralization (14),
dimeric forms of nanobodies to botulinum neurotoxin showed a
higher protective activity in vivo (29). In our study, we revealed a
200-fold improvement of neutralization potential after
dimerization of P2C5 nanobody. The bivalent molecule
Frontiers in Immunology | www.frontiersin.org 5126
effectively neutralized SARS-CoV-2 virus at 89 pM. We also
observed a pronounced increase in neutralizing activity in the
case of P2C5-P5F8 heterodimeric form, which inhibited SARS-
CoV-2 virus at 178 pM. In the case of the bivalent form of P5F8
we observed only a slight increase in activity. We assume that this
may be due to the monovalent binding of P5F8 dimer to the S
glycoprotein, for example as a result of the insufficient linker
length to span the distance between epitopes in the trimeric
S glycoprotein.

The emergence of SARS-CoV-2 variants with mutations in
their RBD epitopes leads to the viral escape from neutralizing
antibodies. It was shown that the virus-neutralization activity of
sera samples obtained from individuals vaccinated with Pfizer/
BNT162b2, Moderna/mRNA-1273 or Sputnik V decreased in
the case of the B.1.351, B.1.1.28/P.1 and B.1.617.2 variants
compared to wild-type virus (30–33). The most pronounced
decrease of the virus-neutralization activity of sera observed in
case of the B.1.1.529 (Omicron) variant (34–36). Escape
mutations are also a challenge for antibody-based therapy
development. Some therapeutic antibodies have become
ineffective against VOCs, for example, the activity of
bamlanivimab against Delta is reduced, the activity of
etesevimab and casivimab against Beta variant is reduced (37).
The activity of most neutralizing antibodies is escaped by the
Omicron variant. Several monoclonal antibodies completely lost
inhibitory activity against Omicron, including bamlanivimab,
etesevimab, casirivimab, imdevimab and regdanvimab (18, 38).
The activity of some previously isolated nanobodies also altered
by escape mutations. The Beta strain drastically reduced the
efficacy of the high-affinity nanobodies Nb20 and Nb21 (39).
Thereby, it is urgently needed to identify nanobodies or their
combinations that retain activity against SARS-CoV-2 variants
of concern.

We investigated the activity of isolated potent nanobodies and
their dimeric forms using a microneutralization assay against live
SARS-CoV-2 VOCs. We found that P2C5-P5F8 heterodimer
effectively neutralized all tested virus variants at low
concentration, including Delta and Omicron VOCs. In
particular it was observed that this dimeric molecule
completely inhibited the cytopathic effect of the Alpha, Beta,
TABLE 1 | Neutralizing activity of the most potent monomers of nanobodies, homodimeric and heterodimeric forms of nanobodies in a microneutralization assay
against live SARS-CoV-2 variants of concern.

Antibody Minimal neutralizing concentration of antibody, nM

B.1.1.1 Alpha (B.1.1.7) Beta (B.1.351) Gamma (B.1.1.28/P.1) Delta (B.1.617.2) Omicron (B.1.1.529)

Monomers P2C5 24.04 48.08 96.15 48.08 >1500 24.04
P2G1 12.02 48.08 96.15 48.08 24.04 >1500
P5F8 48.08 48.08 96.15 96.15 48.08 >1500

Homodimers (P2C5)2 0.089 0.178 0.356 0.356 >1500 0.089
(P2G1)2 11.36 22.73 45.45 45.45 45.45 >1500
(P5F8)2 5.68 5.68 22.72 22.72 11.36 >1500

Heterodimers P2C5-P2G1 0.709 0.356 2.84 2.84 11.36 0.709
P2C5-P5F8 0.178 0.089 0.356 0.356 2.85 0.709
P2G1-P2C5 2.84 2.84 11.36 5.68 45.45 2.84
P2G1-P5F8 45.45 45.45 181.82 45.45 90.91 >1500
P5F8-P2C5 5.68 11.36 22.73 22.72 90.91 5.68
P5F8-P2G1 11.36 22.72 90.91 22.72 22.73 >1500
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Gamma, Delta and Omicron variants at concentrations 89 pM,
356 pM, 356 pM, 2.85 nM and 709 pM, respectively.

For the improvement of antiviral efficacy of obtained P2C5-
P5F8 molecule further modifications may include the fusion of
the heterodimer to human IgG1 Fc domain. Fc modifications are
often used to increase serum half-life of nanobodies, as well as to
involve Fc-mediated effector functions (antibody-dependent cell-
mediated cytotoxicity, complement-dependent cytotoxicity, etc.)
(29, 40).

Overall, we produced heterodimeric form of nanobodies that
possess a broad spectrum of activity, overcoming escape
mutations in VOCs. This heterodimeric molecule is a
promising candidate for the further development of an
effective antiviral agent for COVID-19 treatment especially for
patients with risk factors for progression to severe COVID-19.
MATERIALS AND METHODS

Cell Lines and Viruses
CHO-S cells were obtained from Thermo Fisher Scientific
(USA), cat. no. R80007. Vero E6 cells (ATCC CRL 1586) was
obtained from Russian collection of vertebrate cell lines.

SARS-CoV-2 s t r a in s B .1 . 1 . 1 (hCoV-19 /Rus s i a /
Moscow_PMVL-1/2020), B.1.351 (hCoV-19/Russia/SPE-RII-
27029S/2021), B.1.617.2 (hCoV-19/Russia/SPE-RII-32758S/
2021) and B.1.1.529 (hCoV-19/Russia/MOW-Moscow_PMVL-
O16/2021) were isolated from nasopharyngeal swabs.

SARS-CoV-2 strains B.1.1.7 (hCoV-19/Netherlands/
NoordHolland_20432/2020) and B.1.1.28/P.1 (hCoV-19/
Netherlands/NoordHolland_10915/2021) were obtained from
European Virus Archive Global.

Cloning, Expression and Purification of
Recombinant SARS-CoV-2 RBD Protein
The RBD nucleotide sequence of SARS-CoV-2 Wuhan-Hu-1
isolate (Genbank accession number MN908947, from 319 to 545
aa) was synthesized (Evrogen, Russia) and cloned into the pCEP4
mammalian expression vector (Thermo Fisher Scientific, USA).
The signal peptide of alkaline phosphatase SEAP was inserted
before RBD coding sequence, the His tag was fused to the end of
the sequence. The obtained recombinant vector was transfected
into CHO-S cells using CHOgro High Yield Expression System
(Mirus Bio, USA). The culture supernatant containing the RBD
protein was harvested after 10 days, the recombinant RBD
protein was purified by IMAC using an AKTA start system
(Cytiva, USA) and a HisTrap column (Cytiva, USA). The protein
expression and purity was confirmed with SDS-PAGE.

Bactrian Camel Immunization
Bactrian camel was immunized with recombinant SARS-CoV-2
RBD protein at a dose of 100 mg with complete Freund`s
adjuvant subcutaneously fol lowed by four booster
immunizations with 100 mg RBD with incomplete Freund`s
adjuvant. The interval between the first and second injections
was 14 days; the intervals between all subsequent injections were
Frontiers in Immunology | www.frontiersin.org 6127
10 days. Before immunization, a small blood sample (5 ml) was
collected as a control. 50 ml blood was collected 5 days after the
last immunization and was used for peripheral blood
mononuclear cells (PBMC) isolation and VHH phage display
library construction.

Phage Display Library Construction
The library construction was performed as described earlier (29).
Briefly, total RNA was isolated from PBMCs and then reverse
transcribed to cDNA. VHHs coding sequences were PCR
amplified and cloned into a pHEN1 phagmid vector (41).
Recombinant phagmids were electroporated into TG1 cells
(Lucigen, USA). A VHH library of 7.3 x 106 individual clones
was obtained. 98% of the clones harbored the vector with the
right insert size.

Phage Preparation and Biopanning
Phage preparation was performed according to the previous
description (29). To select RBD-specific nanobodies one round
of biopanning was performed. 5 mg of recombinant SARS-CoV-2
RBD protein were immobilized in the well of microtiter plate.
After rinsing three times with PBS with 0.1% Tween 20 (TPBS),
the well was blocked with blocking buffer (5% non-fat dried milk
in TPBS) at 37°C for 1 h. A total of ~1011 phage particles in
blocking buffer were added to the well and the plate was
incubated at 37°C for 1 h. Unbound phages were removed by
washing with TPBS. The bound phages were eluted by trypsin (1
mg/ml). The eluted phage particles were used for infection of
TG1 cells.

ELISA
Screening for RBD-specific binders was performed using
monoclonal phage ELISA and monoclonal ELISA. For
monoclonal phage ELISA, individual clones were inoculated in
1 ml of 2xYT (Sigma, USA) containing 100 mg/ml ampicillin in
96-deep-well plates. Bacterial cells were infected with KM13
helper phage and incubated overnight at 30°C. The plates were
centrifuged, 50 ml of the supernatant were used for phage ELISA.
For monoclonal ELISA, individual clones were cultured in 96-
deep-well plates at 30°C overnight. The next day, the cells were
lysed by the freeze-thaw method, and then the plates were
centrifuged. 50 ml of the supernatant were used for monoclonal
ELISA. Immunoplates (Nunc MaxiSorp, Thermo Fisher
Scientific, USA) were coated with recombinant RBD protein
(100 ng per well) at 4°C overnight. The plates were rinsed three
times with TPBS and the wells were blocked with blocking buffer
at 37°C for 1 h. 50 ml of bacterial supernatants containing
monoclonal recombinant phages (monoclonal phage ELISA) or
monoclonal nanobodies (monoclonal ELISA) were added to the
wells. After 1 h incubation at 37°C, the wells were rinsed five
times with TPBS. Bound phages were detected by HRP-
conjugated anti-M13 antibody (Sino Biological, China), bound
VHH were detected by HRP-conjugated anti-Myc-tag antibody
(Abcam, UK) followed by the addition of 3,3`5,5`-
tetramethylbenzidine (TMB) (Bio-Rad, USA) as a substrate.
The reaction was stopped by 1M H2SO4, the absorbance at 450
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nm was read using a Varioskan LUX (Thermo Fisher
Scientific, USA).

To confirm RBD-specific binding of the selected nanobodies
immunoplates (Nunc MaxiSorp, Thermo Fisher Scientific, USA)
were coated with RBD (100 ng per well). Serial two-fold dilutions
of antibodies were made, starting from 10 mg/ml to 0.6 ng/ml.
100 ml of each concentration was added to the wells. Bound
VHHs were detected by HRP-conjugated anti-Myc-tag antibody
and TMB substrate. EC50 values were calculated using four-
parameter logistic regression using GraphPad Prism 9
(GraphPad Software Inc., USA).

For competitive ELISA recombinant hACE2 protein were
immobilized (400 ng per well) on immunoplates (Nunc
MaxiSorp, Thermo Fisher Scientific, USA). RBD-specific
nanobodies were mixed with HRP-conjugated recombinant
RBD protein (0.2 mg/ml) to two final concentrations of
antibodies (0.5 mg/ml and 0.1 mg/ml) and incubated at 37°C
for 30 min. Nanobody to C. difficile Toxin B was used as a
negative control. After incubation samples (100 ml) were
transferred to hACE2 coated plates and incubated at 37°C for
30 min. The TMB solution was added for 15 min, the reaction
was stopped by the addition of 1M H2SO4. The inhibition rate of
ACE2-RBD binding was calculated by comparing the signals in
the sample and the negative control wells.

Expression and Purification of Nanobodies
Phagmids encoding the sequences of the selected nanobodies
were transformed into BL21 cells (NEB, USA) for expression and
purification. The cells were cultured in 100 ml 2xYT (containing
100 mg/ml ampicillin) overnight at 30°CC. The cells were
harvested by centrifugation and lysed by a BugBuster Protein
Extraction Reagent (Novagen, USA). Nanobodies were purified
by IMAC using an AKTA start system and a HisTrap column,
dialyzed against PBS and sterile filtered. Protein expression and
purity was confirmed with SDS-PAGE.

Microneutralization Assay With Live
SARS-CoV-2
Nanobodies were two-fold serially diluted starting from 20 mg/ml
to 1.2 ng/ml in complete Dulbecco`s modified Eagle medium
(DMEM) supplemented with 2% heat-inactivated fetal bovine
serum (HI-FBS). Triplicates of each dilution were mixed with
100 TCID50 (median tissue culture infectious doses) of SARS-
CoV-2 and incubated at 37°C for 1 h. After incubation samples
were added to a monolayer of Vero E6 cells and incubated in a
5% CO2 incubator at 37°C for 96-120 h. The cytopathic effect
(CPE) of the virus was assessed visually. The minimal
Frontiers in Immunology | www.frontiersin.org 7128
neutralizing concentration was defined as the lowest antibody
concentration (highest antibody dilution) that completely
inhibited CPE of the virus in two or three of the three
replicable wells.

The following SARS-CoV-2 strains were used in the assay:
B.1.1.1, B.1.1.7, B.1.351, B.1.1.28/P.1, B.1.617.2 and B.1.1.529.

All experiments were performed in a Biosafety Level 3 facility
(BSL-3).

Binding Kinetics Measurements and
Epitope Binning Assay
The affinity of nanobodies was measured by surface plasmon
resonance (Biacore 3000, GE Healthcare Bio-Sciences AB,
Sweden). Recombinant RBD protein at a concentration 20 mg/
ml in 10 mM acetate buffer (pH 4.5) was immobilized on the
surface of a CM5 sensor chip using a Amine Coupling Kit (GE
Healthcare Bio-Sciences AB, Sweden). VHHs were serial 4-fold
diluted from 417 nM to 0 nM and flowed over the captured RBD
surface at 15 ml/min for 3 minutes. Dissociation time was 10
minutes. Working buffer was HBS-EP (0.01 M HEPES pH 7.4,
0.15 M NaCl, 2 mM EDTA, 0.005% v/v Surfactant P20). After
each injection, the chip surface was regenerated with 10 mM
Tris-HCl, pH 1.5 for 40 s at a flow rate 30 ml/min. Calculations
were performed using the BIAEvaluation software (GE
Healthcare Bio-Sciences AB, Sweden).

For epitope binning recombinant RBD protein was
immobilized on CM5 sensor chip as described above. The first
antibody (10 mg/ml in working buffer) was flowed over the
captured RBD surface at 15 ml/min for 2 minutes to achieve
saturation. Then the injection of second antibody at the same
concentration and conditions was performed. After each
experiment, the chip surface was regenerated.

Generation of Homodimeric and
Heterodimeric Forms of Nanobodies
Homodimeric and heterodimeric forms of nanobodies were
generated using two rounds of PCR followed by cloning PCR
products into a pHEN1 vector. VHHs in dimeric forms were
fused by GS-linker (Gly4Ser)4. In the first round of PCR, VHH
monomers were amplified using Q5 High-fidelity DNA
polymerase (NEB, UK) and the primers listed in Table 2. In
the second round PCR nanobodies sequences were assembled
together and amplified using pHEN1-F and pHEN1-R primers.
PCR products and the pHEN1 vector were digested with SfiI and
NotI restriction enzymes (Thermo Fisher Scientific, USA) and
ligated using T4 ligase (Thermo Fisher Scientific, USA).
Recombinant vectors were used for TG1 cells transformation.
TABLE 2 | Primers used for generation of dimeric molecules.

Primer Sequence

PHEN1-F CACACAGGAAACAGCTATGAC
VHH-GS-R CCCAGGTCACTGTCTCCTCAGGTGGTGGCGGATCAGGTGGAGGTGGATCTGGCGGCGGCGGCTCAGGC
VH1-GS-F TCTGGCGGCGGCGGCTCAGGCGGAGGAGGTTCCCAGGTGCAGCTGGTGCAGTCT
VH3-GS-F TCTGGCGGCGGCGGCTCAGGCGGAGGAGGTTCCGAGGTGCAGCTGGTGGAGTCT
PHEN1-R ACAACTTTCAACAGTCTAGCTCC
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DNA Isolation and Sequencing
Phagemid DNA was isolated from bacterial cells using the
Plasmid miniprep kit (Evrogen, Russia). VHH-coding
s e qu en c e s w e r e s e qu en c e d w i t h L a c - p r om (5 ’ -
CTTTATGCTTCCGGCTCGTATG-3 ’) and pIII-R (5`
CTTTCCAGACGTTAGTAAATG 3`) primers according to
the protocol of the BigDyeTerminator 3.1 Cycle Sequencing kit
for the Genetic Analyzer 3500 Applied Biosystems (Waltham,
MA, USA). The electrophoretic DNA separation was performed
in 50-cm capillaries with POP7 polymer. MEGA X was used for
the generation of the single consensus sequences by assembling
of the forward and reverse sequences (42).

Phylogenetic Tree Analysis
A phylogenetic tree of isolated VHHs was constructed to display
the sequence diversity of single-domain antibodies. The analysis
comprised the following traditional steps: alignment, phylogeny
and tree rendering. Sequences were aligned with MUSCLE
(v3.8.31) (43). The phylogenetic tree was reconstructed using
the maximum likelihood method implemented in the PhyML
program (v3.1/3.0 aLRT) (44). TheWAG substitution model was
selected assuming an estimated proportion of invariant sites (of
0.000) and 4 gamma-distributed rate categories to account for
rate heterogeneity across sites. The gamma shape parameter was
estimated directly from the data (gamma=0.448). Reliability for
internal branch was assessed using the aLRT test (SH-Like) (45).
Graphical representation and edition of the phylogenetic tree
were performed with MEGA X (42).
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To effectively control and prevent the pandemic of coronavirus disease 2019 (COVID-19),
suitable vaccines have been researched and developed rapidly. Currently, 31 COVID-19
vaccines have been approved for emergency use or authorized for conditional marketing,
with more than 9.3 billion doses of vaccines being administered globally. However, the
continuous emergence of variants with high transmissibility and an ability to escape the
immune responses elicited by vaccines poses severe challenges to the effectiveness of
approved vaccines. Hundreds of new COVID-19 vaccines based on different technology
platforms are in need of a quick evaluation for their efficiencies. Selection and enrollment of
a suitable sample of population for conducting these clinical trials is often challenging
because the pandemic so widespread and also due to large scale vaccination. To
overcome these hurdles, methods of evaluation of vaccine efficiency based on
establishment of surrogate endpoints could expedite the further research and
development of vaccines. In this review, we have summarized the studies on
neutralizing antibody responses and effectiveness of the various COVID-19 vaccines.
Using this data we have analyzed the feasibility of establishing surrogate endpoints for
evaluating the efficacy of vaccines based on neutralizing antibody titers. The
considerations discussed here open up new avenues for devising novel approaches
and strategies for the research and develop as well as application of COVID-19 vaccines.

Keywords: COVID-19 Vaccines, surrogate endpoints, neutralizing antibody, standard neutralization test assay,
national standard
INTRODUCTION

The current coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute
respiratory syndrome coronavirus 2 (SARS−CoV−2) is a disaster of unprecedented magnitude in
modern times. On the other hand, the rapid research and development (R&D) and application of
COVID-19 vaccines in response to the pandemic can be regarded as a miracle in the history of
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vaccine development. Over a span of less than 2 years, a total of
31 different types of COVID-19 vaccines around the world have
been granted Emergency Use Authorizations (EUAs) or
marketing approvals (1–3). As of January 15, 2022, more than
9.3 billion doses of COVID-19 vaccines have been administered
worldwide (4), but vaccination rates remain low in many
regions and countries. The current lots of vaccines are far from
perfect. Reduction in immunity over a period of time and
lower efficiency against variants seem to be the major
concerns. However, vaccines do offer a means to combat the
pandemic. The R&D and application of vaccines with superior
immunogenicity and universal effectiveness against all SARS−
CoV−2 variants, are of utmost priority in addition to increasing
vaccination coverage and administrating of a third (booster)
COVID-19 vaccine dose (5–7).

Phase III clinical trials are the main rate-limiting steps in
vaccine R&D and application. In countries with high COVID-19
vaccination coverage or viral prevalence, it is difficult to conduct
trials on the clinical efficacy of vaccines. The search for methods
to rapidly and effectively evaluate vaccine’s effectiveness has,
therefore, become a bottleneck in subsequent vaccine R&D
efforts. Surrogate endpoints may effectively save clinical time
and are compliant with ethical standards. There has been a
successful history of using antibodies as surrogate endpoints for
other licensed viral vaccines. The key to establishing surrogate
endpoints relies on finding a correlationship between vaccine-
induced immune responses and the level of protection (8). The
cellular and humoral immunity induced by the vaccine
synergistically protects the human body from viral infection (9,
10). Antibodies, especially neutralizing antibodies, are key
Frontiers in Immunology | www.frontiersin.org 2132
immunological markers that signal the elicitation of defense
responses for the prevention and control of viral infections and
disease onset. Consequently, the respective protective antibody
levels have been used as surrogate endpoints for many viral
vaccines such as influenza virus vaccine, measles vaccine,
Japanese encephalitis vaccine, rabies vaccine, polio virus
vaccine, hepatitis A vaccine, enterovirus 71 (EV71) vaccine,
varicella vaccine and hepatitis B vaccine (Table 1) (11–21). In
the case of measles, a pre-exposure neutralizing antibodies level
in serum samples was positively correlated with clinical
protection. Based on this finding, neutralizing antibodies titers
of >120 mIU/mL were considered as a reliable surrogate
endpoint for measles vaccine (12, 22). Similarly, a titer of ≥ 20
mIU/mL was defined as seroconversion level for hepatitis A
vaccine. This seroconversion rate showed a high level of
agreement with clinical efficacy data of hepatitis A vaccine.
Subsequently, in 2012, hepatitis A virus (HAV) IgG ≥ 20 mIU/
mL was included as the antibody threshold level for clinical
effectiveness in theWorld Health Organization (WHO) technical
reports on hepatitis A vaccines (17, 23–25). A neutralizing
antibody titer of 1:32 for EV71 vaccine has been recommended
as the immunological surrogate endpoint because of its
association with protection against EV71 (18, 19). Previous
clinical studies have confirmed that COVID-19 vaccine-
induced humoral immunity generates effective neutralization
antibodies against SARS-CoV-2 (26, 27). The studies by
Khoury et al. and Earle et al. demonstrated that there is a
correlation between the level of neutralizing antibodies
responses to SARS-CoV-2 and the protection level of the
vaccine, which raises the possibility for the establishment of
TABLE 1 | Recommended immunological surrogate endpoints for licensed viral vaccines.

Vaccine
name

Vaccine type Route of virus
transmission

Recommended clinical surrogate endpoint for vaccine Ref

Influenza
vaccines

Inactivated
vaccines

Respiratory
tract

1. Significant increase in seroconversion factor or hemagglutination inhibition (HI) antibody titer of > 40%;
2. Increase in GMT of > 2.5; 3. Proportion of subjects with HI titer ≥ 1:40 or single radial hemolysis (SRH)
area > 25 mm² > 70%

(11)

Split virus
vaccines
Subunit vaccines

Measles
vaccines

Live attenuated
vaccines

Respiratory
tract

Hemagglutinin (H)- and fusion protein (F)-specific neutralizing antibody titer > 120 mIU/mL in the plaque
reduction neutralization test (PRNT)

(12)

Japanese
encephalitis
vaccines

Live attenuated
vaccines

Mosquito
vectors

Baseline negative: PRNT50 ≥ 1:10 (13)
Baseline positive: 4-fold increase in PRNT50

Rabies
vaccines

Inactivated and
live attenuated
vaccines

Animals The WHO states that vaccines with a potency of 2.5 IU/dose can induce adequate immunogenicity and
provide protective effects with the generation of antibody concentrations of > 0.5 IU

(14)

Polio
vaccines

Inactivated and
live attenuated
vaccines

Gastrointestinal
tract

Oral live attenuated vaccine: neutralizing antibody titer of 1:4–1:8 or 4-fold increase in antibody titer;
inactivated vaccine: neutralizing antibody titer of 1:8 or 4-fold increase in antibody titer (15, 16)

Hepatitis A
vaccines

Inactivated and
live attenuated
vaccines

Gastrointestinal
tract

Anti-hepatitis A virus (HAV) IgG ≥ 20 mIU/mL (17)

Enterovirus
71 (EV71)
vaccines

Inactivated
vaccines

Gastrointestinal
tract

Neutralizing antibody titer of 1:32
(18, 19)

Varicella
vaccines

Live attenuated
vaccines

Contact Titer of antibodies to the varicella-zoster virus (VZV) glycoprotein measured by ELISA ≥ 5 gpELISA units (20)

Hepatitis B
vaccines

Recombinant
vaccines

Blood Percentage of subjects with hepatitis B surface antibody (anti-HB) titer ≥10 mIU/mL (21)
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surrogate endpoint (28, 29). T cell response is essential in
inducing high-affinity antibodies and immune memory (30).
SARS-CoV-2 specific responsive T cell numbers are associated
with protection against COVID-19 and accelerated viral
clearance (31, 32). In fact, mRNA vaccination induced early
CD4+ T cell responses have been shown to correlate well with
long-term humoral immunity. Robust cellular immune memory
to SARS-CoV-2 and its variants persist for at least 6 months after
mRNA vaccination (33). However, the correlation between the T
cell immunity and the protection level of COVID-19 vaccines is
not very clear. In addition, compared to T cell immunity,
antibody threshold levels are commonly used as surrogate
endpoints for viral vaccines due to the ease of establishment of
standardized test methods.

At present, a large number of ongoing clinical trials of
COVID-19 vaccines have not reported the threshold antibody
levels of protection of their respective study populations. In
addition, a lack of standardized neutralizing antibody detection
Frontiers in Immunology | www.frontiersin.org 3133
methods and the effects of variants on the serum neutralizing
activity of vaccines also pose challenges to the establishment of
surrogate endpoints (5). This present paper provides a review of
the current status of research on neutralizing antibody responses
and their utility in gauging the effectiveness of the various
COVID-19 vaccines. An analysis of the feasibility of
establishing surrogate endpoints based on neutralizing
antibody levels in the hope of opening up new horizons for the
R&D of an efficient and expedited application of COVID-
19 vaccines.
CURRENT STATUS OF R&D AND
APPLICATION OF COVID-19 VACCINES

The R&D and application of COVID-19 vaccines have
progressed at an unparalleled pace in a global effort to control
the ongoing pandemic. Figure 1A shows the major milestones in
A

B

C

FIGURE 1 | Key milestones in COVID-19 vaccine R&D, biweekly increases in COVID-19 cases worldwide, and total number of COVID-19 vaccine doses
administered worldwide. (A) Timeline of the R&D of COVID-19 vaccines. Red flags indicate the key milestones in global COVID-19 vaccine R&D and vaccination with
the corresponding dates indicated in parentheses. (B) Biweekly increases in COVID-19 cases worldwide with red stars denoting the time points of emergence of
SARS−CoV−2 variants (data source: https://covid19.who.int/, https://cov-lineages.org/index.html). (C) Total number of COVID-19 vaccine doses administered
worldwide (data source: https://github.com/owid/covid-19-data/blob/master/public/data/README.md).
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COVID-19 vaccine R&D and application. In December 2020,
merely 1 year after the first report of COVID-19, the BNT162b2
vaccine jointly developed by Pfizer and BioNTech was granted
the first-ever EUA in the United Kingdom (UK) (34). This
marked the start of large-scale, rapid vaccinations around the
world (Figure 1C). Currently, 31 vaccines have received
EUAs or conditional marketing authorizations, including
two mRNA, eleven inactivated viruses, five adenoviral vectors,
twelve recombinant subunits, and one DNA vaccine (1–3).
As of January 15, 2022, eight COVID-19 vaccines have been
approved for emergency use by the World Health Organization;
namely, BNT162b2, AZD1222, Ad26.COV2.S, mRNA-1273,
BBIBP-CorV, Coronavac, NVX-CoV2373 and Covaxin (35, 36).

At present, the percentage of fully vaccinated people who have
received all recommended doses of a COVID-19 vaccine has
exceeded 50% in the United States of America (USA), Canada,
and many developed countries of the European Union. In the
two most populous countries in the world (China and India), the
number of COVID-19 vaccine doses administered has reached
2.93 billion and 1.56 billion, respectively, which jointly account
for approximately half of the total doses administered globally
(37, 38). With rapid vaccination efforts, the number of new
COVID-19 cases worldwide showed a significant decrease
between January and March 2021 (Figure 1B). However, the
emergence of the Alpha, Beta, Gamma, Delta and Omicron
variants with high transmissibility and an immune evasion
ability has resulted in new waves of the pandemic, with the
fourth wave caused by the Omicron variant on the rapid upswing
(Figure 1B). In particular, the highly divergent Omicron variant,
carrying over 30 mutations in the spike protein, has a substantial
growth advantage over previous variant and has been identified
in 149 countries since November 2021 (39–41). Neutralization
titer against Omicron is significantly reduced in convalescent
sera from previous SARS-CoV-2 patient, sera after vaccination
and therapeutic monoclonal antibodies (42–44). The combined
effects of the spread of the Delta and Omicron variants and
decrease in neutralizing antibody titers with time after
vaccination, have led to an increase in breakthrough infection
rates in the real world. Therefore, current vaccines are no longer
capable of effectively preventing breakthrough infections and the
transmission of variants. The goal of vaccination seems to have
shifted from preventing disease onset to reducing the number of
critically ill patients and deaths (38, 45–47).

To cope with the aforementioned situation, booster
vaccination has become the strategy of choice for certain
countries. Studies have indicated that a 5–25-fold increase in
neutralizing antibody titer could be achieved after the
administration of a third vaccine dose, which indicates a
significant increase in efficacy compared with two vaccine
doses (48–51). Real-world data from Israel showed that 12
days after the booster dose, the rate of confirmed infection was
lower in the booster group than in the non-booster group by a
factor of 11.3 (95% confidence interval (CI): 10.4 to 12.3), and
the rate of severe illness decreased by a factor of 19.5 (95% CI:
12.9 to 29.5) (9). On October 21, 2021, Pfizer and BioNTech
announced the first phase 3 clinical trial data of a booster dose of
their COVID-19 vaccine. When Delta is the prevalent strain, the
Frontiers in Immunology | www.frontiersin.org 4134
protection rate of booster vaccine is as high as 95.6% (52).
Compared with prime COVID-19 vaccination, a homologous
and heterologous booster dose elicits potent neutralization titers
against Omicron variant, which increasing vaccine effectiveness
(28, 53–57). Currently, some countries, including Israel, the
USA, the UK, Switzerland, Germany, and China, have already
launched booster vaccination campaigns (58–60). However,
research data on booster vaccination are relatively scarce. In
particular, the duration of retention of adequate neutralizing
antibody levels and mechanisms of titer decline after the booster
shot remain unclear. Importantly, the safety of this approach has
also not been adequately demonstrated yet (61). Considering that
infectious diseases know no borders and the vaccination
coverage rates worldwide remain low, the WHO has repeatedly
called for developed countries to refrain from the widespread
rollout of booster shots until the percentage of fully vaccinated
people of other nations have been adequately increased because
the vaccination of a high percentage of the world’s population
may serves as the most effective pandemic prevention and
control strategy (62, 63). On October 26, 2021, the WHO
Emergency Committee acknowledged that the COVID-19
pandemic is far from over, calling for the development of
vaccines, diagnostic tools and therapeutics for long-term
control of the pandemic (7). To curb the spread of variants,
institutions and companies around the world have embarked on
the R&D of multi-variant COVID-19 vaccines (64–66).
STUDIES ON THE CORRELATION
BETWEEN NEUTRALIZING ANTIBODY
LEVELS AND IMMUNOLOGICAL
PROTECTION

The establishment of immunological surrogate endpoints is
aimed at finding relevant indicators of vaccine protection
through animal or human challenge experiments, and then
using clinical data to obtain the relationship between immune
protection indicators and clinical protection through different
data statistical analysis models. Such an exercise produces the
initial surrogate endpoints. Neutralizing antibody levels are
generally used as the primary surrogate endpoint of the
immunological protection of viral vaccines. Results of animal
challenge models, efficacy of monoclonal antibodies, data from
clinical trials of different vaccines, and real-world data of
COVID-19 vaccines in many countries, have demonstrated the
existence of a certain correlation between neutralizing antibody
levels and an vaccine’s effectiveness (5, 28, 67–71).

Immunological Protection in
Nonhuman Primates
Data from preclinical nonhuman primates challenge studies
investigating the correlation between neutralizing antibody levels
and vaccine effectiveness have indicated that vaccines developed
using various technologies are capable of inducing the production
of neutralizing antibodies in nonhuman primates. The
April 2022 | Volume 13 | Article 814365
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neutralizing antibody titers induced in nonhuman primates by the
vast majority of vaccine candidates tested in Phase III clinical trials
are within the range of 100–5000. Despite significant differences in
neutralizing antibody levels, all of these vaccines are capable of
reducing the pathological response and viral load in the
bronchoalveolar lavage or lungs to a certain extent (Table 2).
Studies on the effectiveness of adenoviral vector vaccines (Johnson
& Johnson) (76) and DNA vaccines (80) have revealed that the
viral load in lungs is negatively correlated with the neutralizing
antibody titer (R values: −0.5714–−0.7702) and that the
neutralizing antibody titer must not be lower than 100–250 for
the vaccine in order to provide full protection.

Phase III Clinical Trials Data
In recent months, vaccine manufacturers have published phase
III COVID-19 vaccine clinical trial data, which have indicated
vaccine efficacies consistent with those reported in phase I/II
clinical trials. Although differences exist among specific vaccines,
the various vaccines have exhibited good effects in the prevention
of disease onset and critical illness (Table 3). At present, data
related to the correlation between efficacy and neutralizing
antibody titer in phase III clinical trials have not yet been
reported. A meta-analysis that compared the correlations
between efficacy and neutralization titer in recovering subjects
across several phase III clinical trials revealed the presence of a
strong nonlinear relationship between mean neutralization level
and efficacy, which is in agreement with results obtained from
animal challenge models (28). However, inconsistencies in the
selected serum samples of the recovery phase may reduce the
credibility of this relationship. In addition, large differences exist
in the neutralizing antibody titers induced by similarly
efficacious vaccines developed by different manufacturers. This
may be attributed to differences in the sample population, test
methods, tested variants, and dominant variant in the country of
Frontiers in Immunology | www.frontiersin.org 5135
residence of the subjects, among phase III clinical trials
conducted by different vaccine manufacturers (Table 3). In a
recent study, Feng et al. analyzed the clinical data of the
ChAdOx1 nCoV-19 (AZD1222) vaccine in the UK and found
that the vaccine efficacy was associated with antibody levels
(especially those of neutralizing antibodies). Measurements of
neutralizing antibody titers revealed values of 938 international
units (IU)/mL was associated with 90% VE against symptomatic
infection at 28 days post-vaccination (71). A study on
breakthrough infections in vaccinated healthcare workers at
the largest medical center in Israel predicted that breakthrough
infections could only be effectively prevented when the geometric
mean titer (GMT) exceeded 533.7 (95% CI: 408.1 to 698.0) (98).

Real-World Data
With the publication of real-world data, it is apparent that
current COVID-19 vaccines that have been granted EUAs or
conditional marketing authorizations, achieve different efficacies
in individuals of different age groups, ethnicities, and countries.
However, all vaccines have met the minimum efficacy
requirement of 50% set by the WHO for EUAs and
demonstrated high efficacies against progression towards severe
disease or death (Table 4) (26, 99–102). The effectiveness of the
vaccines is positively correlated with the level of neutralizing
antibodies (Table 3), which is consistent with Knory’s and
Earle’s studies (28, 29). Although the efficacies of current
vaccines against the SARS−CoV−2 variants of concern (VOC)
have decreased significantly compared to the preclinical stage,
these vaccines still provide certain protective effects, especially
against critical illness and disease-related death (27, 102, 103).

The decrease in the efficacy of current vaccines has mainly been
caused by the following: (1) Neutralizing antibodies generated
after vaccination with current vaccines providing weaker
neutralizing effects against newly emerged variants, resulting in
TABLE 2 | Protective effects of neutralizing antibodies in nonhuman primates challenge studies.

Vaccines Immunization procedure Challenge dose Neutralizing antibodies Viral load (copies/ml) in BAL fluid Ref

Dosage Doses Interval
(weeks)

Method geometric mean titer
(GMT)

Control Vaccine

mRNA-1273 100 mg 2 4 7.6 × 105 PFU PV 1862 D4: ~7 × 105 D4: < LLOD (72)
BNT162b2 100 mg 2 3 1.05 × 106 PFU PV 310 D3: ~1 × 106 D4: < LLOD (73)
Ad26.COV2.S 5 × 1010 vp 2 8 1 × 105 TCID50 PV ~1000 D4: ~1 × 105 D4: < LLOD (74)
ChAdOx1
nCoV19

2.5 × 1010

vp
1 _ 2.6 × 106 TCID50 Live-CPE ~20 (5–40) D3: ~1 × 105 D3: < LLOD (75)

2.5 × 1010

vp
2 4 2.6 × 106 TCID50 Live-CPE 10–160 _ _ (76)

BBIBP-CorV 2/8 mg 2 2 106 TCID50 Live-CPE 215/256 ~1× 103-1 × 106

(lung)
< LLOD
(lung)

(77)

PiCoVacc 6 mg 3 1 106 TCID50 Live-CPE ~50 ~1× 103-1 × 106

(lung)
< LLOD
(lung)

(78)

BBV152 3 mg 2 2 1.25 × 106.5

TCID50
Live-
PRNT

~3100 D3: ~1 × 106 < LLOD (79)

INO-4800 1 mg 1/2 4 5 × 106 PFU Live-
PRNT

2199 1 × 106 1 × 104 (80)

NVX-Cov2373 50 mg 2 3 1.1 × 104 PFU Live-CPE 23040 sgRNA ~ < 1E4 < LLOD (81)
SCB-2019 30 mg 2 3 2.6 × 106 TCID50 Live-CPE 2700/35047 D2: 1 × 104 < LLOD (82)
April 2022 | Volume 13 | Article 814
vp, viral particles; PFU, plaque-forming units; TCID50, tissue culture infective dose 50; CPE, cytophatic effect detection assay; PRNT, plaque reduction neutralisation test; LLOD, lower limits
of detection; BAL, Bronchoalveolar lavage.
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decreased vaccine efficacy (104, 105); (2) Neutralizing antibody
levels starting to decrease gradually at a certain point of time after
vaccination, resulting in the occurrence of breakthrough infection.
Consequently, populations that have been vaccinated earlier are
more susceptible to breakthrough infection than those vaccinated
Frontiers in Immunology | www.frontiersin.org 6136
later (106–108). Studies have found that booster vaccination leads
to increased neutralizing antibody levels against variants and
enhances vaccine efficacy (49, 50, 52). Both clinical and real-
world data demonstrate the presence of a positive correlation
between neutralizing antibody level and vaccine effectiveness,
TABLE 4 | Efficacy of COVID-19 vaccines in real word.

Vaccine Country No. of
participants

Age Efficacy (%) (95%CI) Ref

prevention of Covid-
19

prevention of
hospital

prevention of severe
disease

prevention of
death

CoronaVac Chile 10,187,720 ≥16 65.9 (65.2- 66.6) 87.5 (86.7-88.2) 90.3 (89.1-91.4) 86.3 (84.5- 87.9) (26)
BNT162b2, mRNA-
1273

Canada 324 033 ≥16 91 (89- 93) 98 (88- 100) (hospital or death) (99)

BNT162b2 Israel 119,236 ≥16 92 (88- 95) 87 (55-100) 92 (75- 100) –

(100)
BNT162b2 Qatar – – – – 97.4 (92.2- 99.5)

(101)
BNT162b2* Unite

States
51,738 ≥18 76 (69-81) 85 (73-93) – –

(102)
mRNA-1273* Unite

States
51,738 ≥18 86 (81-90.6) 91. (81-97) – –

(102)
April 2022 | Volume 13 | Article 81
*Alpha or Delta variant was highly prevalent in this region in this study.
TABLE 3 | Neutralizing antibody titer and protection efficacy of COVID-19 vaccines for emergency use in Phase III clinical trials.

Vaccine Clinical trial No. Country No. of
participants

Age Efficacy
(%)

(95% CI)

Neutralizing antibodies titer to live
SARS-CoV-2

Ref

Geometric mean ratio (95% CI)
(SARS-CoV-2 strain)

BBIBP-CorV NCT04510207 UAE, Bahrain 40382 ≥ 18 78.1 (64.8–
86.3)

68.7 (65.5–72.1) [19nCoVCDC-Tan-
Strain04 (QD01)]

(83)

Inactivated
(Wuhan,
Sinopharm)

NCT04510207 UAE, Bahrain 40382 ≥ 18 72.8 (58.1–
82.4)

41.0 (38.9–43.2) (19nCoVCDC-Tan-
Strain04 (QD01))

(83)

CoronaVac NCT04456595 Brazil 9823 ≥ 18 50.7 (36.0–
62.0)

64.4 (B.1.128 (SARS-CoV-2/human/
(BRA/SP02/2020 strain MT126808.1)

(84)

46.8 (SARS-CoV-2-P.1 MAN 87201
strain)
45.8 (SARS-CoV-2-P.2 LMM38019
strain)

CoronaVac NCT04582344 Turkey 10214 18–
59

83.5 (65.4–
92.1)

– (85)

ChAdOx1
(AZD1222)

NCT04324606 NCT04400838
NCT04444674 ISRCTN89951424

UK, Brazil, South Africa 11636 ≥ 18 62.1 (41.0–
75.7)

51 (32–103)*
(86, 87)

Sputnik V NCT04530396 Russia 21977 ≥ 18 91.6 (85.6–
95.2)

44.5 (31.8–62.2) (hCoV-19/Russia/
Moscow_PMVL-1/2020)

(88)

BBV152 NCT04641481 India 25798 18–
98

77.8 (65.2–
86.4)

125.6 (111.2-141.8) (89)

mRNA-1273 NCT04470427 United States 30420 ≥ 18 94.1 (89.3–
96.8)

654.3(460.1–930.5)*
(90, 91)

BNT162b2 NCT04368728 United States, Argentina,
Brazil, South Africa
Germany, Turkey

43448 ≥ 16 95.0 (90.3–
97.6).

363*
(92, 93)

Ad26.COV2.S NCT04505722 Argentina, Brazil, Chile,
Colombia, Mexico, Peru,
South Africa, United
States

39321 ≥ 18 66.9 (59.0–
73.4)

827 (508–1183)* (Victoria/1/2020
SARSCoV-2 strain) (94, 95)

NVX-CoV2373 EudraCT number, 2020-004123-
16

United Kingdom 14039 18–
84

89.7 (80.2–
94.6)

3906*
(96, 97)
*Represents that these data were reported in phase I or II clinical trials.
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which provides a scientific basis for further data collection and
analysis, to validate the use of neutralizing antibody threshold
values as surrogate endpoints.

Application of Neutralizing Antibody
Immunobridging for COVID-19 Vaccine
In recent clinical studies of two COVID-19 vaccines that were
performed around the world, neutralizing antibody immune
bridging was used to assess vaccine’s effectiveness. The two co-
primary endpoint criteria used were: 1. The neutralizing
antibody titer is higher compared to active comparator vaccine
AZD1222 (ChAdOx1-S); 2. The seroconversion rate of
neutralizing antibody is more than the set threshold of 50% or
95% (109, 110). After ful l immunization schedule,
seroconversion of SARS-CoV-2-specific neutralizing antibodies
is defined as 4-fold increase from baseline in the phase III clinical
of VLA2011 (111). The Phase II clinical results of MVC-
COV1901 showed that the geometric mean serum neutralizing
antibody titer at 28 days after receiving the second recommended
dose (i.e. Day 57) against wild type SARS-CoV-2 virus was 408.5
IU/mL. The neutralizing antibody GMT induced by MVC-
COV1901 was 3.4 times that of AZD1222, and the
seroconversion rate was 99.8% (109, 112–114). On July 19,
2021, without providing clinical research data on vaccine
protection, MVC-COV1901 was approved by the EUA of
Taiwan, China, becoming the first approved COVID-19
vaccine based on neutralizing antibody bridging experiments
to evaluate immune protection (109, 114). Phase III clinical
results of the AZD1222 vaccine showed an efficacy of 62.1%.
Based on the study of the relationship between the level of
neutralizing antibody and vaccine immunity by Feng et al., it can
be inferred that the protection rate of the MVC-COV1901
vaccine is between 80% and 90% (71, 86). On October 18,
2021, Valneva reported positive phase 3 results for VLA2001.
The neutralizing antibody titer at two weeks after the second
receiving the second recommended dose (i.e. Day 43) in adults
aged 30 years and older of VLA2001 is 1.39 times that of
AZD1222 (VLA2001 GMT 803.5, AZD1222 GMT 576.6), and
the neutralizing antibody seroconversion rate is more than 95%
(110, 115). The efficacies of MVC-COV1901 and VLA2001
vaccines will be evaluated based on real-world vaccination
data. This will be the direct and effective verification of the
feasibility of using neutralizing antibodies as surrogate endpoints
for COVID-19 vaccines.
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Neutralizing Antibody Test Methods
Neutralizing antibody testing can be performed using live virus,
pseudovirus neutralization assays and lateral flow immunoassay
(116). A report by the WHO revealed the presence of differences
in the experimental methods, variants, and calculation methods
used for neutralizing antibody testing among different
laboratories around the world, which resulted in significant
biases in the measured neutralizing antibody levels of the same
sample. In the collaborative calibration of the First WHO
International Standard and Reference Panel for the anti-SARS-
CoV-2 antibody, live virus neutralization assays performed by 15
laboratories [including live virus plaque reduction neutralisation
assay (Live-PRNT), live virus foci reduction neutralisation assay
(Live-FRNT), live virus cytophatic effect detection assay (Live-
CPE), and live virus microneutralization assay (Live-MN)] and
pseudovirus neutralization assays performed by 12 laboratories
[including pseudotyped virus - lentiviral (HIV) vector (PV-LVV)
and pseudotyped virus - vesicular stomatitis virus (PV-VSV)]
were adopted (117). Results indicated that with the exception of
two low-titer samples and one negative sample for which the
titers could not be easily calculated, the total GMTs of seven
collaborative calibration samples determined by Live-PRNT,
Live-FRNT, Live-CPE, and Live-MN were 317.1, 445.3, 93.9,
and 239.6, respectively. When the same assay was used, the
average fold (the ratio of the maximum value to the minimum
value) in GMT across different laboratories were 14.7-, 12.9-,
19.5-, and 4.5-fold, respectively. Total GMTs determined by PV-
LVV and PV-VSV were 371.8 and 519.2, respectively; average
fold in GMT across different laboratories when the same method
was used were 908.7- and 10.9-fold, respectively.

During the collaborative calibration of the first Chinese
national standards for SARS-CoV-2 neutralizing antibody, live
virus neutralization assays performed by four laboratories
(including Live-PRNT and Live-CPE), with one laboratory
adopting two types of assays for testing and the remaining
three laboratories using the CPE assay, and pseudovirus
neutralization assays performed by 10 laboratories (all PV-
VSV) were adopted. As shown in Table 5, the GMTs of four
collaborative calibration samples determined by different assays
are significantly inconsistent. When the same assay was used, the
fold (the ratio of the maximum value to the minimum value) in
GMT across different laboratories are more than 4.7 at least.
These results indicate the presence of considerable differences
among different laboratories and methods (Table 5) (118).
TABLE 5 | Comparison of geometric mean of SARS-CoV-2 neutralising antibodies reported in ref. (118).

Type No. of lab Sample

22 44 77 99

GMT Fold GMT Fold GMT Fold GMT Fold

Live-CPE 4 176.6 36.9 728.2 6.0 38.7 10.7 469.4 7.6
Live-PRNT 1 1063 – 2308 – 183 – 1463 –

PV-VSV 10 1938 4.8 3973 4.7 162 23.1 2064 10.5
April 2022 | Volum
e 13 | Article 81
Fold, the ratio of the maximum value to the minimum value; FRNT, foci reduction neutralization assay; PV, pseudotyped virusbased neutralization assay; VSV, vesicular stomatitis virus.
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Studies have shown that differences in neutralizing antibody
test results among different laboratories were significantly
decreased with the use of the WHO International Standard
and the Chinese National Standards (117, 118). When the
International Standard was adopted, the total geometric
coefficients of variation (GCVs) of five high- and medium-titer
samples were reduced from 249%, 179%, 231%, 281%, and 161%
to 94%, 95%, 119%, 67%, and 93%, and the upper quartile/lower
quartile (UQ/LQ) values were reduced by 1.432-, 1.978-, 2.206-,
6.511-, and 2.348-fold. However, a low-titer sample did not
exhibit a significant decrease in GCV and only showed a 0.97-
fold decrease in UQ/LQ compared with the pre-standardization
value, which may be related to the fact that the low neutralizing
antibody titer was close to the threshold value (117). In the
collaborative calibration of the Chinese national standards, the
GCV values of three collaborative calibration samples measured
by different laboratories using an authentic virus neutralization
assay were 129%, 266%, and 146%. When standards with a titer
of 1000 U/mL were used, the total GCVs among laboratories
were reduced to 107%, 18%, and 90% (118).

The standardization of neutralizing antibody test methods
directly affects the establishment of immunological surrogate
endpoints and has become a major influencing factor of COVID-
19 vaccine R&D and evaluation. With the establishment of the
first standard pseudovirus neutralization assay by Chinese
researchers (119) and WHO’s subsequent approval of the First
International Standard for anti-SARS-CoV-2 immunoglobulin
(human), methods for measuring neutralizing antibody titer can
be standardized and the comparability of cross-platform test
results can be effectively enhanced (120).
ACTIONS TO DEVELOP NEUTRALIZING
ANTIBODIES AS ENDPOINT FOR
VACCINES OF WHO AND MORE
NATIONAL LEVELS OF DIFFERENT
COUNTRIES TO PRACTICAL
APPLICATION

As trials on the clinical effectiveness of vaccines constitute the
main rate-limiting step in vaccine R&D, the current status of
COVID-19 vaccine application and R&D urgently require the
establishment of immunogenicity surrogate endpoints for testing
vaccine’s effectiveness. Recently, a number of reports on clinical
and real-word effectiveness of COVID-19 vaccines have been
published, and two COVID19 vaccines have reported positive
comparative immunogenicity trial results (109–114). We are
beginning to harness the potential utility of these data for
establishing surrogate endpoints. However, the current
guidance documents on immunological surrogate endpoints
are not systematic and comprehensive. There are obstacles to
sharing and analyzing large amounts of clinical data among
vaccines manufactures. In addition, the lack of a standardized
neutralizing antibody test assay and continuously emerging
variants further complicate the comparisons. The robustness of
Frontiers in Immunology | www.frontiersin.org 8138
immunological surrogate endpoints will largely depend on how
we address these issues.

Guidance Documents on Surrogate
Endpoints for COVID-19 Vaccines
Promptly Issued by the WHO and
National Regulatory Agencies
The pandemic of COVID-19 requires the WHO and national
regulatory agencies to quickly assess the protective effectiveness
of vaccines. Recently, the WHO and pharmaceutical regulatory
agencies of the USA, UK, and China have indicated the need for
studies investigating the relationships between vaccine-induced
neutralizing antibody levels and vaccine’s effectiveness (Table 6).
In particular, the Medicines and Healthcare products Regulatory
Agency (MHRA) of the UK has announced that neutralizing
antibody surrogate endpoints established using the WHO
standard units can be applied to immunobridging studies in
the R&D of vaccines against SARS−CoV−2 variants (121–124).

Guidelines issued by the Center for Drug Evaluation (CDE) of
the National Medical Products Administration (NMPA) of China
state that the correlation between immunological markers and
protection should be investigated in COVID-19 vaccine clinical
trials, and the establishment of surrogate endpoints requires the
provision of evidence for five different aspects, which include the
correlations of immune response mechanisms and antibody
levels (particularly those of neutralizing antibodies) with
protection (123). Considering the fact that the current global
outbreaks are caused by SARS−CoV−2 variants, the Unite States
Food and Drug Administration (USFDA) has indicated the need
to assess the neutralization of the virus from which the prototype
vaccine was derived, as well as variants of concern with clinical
serology samples obtained from persons immunized with
vaccines against variants, when investigating the effectiveness of
newly developed vaccines against variants (124). Guidance
provided by the WHO recommends the approach of looking
for concordance of neutralization data and vaccine effectiveness
results for VOCs to estimate the effectiveness of vaccines against
new variants (121). The MHRA considers that the weight of
evidence from studies with authorized vaccines is sufficient to
support the use of neutralizing antibody titers as a primary
endpoint in cross-platform immunobridging trials. Therefore,
neutralizing antibody titers may be justified as an immune
marker to predict vaccine effectiveness, but they should be
standardized using the WHO reference standards and
expressed in terms of IU (125). To guide deliberations
regarding vaccines against variants, the European Medicines
Agency (EMA) requires the evaluation of the neutralizing
antibody levels elicited by the vaccines against variants and the
parent strain under standardized conditions to serve as a
secondary endpoint (122).

Analysis of the Use of Phase III
Clinical and Real-World Data as
Surrogate Endpoints
Currently, 31 different types of COVID-19 vaccines have received
EUAs or conditional marketing authorizations, and preclinical,
April 2022 | Volume 13 | Article 814365
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clinical, and real-world data on efficacy and neutralizing
antibody levels are available for many of these vaccines.
However, inadequacies exist in the openness and correlation
analyses of the efficacy and neutralizing antibody data of current
vaccines (28, 71).The clinical studies of MVC-COV1901 and
VLA2001 vaccines provide the results of immune bridging of
neutralizing antibodies, but there is a lack of data on the
protection rate of vaccines. These data could be jointly
analyzed by vaccine manufacturers and regulatory agencies,
and coordination efforts could be made by international health
organizations for the standardized formulation of scientific
surrogate endpoints. These will be greatly beneficial to the
screening of high-immunogenicity vaccines from the immense
number of vaccines being subjected to preclinical and clinical
testing worldwide, maximization of the protection of participants
and saving various resources. On the basis of existing clinical
data, statistical tools may be utilized to investigate the
relationships between neutralizing antibody level and vaccine
efficacy, changes in neutralizing antibody level with time, and
threshold levels of neutralizing antibody protection against
Frontiers in Immunology | www.frontiersin.org 9139
different variants (28, 71). However, neutralizing antibodies are
likely not the only mechanism of protection (126). Further
clinical and real-world data are required to determine the
ability of neutralizing antibody levels to accurately evaluate
the effectiveness of COVID-19 vaccines when used as
surrogate endpoints.

Standardization of Laboratory Serological
Test Methods and the Establishment of
Secondary National Standards
There are a number of neutralizing antibody test methods
available for the estimation of antibodies against SARS-CoV2
(116). Standardized laboratory serological test methods are a
prerequisite for the realization of data comparability among
different laboratories and platforms for surrogate endpoint
establishment. The standardization of test methods has become
the main rate-limiting step in the R&D of COVID-19 vaccines.
On the basis of the WHO antibody standard, countries and
regions are advised to expedite the establishment of secondary
national standards to specify requirements for the use of IU in
TABLE 6 | Guidance for COVID-19 vaccine R&D.

Regulatory
agency

Guidance document Date of
issue

Requirements for surrogate endpoints Ref

WHO Guidance on
conducting vaccine
effectiveness
evaluations in the
setting of new SARS-
CoV-2 variants:
Interim guidance

2021.07.22 An approach to better estimate the vaccine effectiveness for new variants is looking for concordance of
neutralization data and vaccine effectiveness results for new variants, which would add credibility to the
vaccine effectiveness estimate.

(121)

EMA Reflection paper on
the regulatory
requirements for
vaccines intended to
provide protection
against variant strain
(s) of SARS-CoV-2

2021.02.23 In the absence of an immune correlate of protection, the evaluation of the neutralizing antibody levels elicited
by the vaccines against variants and the parent strain under standardized test conditions is required to serve
as a secondary endpoint.

(122)

CDE (China) Technical guidelines
for the development of
novel coronavirus
preventive vaccines
(trial)

2020.08.14 1. The investigation of correlations between immunogenicity markers and protection in the evaluation of
clinical efficacies of vaccines is recommended.

2. Surrogate endpoints should be explored, and the investigation of correlations between vaccine
immunogenicity and effectiveness, and reasonable immunological surrogate endpoints are encouraged
during clinical R&D of vaccines.

3. The use of neutralizing antibody levels as surrogate endpoints requires evidence in the following five
aspects: (1) Viral pathogenesis and mechanisms underlying immune response to the virus; (2)
Relationships of viral infection-induced serum antibody levels with disease onset, progression, and
outcome; (3) Relationship of the serum antibody level with vaccine efficacy and the predicted values; (4)
Immune response after vaccination, production/non-production of neutralizing antibodies, and
neutralizing antibody levels; (5) Neutralizing antibody levels during the effective period of protection and
correlation with vaccine efficacy.

(123)

FDA (USA) Emergency use
authorization for
vaccines to prevent
COVID-19; Guidance
for industry

2021.05.25 When evaluating vaccines targeted against new variants, the neutralizing antibody may be considered a
relevant measure of immunogenicity. Data demonstrating the ability of new COVID-19 vaccines to induce a
neutralizing antibody response are needed, which may be derived by assessing the neutralization of SARS-
CoV-2 viruses (including the virus from which the prototype vaccine was derived as well as variants of
interest) with clinical serology samples.

(124)

MHRA (UK) Decision: Access
consortium: Alignment
with ICMRA
consensus on
immunobridging for
authorizing new
COVID-19 vaccines

2021.09.15 1. Based on the specifics of the product under consideration, a neutralizing antibody titer may be justified
as an immune marker to predict vaccine effectiveness. However, neutralizing antibody titers should be
determined using the WHO-certified reference standards.

2. The weight of evidence from studies with authorized COVID-19 vaccines is sufficient to support the use
of a neutralizing antibody titer as a primary endpoint in cross-platform immunobridging trials.

(125)
April 2022 | Volume 13 | Article 81
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test methods. This will enable the comparison of neutralizing
antibody test results across different studies for the accurate
analysis and determination of correlations between neutralizing
antibody levels and vaccine efficiencies.

New Variants Pose Challenges to the
Establishment of Surrogate Endpoints
SARS−CoV−2 is highly prone to mutations. To date, several
hundreds of lineages have already emerged and new lineages are
still appearing on a continuous basis. In particular, lineages with
immune evasion abilities exert greater effects on vaccine
protection (127). Serum neutralizing capacity has been used as
an efficient indicator to quickly assess the protective effect of
vaccines on emerging variants. Results of these studies show that
compared with the early strains, the neutralizing antibody titer
against new variants has been significantly decreased (5, 128,
129). Surrogate endpoints established using current clinical data
will inevitably face challenges posed by continuously emerging
variants. Therefore, continuous endpoint revisions may be
required based on changes in variant dominance with time and
the R&D status of vaccines (130).

In addition, SARS-CoV-2 specific T cell immunity acquired
by COVID-19 vaccines or previous infection still remain broadly
robust and long-term protection against VOCs, including
Omicron variant (131–134). A standardized measurement of T
cells immunity may be served as an potential surrogate endpoint
to better assess the protective effect of COVID-19 vaccines on
emerging variants subsequently (135).
CONCLUSION

The global scale of the pandemic, high vaccination coverage rates
and ethical requirements, pose challenges to the effectiveness of
subsequently developed COVID-19 vaccines in clinical trials.
The establishment of immunological surrogate endpoints is of
great significance to the acceleration of efficacy evaluations
Frontiers in Immunology | www.frontiersin.org 10140
of vaccines. Current studies have indicated that vaccine-
induced neutralizing antibody levels are correlated with clinical
protection, and predictable clinical progression have tried to
assess clinical protection through neutralizing antibody
immunobridging experiments (109, 110). Research efforts on
surrogate endpoints should focus on the establishment and
application of standardized test methods, and adoption of the
WHO international standard to express titers in terms of IU and
reduce measurement errors. In addition, it should also analyze
the threshold levels of neutralization antibody protection against
different variants based on current clinical data, and appropriate
endpoint adjustments based on changes in variant circulation
and vaccine R&D. Due to the rapid waning of neutralization tier,
it is critial to assess quality and durability of the neutralization
antibody in conjunction with standardization of time lines after
vaccination (28). During the use of COVID-19 vaccines in
clinical trials of booster and sequential vaccination, the
threshold levels of new vaccines’ neutralization antibody
should be significantly superior to those of the primary
vaccines. Higher titers of neutralization antibody will serve as
an indication of the superior effectiveness of these new vaccines.
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24. André FE, D'Hondt E, Delem A, Safary A. Clinical Assessment of the Safety
and Efficacy of an Inactivated Hepatitis A Vaccine: Rationale and Summary
of Findings. Vaccine (1992) 10 Suppl 1:S160–168. doi: 10.1016/0264-410x
(92)90576-6

25. Clemens R, Safary A, Hepburn A, Roche C, Stanbury WJ, André FE. Clinical
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In the COVID-19 pandemic year 2021, several countries have implemented a vaccine
certificate policy, the “Green Pass Policy” (GPP), to reduce virus spread and to allow safe
relaxation of COVID-19 restrictions and reopening of social and economic activities. The
rationale for the GPP is based on the assumption that vaccinated people should maintain
a certain degree of immunity to SARS-CoV-2. Here we describe and compare, for the first
time, the humoral immune response to mRNA-1273, BNT162b2, Ad26.COV2.S, and
ChAdOx1 nCoV-19 vaccines in terms of antibody titer elicited, neutralizing activity, and
epitope reactogenicity among 369 individuals aged 19 to 94 years. In parallel, we also
considered the use of a rapid test for the determination of neutralizing antibodies as a tool
to guide policymakers in defining booster vaccination strategies and eligibility for Green
Pass. Our analysis demonstrates that the titer of antibodies directed towards the
receptor-binding domain (RBD) of SARS-CoV-2 Spike is significantly associated with
age and vaccine type. Moreover, natural COVID-19 infection combined with vaccination
results, on average, in higher antibody titer and higher neutralizing activity as compared to
fully vaccinated individuals without prior COVID-19. We also found that levels of anti-Spike
RBD antibodies are not always strictly associated with the extent of inhibition of RBD-
ACE2 binding, as we could observe different neutralizing activities in sera with similar anti-
RBD concentrations. Finally, we evaluated the reactivity to four synthetic peptides derived
from Spike protein on a randomly selected serum sample and observed that similar to
SARS-CoV-2 infection, vaccination elicits a heterogeneous antibody response with
qualitative individual features. On the basis of our results, the use of rapid devices to
detect the presence of neutralizing antibodies, even on a large scale and repeatedly over
time, appears helpful in determining the duration of the humoral protection elicited by
vaccination. These aspects and their implications for the GPP are discussed.
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INTRODUCTION

Many companies have developed COVID-19 vaccines
simultaneously in an exceptionally short time. So far, over a
plethora of more than 300 candidates, 18 have been approved for
use (1). In the European Union (EU), the European Medicines
Agency authorized two mRNA-based vaccines, the mRNA-1273
from Moderna and the BNT162b2 from Pfizer/BioNTech, and
two adenoviral DNA-based vaccines, the Ad26.COV2.S from
Johnson & Johnson and the ChAdOx1 nCoV-19 from Oxford-
AstraZeneca (2). In the United States, the Food and Drug
Administration has approved the emergency use of mRNA-
1273 and Ad26.COV2.S and licensed BNT162b2 (3). After
more than a year after the start of the vaccination campaign,
several studies have reported the analysis of the immune system
response to natural infection and/or vaccine inoculation (1, 4, 5).
Thanks to the efficacy demonstrated by the approved vaccines,
on July 1, 2021, the European Commission introduced a Digital
COVID Certificate Regulation (Green Pass), with the purpose of
facilitating the free movement of citizens inside the EU with no
restrictions (6). Originally, several European governments
proposed a standard acceptance period of 12 months for
vaccination certificates issued following the completion of the
primary vaccination series. However, due to uncertainty about
the length of the protective coverage provided by the approved
vaccines, on November 25, 2021, the European Commission
introduced a standard acceptance period of 9 months (6). Both
humoral and cellular adaptive immunities are crucial to protect
against infection, prevent severe disease induced by SARS-CoV-
2, and, more generally, limit virus spread, alleviating pressure on
hospitals and intensive care. The most commonly used approach
to evaluate the elicited response to vaccine inoculation is the
serological determination of antibodies raised against SARS-
CoV-2 Spike protein (7, 8). Among them, anti-SARS-CoV-2
neutralizing antibodies are of particular importance, as they can
physically prevent the “entry complex” formed by the receptor-
binding domain (RBD) of virus Spike and the human
angiotensin-converting enzyme 2 (ACE2) expressed on target
cells, thereby limiting infection spread and disease symptoms (9–
11). Testing assays aimed at detecting neutralizing antibodies are
diverse and include micro-neutralization assays (MNA), plaque
reduction neutralization tests (PRNT), and pseudotyped virus
neutralization assays (PNA) (12). Some of them have high costs,
require trained personnel, and can only be carried out in a
Biosafety Safety Level 3-equipped laboratory, whereas others,
such as the cPass surrogate virus neutralization test (sVNT)
(GenScript, Piscataway, NJ, USA) used in this work, are ELISA-
based assays and only require optical density readers. The
development of immunocapture-based rapid diagnostic tests
that determine the levels of neutralizing antibodies in serum
and/or whole capillary blood provides an inexpensive, simple,
and highly portable tool that could be helpful on a large scale
Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; ACE2, angiotensin-converting enzyme 2;
RBD, receptor-binding domain; ECLIA, electrochemiluminescence immunoassay;
AbNeu, neutralizing antibodies.
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and, outside of the lab, in immuno-surveillance settings (13–15).
In this study, we aimed at investigating the antibody response of
a large cohort of individuals who received different types of
vaccines in terms of anti-RBD antibody titer and neutralizing
activity, measured with both an sVNT and a rapid test. So far,
many reports have shown that both RNA- and DNA-based
vaccines, as well as heterologous vaccination, are efficient in
inducing antibody production towards the RBD of Spike proteins
and that the antibody titer decreases over time from last
inoculation (16–24). We also have correlated anti-RBD
antibody titer with age and compared the humoral immune
response between COVID-19-naïve vaccinated individuals and
those who have recovered from COVID-19. Interestingly, our
study demonstrates that, due to polyclonal response to
vaccination, anti-RBD levels and inhibition of ACE2-RBD
binding are not always strictly associated, suggesting that the
concentration of serum antibodies against the RBD of Spike
protein alone may be misleading in identifying a correlate to
vaccine protection, with important implications for green pass
validity policy. Moreover, we show that rapid devices could be
useful in monitoring the vaccine efficacy in terms of humoral
protection on a global scale, supporting policymakers and
governments in defining appropriate vaccination strategies and
pandemic containment measures.

MATERIAL AND METHODS

Population and Informed Consent
A serological screening addressing the adult population was
carried out in the town of Foglianise (Benevento, Italy) on
September 18 and 25, 2021, in order to evaluate the titer of
antibodies raised against SARS-CoV-2 Spike protein following
the vaccine campaign. The study was approved by the
Institutional Review Board of Consorzio Sannio Tech (n. 02/
2021) in compliance with all relevant ethical regulations.
Participants declared age, sex, which type of vaccine and when
they received it, if and when they had a diagnosed SARS-CoV-2
infection in the previous months, and signed informed consent
for the anonymized use of the leftover blood sample.

Sample Collection
Capillary blood samples from 369 volunteers were collected in
lithium-heparin vials by trained personnel and transported
within 1 h to the testing laboratory in refrigerated biocarriers.
Then, vials were centrifugated for 10 min at 1,400g to allow blood
cell sedimentation. Aliquots of serum were stored in sterile tubes
and stored at −80°C until analysis. Antibody titer was measured
in all samples (n = 369), whereas neutralizing activity
determination was carried out through a qualitative rapid test
on 180 samples, 70 of which were assayed also through an
ELISA-based kit detection for detection of neutralizing
antibodies to SARS-CoV-2 (Supplementary Figure 1).

Anti-Receptor-Binding Domain
Antibody Titer
Quantitative determination of specific antibodies directed
towards the RBD of the Spike Protein of SARS-CoV-2 was
May 2022 | Volume 13 | Article 833085
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carried out on serum samples within 48 h from collection
through the double-antigen sandwich electroluminescence
immunoassay Elecsys® Anti-SARS-CoV-2S (Roche
Diagnostics, Basel, Switzerland) according to manufacturer’s
instructions. The assay uses a recombinant protein
representing the RBD of the Spike antigen and streptavidin-
coated microparticles to separate bound from unbound
antibodies prior to applying a voltage to the electrode (25).
This assay has a detection range of 0.40 to 250 UI/ml and a
positive threshold set at 0.8 UI/ml. Sera with anti-RBD antibody
titers higher than 250 UI/ml have been appropriately diluted in
Diluent Universal, and the resulting antibody titer was calculated
according to the dilution factor and expressed in UI/ml. As
declared by the manufacturer, the specificity and sensibility of
the test were 99.98% (CI95 99.91%–100%) and 98.8% (CI95
98.10%–99.30%), respectively. As reported by Jochum et al. (26),
Roche’s UI/ml is almost equivalent to Binding Antibody Units
(BAU)/ml (1 UI/ml = 1.029 BAU/ml) as defined by First WHO
International Standard for anti-SARS-CoV-2 human
immunoglobulin (NIBSC code: 20/136) (27). Therefore, no
conversion of UI/ml is required, and our data can be
compared to other studies reporting data in BAU/ml.

Antibody Neutralizing Activity
Qualitative direct detection of total neutralizing antibodies to
SARS-CoV-2 in human serum was performed with an ELISA-
based cPass™ SARS-CoV-2 Neutralization Antibody Detection
Kit (GenScript Biotech Corporation, Piscataway, NJ, USA),
according to the manufacturer’s instructions. Briefly, serum
samples were diluted 1:10 with the sample dilution buffer and
mixed with an equal volume of horseradish peroxidase (HRP)-
conjugated recombinant SARS-CoV-2 RBD fragment solution
diluted in RBD dilution buffer. Subsequently, 100 ml of this
solution have been added to a human ACE2-coated 96-well plate
and incubated for 30 min at 37°C. The plate was automatically
washed four times with the provided wash buffer. Then, 3,3′,5,5′-
tetramethylbenzidine (TMB) was added to each well and
incubated for 15 min in the dark. The reaction was stopped by
the addition of the stop solution. Optical density at 450 nm was
measured and compared to that of the control wells. For each
serum sample, the percentage of signal inhibition was calculated,
and samples were considered positive for neutralizing antibodies
when ≥30% inhibition was measured.

IgG/Neutralizing Antibody Rapid Test
In vitro qualitative detection of human IgG antibodies against
SARS-CoV-2 and neutralizing antibodies was performed with
the immunocapture-based FAST-COVID SARS-CoV-2 IgG/
Neutralizing Antibody Rapid Test Kit—Colloidal Gold
(JOYSBIO Tianjin Biotechnology Co., Ltd, Tianjin, China). As
declared by the manufacturer, the kit has been validated on 93
BNT162b2-vaccinated and 317 uninfected and unvaccinated
individuals showing 92.47% sensitivity and 99.68% specificity.
In the testing device, the nitrocellulose membrane was coated with
mouse anti-human IgG antibody, human ACE2 receptor protein
(hACE2), and goat anti-chicken IgY antibody. According to the
Frontiers in Immunology | www.frontiersin.org 3147
manufacturer’s instructions, when specimens (serum, whole blood,
or plasma) are processed and added to the test device together with
a diluent buffer, neutralizing antibodies present in the specimen will
bind to the colloidal gold-labeled RBD and block the protein–
protein interaction between RBD and hACE2. The unbound
colloidal gold-labeled RBD as well as any colloidal gold-labeled
RBD bound to a non-neutralizing antibody will be captured on the
test line (T2 line). Human IgG antibodies against SARS-CoV-2 will
combine with colloidal gold-labeled novel coronavirus antigen to
form a complex, which is captured by the mouse anti-human IgG
antibody coated on the test line (T1 line), forming a colored band.
The colloidal gold-labeled chicken IgY antibody is bound to the goat
anti-chicken IgY antibody coated on the test line (C line), which acts
as a quality control line. The T2 line will get weaker with the
increase in concentration of the neutralizing antibodies and
disappear at a high concentration of the neutralizing antibodies
(Supplementary Figure 2). Samples were scored according the
following: 0 = IgG negative/Nab negative (colored line/lines: C
and T2), 1 = IgG positive/Nab negative (colored line/lines: C, T1
and T2), 2 = IgG positive/Nab positive (colored line/lines: C, T1 and
faint T2), 3 = IgG positive/Nab strongly positive (colored line/lines:
C and T1). Autonomously and independently three different
operators observed the cassettes and assigned a score. The scores
given by at least two out of three operators were assigned to the
samples with discordant attribution.

Enzyme-Linked Immunosorbent Assay
Peptide-based ELISA was performed on four synthetic peptides
derived from the Spike protein of SARS-CoV-2 Hu-1 strain
(GeneBank: MN908947) as published elsewhere (28–30). Peptide
sequences are reported in Supplementary Table 5. Pep2_Spike,
Pep5_Spike, Pep6_Spike, and Pep10_Spike were used as
adsorbed phases on 96-well high-binding plates (NUNC
Maxisorp, Thermo Fisher, Waltham, MA, USA). After being
blocked with 5% bovine serum albumin (BSA) (Sigma, St. Louis,
MO, USA) dissolved in TBS containing 0.05% Tween-20 (TBST)
for 1 h, sera samples were diluted in blocking buffer and
incubated for 1 h at room temperature with continuous
agitation. Wells were washed three times with 300 ml/well of
phosphate-buffered saline (PBS) containing 0.05% Tween-20
(PBST) and incubated with 90 ml of HRP-conjugated goat anti-
human IgG diluted 1:50,000 in 2.5% BSA-TBST for 1 h at room
temperature. Subsequently, an unbound antibody was removed
by washing six times with 300 ml/well of PBST, and 70 ml of
freshly prepared TMB substrate (Thermo Fisher) diluted 1:3 in
PBS was added to every well and left for 15–30 min to allow the
color to develop. The reaction was stopped with an equal volume
of 0.3 M of H2SO4, and absorbance readings at 450 nm were
taken using a microplate reader Seac-Sirio-S. Pre-pandemic
human sera were used as negative controls, and the antibody
response was measured as a log2-fold change with respect to
negative control absorbances. Positivity was arbitrarily scored for
fold changes higher than 1.

Statistical Analysis
All statistics were examined using GraphPad Prism 8.0.1.
Parametricity tests were performed on antibody titers and age
May 2022 | Volume 13 | Article 833085
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to verify normal and/or lognormal distribution. Correlation
analysis was carried out for non-parametric data distributions
using Spearman’s coefficient. One-way ANOVA was performed
by the Kruskal–Wallis method for non-parametric data, followed
by Dunn’s multiple comparison test. Mean neutralizing activities
were compared by using ordinary one-way ANOVA followed by
Tukey’s test or with an unpaired t-test. Test performances of
FAST-COVID SARS-CoV-2 IgG/Neutralizing Antibody Rapid
Test Kit—Colloidal Gold were evaluated with respect to the
ELISA-based cPass™ SARS-CoV-2 Neutralization Antibody
Detection Kit (GenScript Biotech Corporation, Piscataway, NJ,
USA) by sensitivity and specificity parameters with the
associated SE and 95% CI through MedCalc software (available
from: https://www.medcalc.org/calc/diagnostic_test.php).
Median antibody titers that resulted in positive or negative to
IgG/Neutralizing Antibody Rapid Test were compared by using
the Mann–Whitney method. p-values < 0.05 were considered
statistically significant.
RESULTS

After written informed consent was obtained, about 200–300 ml
of capillary blood was collected from 369 enrolled individuals,
209 female (57%) and 161 male (43%), aged from 19 to 94 years
(mean age ± SD, 55.90 ± 18.34). The participants in the study
underwent vaccination in the previous 9 months, and 87.3% of
them (322 out of 369) completed their vaccination cycle between
March and July 2021, with 140 individuals fully vaccinated in
May 2021 (Supplementary Tables 1, 2). As reported in Table 1,
out of 369 participants, 205 received 2 doses of BNT162b2
(Pfizer/BioNTech), 86 received 2 doses of ChAdOx1-nCov19
(Oxford-AstraZeneca), 28 received a single dose of
Ad26.COV2.S (Johnson & Johnson), 14 received 2 doses of
mRNA-1273 (Moderna), 19 received vaccination and were
COVID-19 convalescent (“COVID19 + vaccine”), 9 did not
declare the type of vaccination (“Unknown”), 4 received
heterologous vaccination (“Mixed Vaccines”), 2 were only
Frontiers in Immunology | www.frontiersin.org 4148
COVID-19 convalescent (“COVID19”), and 2 received a single
dose (1 of ChAdOx1-nCov19 and 1 of BNT162b2).

The titer of specific antibodies towards the RBD of SARS-
CoV-2 Spike was evaluated in all sera through an in vitro
diagnostic (IVD)-validated electrochemiluminescence
immunoassay (ECLIA). All tested samples resulted positive for
anti-RBD (≥0.80 UI/ml), with a median antibody level of 710.0
UI/ml (interquartile range (IQR) 330.0–1695 UI/ml), ranging
from a minimum titer of 8.6 UI/ml to a maximum of 73,150
UI/ml (Table 1). A parametricity test was used to verify the
lognormal distribution of antibody titer values and the normal
distribution of age in the study population (Supplementary
Figure 3). Next, the distribution of antibody titer within
individuals who received the same vaccine was evaluated and
correlated to age (Table 1; Figure 1). Median antibody titers
varied significantly among different vaccination groups as
assessed by the Kruskal–Wallis test (p < 0.0001). As expected,
the vaccination of COVID-19-convalescent patients notably
enhances the amount of serum anti-Spike RBD, whereas,
among all, the mRNA-1273 vaccine produces a higher antibody
titer when compared to others, although multiple comparisons
test reveals statistically significant differences only with respect to
Ad26.COV2.S and ChAdOx1-nCov19 (respectively, p < 0.0001
and p = 0.0009) (Figure 1A and Supplementary Table 3).
Conversely, Ad26.COV2.S vaccinated individuals show the
lowest median IQR antibody titer (Figure 1A and
Supplementary Table 3). In addition, we observed a moderate
negative association between age and antibody levels on the whole
dataset (Spearman’s r = −0.3305, p < 0.0001) (Figure 1B), but
when the correlation with age was evaluated within each
vaccination group, it appeared variable ranging from negligible
correlation, but not statistically significant, for ChAdOx1-
nCov19-vaccinated individuals (Spearman’s r = −0.1575, p =
0.1474) to a stronger negative correlation for BNT162b2- and
Ad26.COV2.S-vaccinated patients (respectively, Spearman’s r =
−0.5951 and r = −0.6776, p < 0.0001) (Figure 1C).

Then, we asked whether an elevated concentration of anti-
RBD is synonymous with high neutralizing activity, which
TABLE 1 | Median anti-RBD antibody titers and demographic details of tested population.

Vaccine type N (%) Age
Mean ± SD (min-max)

Median UI/ml (IQR; min–max)

All 369 (100%) 55.90 ± 18.34 (19–94) 710.0 (330.0–1,695; 8.60–73,150)
BNT162b2 205 (55.60%) 58.21 ± 19.37 (19–94) 790.0 (362.5–1,780; 10.40–7,250)
ChAdOx1-nCov19 86 (23.30%) 60.74 ± 11.21 (27–80) 552.3 (290.0–918.8; 70.0–5,675)
Ad26.COV2.S 28 (7.60%) 38.57 ± 10.84 (21–62) 152.8 (53.75–351.3; 8.60–29,750)
mRNA-1273 14 (3.80%) 49.78 ± 23.17 (19–86) 3,118 (1,718–5,287; 195.0–11,055)
COVID19 + vaccine 19 (5.10%) 48.4 ± 19.27 (24–86) 2,184 (1,360–6,000; 505–73,150)
Mixed vaccines 4 (1.10%) 39.25 ± 16.39 (25–58) 1,653 (1,104–2,659; 990–2,925)
COVID19 2 (0.50%) 40.5 ± 3.53 (38–43) 797.0 (32–1,562; 32–1,562)
Unknown 9 (2.50) 51.37 ± 19.84 (19–73) 1,100 (640.0–3,908; 380–4,780)
BNT162b2
I dose

1 (0.30%) 47 (N/A) 19.80 (N/A)

ChAdOx1-nCov19
I dose

1 (0.30%) 30 (N/A) 55.00 (N/A)
May
RBD, receptor-binding domain; IQR, interquartile range.
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A

C

B

FIGURE 1 | (A) Electrochemiluminescence immunoassay (ECLIA)-based determination of the titer of specific antibodies towards the receptor-binding domain (RBD)
of SARS-CoV-2 Spike expressed as median UI/ml ± IQR and represented on log10 scale, evaluated in serum from 369 individuals who received different vaccination.
Statistically significant variations of medians were assessed by Kruskal–Wallis method for non-parametric data (p < 0.0001), followed by Dunn’s multiple comparisons
test. (B) Distribution of serum anti-RBD antibody titers according to age among the study population and (C) within each vaccination group. Spearman’s correlation r
and p-values have been calculated for each group (statistical significance for p < 0.05). Trendline is represented in red.
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confers protection against virus infection and replication. To
address this point, among the most abundant samples, we
randomly and blindly selected 70 sera (22 sera from the
BNT162b2 group, 27 from ChAdOx1-nCov19, 9 from
Ad26.COV2.S, 9 from mRNA-1273, 1 from a COVID-19-
convalescent patient, and 2 sera from mixed vaccines group)
and compared total anti-RBD antibody titers to the neutralizing
effectiveness. The neutralizing activity was evaluated both
quantitatively with the cPass™ ELISA-based assay and
qualitatively with an IgG/Neutralizing Antibody Rapid Test
(Table 2). Interestingly, antibody titer and percentage of
inhibition measured by the cPass™ ELISA-based test appear
remarkably associated (Spearman’s r = 0.7500, p < 0.0001)
(Figure 2A), but when the correlation is evaluated between
antibody levels and rapid test scores only, the strength of
correlation increases (r = 0.8034, p < 0.0001) (Figure 2B).
Nevertheless, the degree of correlation between total anti-RBD
antibody titer and neutralizing activity appears variable
depending on the vaccination group, as for the BNT162b2
group, Spearman’s r is 0.7908, p < 0.0001; for ChAdOx1-
nCov19, r = 0.6702, p < 0.0001; for Ad26.COV2.S, r = 0.7667,
p < 0.05; and for mRNA-1273, r = 0.7197, p < 0.05
(Supplementary Table 4). As expected, correlation analysis
confirmed a very strong association between rapid test scores and
the percentage of inhibition assessed by the cPass™ ELISA-based kit
(r = 0.8626, p < 0.0001) (Figure 2C; Supplementary Figure 4).
When comparing neutralizing activity measured by the cPass™

ELISA-based test in patients that received different immunization
types, we observed significant differences among mean percentages
of inhibition as assessed by ANOVA (p = 0.0009) (Figure 3A). In
particular, it could be noticed that themRNA-1273 vaccine gives, on
average, the strongest effect in inhibiting ACE2-RBD interaction
(mean percentage of inhibition ± SD, 88.96% ± 16.35%) with
respect to others (Table 3), showing nearly double effectiveness of
ChAdOx1-nCov19 and Ad26.COV2.S in inducing a neutralizing
antibody response (Figure 3A). Overall, samples selected from
participants that received adenoviral DNA-based vaccines show a
lower antibody-mediated inhibiting activity (53.39% ± 28.39%)
when compared to individuals who received mRNA-based
vaccines (75.59% ± 26.62%; Figure 3B).

Since we used an IgG/Neutralizing Antibody Rapid Test
validated only on BNT162b2-vaccinated individuals, we have
also analyzed its diagnostic performance on sera from differently
vaccinated individuals in our study, by comparing the scores of
the rapid test to the percentage of inhibition evaluated through
the cPass™ ELISA-based test. We assumed that rapid scores ≥2
are indicative of positivity to neutralizing antibodies (AbNeu),
whereas the reference neutralizing positivity threshold was set at
different levels of inhibition measured by the cPass™ ELISA-
based kit (Supplementary Table 6). By the comparison of the
two neutralizing tests, we observed that the rapid kit is able to
identify AbNeu-positive serum samples (i.e., samples in which
the cPass™ ELISA-based test has detected a percentage of
inhibition ≥30%) with a probability of 66.67% (sensitivity
66.67%, CI95 53.31%–78.31%; specificity 90.00%, CI95
55.50%–78.31%; accuracy 70.00%, CI95 57.87%–80.38%).
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When 55% inhibition is used as the cutoff value instead of
30%, the rapid test kit appears more accurate in identifying
AbNeu-positive samples (sensitivity 90.48%, CI95 77.38%–
97.34%; specificity 89.29%, CI95 71.77%–97.73%; accuracy
90.00%, CI95 80.48%–95.88%) and shows a higher agreement
with respect to the cPass™ ELISA-based reference test (Cohen’s
K coefficient = 0.793, CI95 0.648–0.938). Altogether, this
evidence demonstrates that the IgG-Neutralizing Antibody
rapid test is less sensitive than the cPass™ ELISA-based test
but is capable to score as “positive” serum samples with a
neutralizing activity ≥55% with a likelihood higher than 90%
(Supplementary Table 6).

To confirm the positive correlation between total anti-RBD
antibody titer and qualitative neutralization test results, we further
tested a total of 180 samples on rapid tests and compared data
(Supplementary Figure 5; Supplementary Table 7). Interestingly,
rapid scores and antibody titers appear associated in all samples
tested (r = 0.7557 p < 0.0001) (Table 4; Figure 4A) and within each
vaccination group (Figures 4B–E, G), indicating that high total
anti-RBD antibody titers imply a higher probability of having an
effective neutralizing activity. We did not observe a significant
correlation between the anti-RBD levels and the rapid test score
in COVID-19 patients (Figure 4F; Table 4), as 15 out of 17 serum
samples from this group demonstrated strongly positive (rapid
score = 3) on the rapid test, while the measured anti-RBD titers
varied by a factor of 103 (Figure 4F).

In our hands, 68 (37.78%) samples resulted in AbNeu
negative and 112 (62.22%) AbNeu positive to rapid test, with
median anti-RBD antibody titers (281 and 1,193 UI/ml,
respectively) that are significantly different (Mann–Whitney
test, p < 0.0001) (Figure 5A; Table 5). Importantly, within
each vaccination group, the positive rate for AbNeu varies
considerably, ranging from 19.05% for Ad26.COV2.S to
85.71% for mRNA-1273 (Figures 5B–F). Likewise, the
distribution of antibody levels in AbNeu-negative and AbNeu-
positive samples appear disparate when comparing different
vaccines, indicating that similar concentrations of antibodies
towards Spike-RBD can confer with diverse neutralizing
activities, depending on the type of vaccine that induced them
(Figures 5B–G).

Finally, on the basis of previous data from BNT162b2-
vaccinated patients, we asked whether antibody response
elicited by specific vaccines is qualitatively individual by using
an ELISA developed towards four synthetic peptides derived
from the SARS-CoV-2 Spike protein (Supplementary Table 5)
(28–30). We randomly tested 13 sera from the BNT162b2 group,
22 from the Ad26.COV2.S group, 20 from the ChAdOx1-
nCov19 group, 11 from the mRNA-1273 group, 10 from the
COVID19+ vaccine group, and 4 from the mixed vaccines group
(Supplementary Figure 6). Interestingly, qualitative ELISA
against synthetic Spike-derived peptides on differently
vaccinated individuals shows that mRNA-based vaccines elicit
a broader response compared to that elicited by adenoviral
DNA-based vaccines. Indeed, reactivity to single peptides was
more heterogeneous, particularly for the Ad26.COV2.S and the
ChAdOx1-nCov19 groups, confirming that antibody response
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TABLE 2 | Comparison of anti-RBD antibody titers and neutralizing activity determined qualitatively as percentage of inhibition by an ELISA and qualitatively by a rapid
test (see Materials and Methods).

Vaccine type Sample % of inhibition UI/ml Rapid test score

ChAdOx 1 nCoV 19 FO1809 v031 52.58403 1,042 2

ChAdOx 1 nCoV 19 FO1809 v037 35.88724 510 1

ChAdOx 1 nCoV 19 FO1809 v039 23.16588 355 0

ChAdOx 1 nCoV 19 FO1809 v041 51.42754 549.5 1

ChAdOx 1 nCoV 19 FO1809 v042 54.5356 575 2

ChAdOx 1 nCoV 19 FO1809 n001 84.38742 1,090 2

ChAdOx 1 nCoV 19 FO1809 n010 57.06541 780 2

ChAdOx 1 nCoV 19 FO1809 n019 89.88074 800 3

ChAdOx 1 nCoV 19 FO1809 n027 34.22479 525 1

ChAdOx 1 nCoV 19 FO1809 v047 43.54897 290 1

ChAdOx 1 nCoV 19 FO1809 n053 40.73003 290 1

ChAdOx 1 nCoV 19 FO1809 n068 89.01337 230 2

ChAdOx 1 nCoV 19 FO1809 n072 92.26599 2,695 1

ChAdOx 1 nCoV 19 FO1809 n080 52.87315 290 1

ChAdOx 1 nCoV 19 FO1809 no87 28.00867 250 2

ChAdOx 1 nCoV 19 FO2509 v011 78.82183 1,270 1

ChAdOx 1 nCoV 19 FO2509 v048 94.43441 655 3

ChAdOx 1 nCoV 19 FO2509 v072 54.5356 272 1

ChAdOx 1 nCoV 19 FO2509 v076 20.92519 190 0

ChAdOx 1 nCoV 19 FO2509 v097 37.33285 310 1

ChAdOx 1 nCoV 19 FO2509 n003 85.11023 2,780 2

ChAdOx 1 nCoV 19 FO2509 n013 53.37911 399 1

ChAdOx 1 nCoV 19 FO2509 n040 9.577159 70 0

ChAdOx 1 nCoV 19 FO2509 n071 62.41417 555 2

ChAdOx 1 nCoV 19 FO2509 n086 80.84568 915 2

ChAdOx 1 nCoV 19 FO2509 n093 73.61764 530 1

ChAdOx 1 nCoV 19 FO2509 n131 67.40152 730 2

Ad26.COV2.S FO1809 n002 −7.91471 12.4 0

Ad26.COV2.S FO1809 n003 −11.8179 8.6 0

Ad26.COV2.S FO1809 n013 76.87026 395 2

Ad26.COV2.S FO1809 n014 27.14131 245 1

Ad26.COV2.S FO1809 n043 18.10625 500 1

Ad26.COV2.S FO1809 n081 88.65197 824 3

Ad26.COV2.S FO2509 n008 42.10336 355 0

Ad26.COV2.S FO2509 v009 60.75172 240 1

Ad26.COV2.S FO2509 n012 79.97832 29,750 3

mRNA-1273 FO1809 v025 96.09686 11,055 3

mRNA-1274 FO1809 v038 96.09686 4,636 3

mRNA-1275 FO1809 n040 96.53054 7,240 3

mRNA-1276 FO1809 n056 45.78966 365 1

mRNA-1277 FO1809 n082 95.88001 73,150 3

mRNA-1278 FO1809 n085 92.41055 1,410 3

mRNA-1279 FO1809 n092 92.62739 870 2

mRNA-1280 FO2509 v018 89.73618 3,130 3

mRNA-1281 FO2509 v025 95.44633 1,360 3

Covid19 FO2509 n024 96.96422 1,562 3

Mixed vaccines FO2509 n005 91.90459 1,860 2

Mixed vaccines FO2509 v036 95.08493 2,925 3

BNT162b2 FO2509 v064 20.18272 19.8 0

BNT162b2 FO2509 n024 44.18605 115 0

BNT162b2 FO2509 n025 50.44311 75 0

BNT162b2 FO2509 n026 96.80964 1,690 3

BNT162b2 FO1809 v001 1.949663 10.4 0

(Continued)
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has qualitatively individual features even within the same
vaccination group (Supplementary Figure 6).
DISCUSSION

In the last 2 years, the COVID-19 pandemic has forced many
countries to impose lockdowns and restrictions on their residents
to control the spread of the disease. The introduction of COVID-
19 vaccines has allowed countries to relax some restrictions and
reopen economic and social activities. To support the
resumption of socioeconomic life, in July 2021, the European
Commission introduced a vaccine passport to facilitate safe free
movement within the EU for those who are vaccinated,
recovered, or negatively tested (6). However, an essential
element in making the rationale behind the green pass at least
tenable is that certificate holders should be to some extent
protected by the vaccine. In this work, we monitored the
humoral response triggered by the inoculation of the four
different anti-SARS-CoV-2 vaccines approved in Europe and
used in Italy since the end of 2020, namely, mRNA-1273,
BNT162b2, Ad26.COV2.S, and ChAdOx1 nCoV-19. Although
others have reported a direct comparison of antibody response to
different vaccines (5, 23, 24, 31, 32), this is one of the first reports
where the effectiveness of the abovementioned vaccines is
directly compared in terms of antibody titer and neutralizing
activity. Indeed, while this manuscript was in peer-reviewing,
Szczepanek et al. (33) have described substantial differences in
the anti-Spike IgG levels from a cohort of 511 individuals
vaccinated with mRNA-1273, BNT162b2, Ad26.COV2.S, and
ChAdOx1 nCoV-19. Our study shows that all four approved
vaccines in the European community are effective in stimulating
a humoral response against SARS-CoV-2 Spike, and, as already
reported (34), the magnitude of the total anti-RBD antibody
Frontiers in Immunology | www.frontiersin.org 8152
decreases with age. Nevertheless, we observed different levels of
correlation within each vaccination group and with equally
variable statistical significance, presumably due to the fact that
the groups are not homogeneous with each other in terms of
number and age. Indeed, whereas mRNA-based vaccines were
administered to patients aged 18 and over, only individuals
under 60 had access to adenoviral-based DNA vaccines and
only for a few months in 2021. Moreover, according to
Szczepanek et al. (33), our data confirmed that natural
COVID-19 infection combined with vaccination results, on
average, in higher antibody titer and higher neutralizing
activity with respect to fully vaccinated individuals without
prior COVID-19, as reported elsewhere (35). Next, we
investigated the correlation between total anti-RBD antibody
and neutralizing capacity, finding that the concentration of
serum antibodies against Spike is partially correlated with
ACE2-RBD binding inhibition, as sera with lower antibody
titer could show similar neutralizing activity to that observed
in sera with higher antibody titer, consistently with previous
reports (36). In this attempt, we also considered the usefulness of
a rapid cassette test as a highly portable and inexpensive tool for
measuring neutralizing antibodies from a capillary blood drop.
In comparison with the cPass™ ELISA-based SARS-CoV-2
Neutralization Antibody Detection Kit, we found that the IgG/
Neutralizing Antibody Rapid Test is able to identify with an
accuracy of 90% and with a sensitivity slightly greater than 90%,
vaccine-induced serum antibodies whose neutralizing activity is
greater than or equal to 55%. By comparing the antibody titer to
the rapid test scores in different vaccination groups, we observed
that among patients with a total anti-RBD antibody titer lower
than 1,000 UI/ml, the probability of having a neutralizing
capacity greater than 55% appears different if the individual
has received the BNT162b2 vaccine or the Ad26.COV2.S
vaccine. Indeed, whereas a high anti-RBD antibody titer
TABLE 2 | Continued

Vaccine type Sample % of inhibition UI/ml Rapid test score

BNT162b2 FO1809 n005 49.02517 105 0

BNT162b2 FO1809 n006 96.80964 1,315 3

BNT162b2 FO1809 n060 92.98121 202 2

BNT162b2 FO2509 v040 55.68947 1,080 2

BNT162b2 FO1809 n064 93.12301 120 2

BNT162b2 FO1809 n061 57.60369 575 2

BNT162b2 FO1809 n062 61.7866 665 2

BNT162b2 FO1809 n063 42.36086 185 1

BNT162b2 FO2509 v049 93.12301 4,650 3

BNT162b2 FO2509 v050 97.23502 1,485 3

BNT162b2 FO2509 v039 97.23502 2,380 3

BNT162b2 FO2509 v030 96.80964 440 2

BNT162b2 FO2509 n076 97.23502 2,055 3

BNT162b2 FO2509 n077 74.68983 1,885 2

BNT162b2 FO2509 n075 72.9883 975 2

BNT162b2 FO2509 n074 97.51861 4,355 3

BNT162b2 FO2509 n078 52.92449 740 1
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implies a higher probability of having an effective neutralizing
activity, we could see a remarkable association between the type
of vaccine and the related serum neutralizing antibodies, with
mRNA-based vaccines being overall more capable of producing
antibody-mediated inhibiting activity respect to adenoviral
DNA-based vaccines, as also reported by Szczepanek et al.
(33). Together with the ELISA-based qualitative assessment of
peptide reactogenicity in sera from study participants, our data
show that the polyclonal response to vaccination confers
different levels of protection and that the neutralizing activity
cannot be recapitulated by the measurement of serum antibodies
against Spike-RBD alone, in contrast with previous findings (37).
Moreover, the assays for the analysis and description of immune
protection against SARS-CoV-2 require adaptability and
flexibility, so that the ability of vaccine-produced antibodies to
recognize and neutralize new virus variants can be easily
determined. In fact, all tested vaccines are based on the
expression of the ancestral Spike protein and can, by
consequence, stimulate the production of specific antibodies
against primitive Spike. On the one hand, most of the assays
that are routinely used to measure anti-Spike IgG (either
neutralizing or not) have been developed by using ancestral
RBD. On the other hand, new circulating variants are
characterized by increased infectivity and have been shown to
escape vaccine-induced neutralizing antibodies due to several
mutations in the BD of the Spike protein (38). In the peptide-
based ELISA described in our study (Supplementary Figure 6),
we used four synthetic Spike-derived peptides whose sequences
(Supplementary Table 5) have been generated from deposited
Hu1 original strain: for this reason, such peptides are helpful
tools to assess the reactogenicity of vaccine-induced antibodies.
Nevertheless, it is worth noting that, among all, Pep6_Spike and
Pep10_Spike display residues affected by mutations: D614 in
Pep6_Spike is a G in both Delta and Omicron variants, and T547
in Pep10_Spike is a K in Omicron variant. Therefore, we cannot
exclude that they may fail to detect any antibodies raised after
natural infection with recent variants in further applications.
However, the use of a degenerated Spike-derived peptide library
could represent a valid and novel approach to assess antibody
reactogenicity and effectiveness of administered vaccines and,
also, to identify binding epitope determinants that
drive immunogenicity.

The main limitations of our work are that the study
population 1) is not uniform with respect to the number of
individuals who received the different vaccines and 2) is not
synchronized with respect to the vaccination period; therefore,
fluctuations due to the decay of the anti-RBD antibody titer over
time are underrated (32, 39, 40). It should also be noted that we
classified patients based on self-reported data, and, as
consequence, we did not verify whether there have been
asymptomatic or undiagnosed SARS-CoV-2 previous infections
or whether, along with the vaccine, patients have taken drugs or
suffered comorbidities that interfere with the antibody response,
biasing antibody titer data (41). In addition, our data derived
from analyses on capillary blood samples, which are small but
can be considered reliable for serological evaluation (42), do not
allow specific tests for cell-mediated immunity. Indeed, in order
A

B

C

FIGURE 2 | Spearman’s correlation analysis of serum anti-receptor-binding
domain (anti-RBD) antibody titers and neutralizing activity in 70 participants in
the study (22 vaccinated with BNT162b2, 9 with mRNA-1273, 27 with
ChAdOx1 nCov19, 9 with Ad26.COV2.S, 1 COVID-19 convalescent, and 2
with mixed vaccines). (A) Correlation plot of anti-RBD antibody titers versus
neutralizing activity (percentage inhibition of RBD-ACE2 binding) assessed

through the cPass™ ELISA-based assay. (B) Correlation plot of anti-RBD
antibody titers versus neutralizing activity assessed through IgG/Neutralizing
Antibody Rapid Test. (C) Correlation plot of neutralizing activity evaluated

through cPass™ ELISA-based assay and IgG/Neutralizing Antibody Rapid
Test cassettes. Trendlines, Spearman’s r, and p-values are also represented
(statistical significance for p < 0.05).
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FIGURE 3 | Neutralizing activity evaluated by cPass™ ELISA-based SARS-CoV-2 Neutralization Antibody Detection Kit in 70 sera from differently vaccinated
individuals. Serum samples were considered positive when ≥30% inhibition was measured, as shown by the red line in the graph. (A) Percentage inhibition of
receptor-binding domain–angiotensin-converting enzyme 2 (RBD-ACE2) binding within different vaccination groups (see also Table 3). Statistical significance was
assessed by ANOVA following Tukey’s multiple comparisons test, **p < 0.005, *p < 0.05. (B) Comparison of neutralizing activity in sera from individuals who
received adenoviral DNA-based vaccines and mRNA-based vaccines. Statistical significance was assessed by unpaired t-test, *p = 0.0016.
TABLE 3 | Mean neutralizing activity measured by the cPass™ ELISA-based assay in sera from 70 individuals who received different vaccines.

Vaccine type N (%) Neutralizing activity*
(mean ± SD)

All 70 (100%) 64.05% ± 31,12
BNT162b2 22 (31.43%) 70.12% ± 28.33%
ChAdOx1-nCov19 27 (38.57%) 57.33% ± 24.16%
Ad26.COV2.S 9 (12.86%) 41.54% ± 37.69%
mRNA-1273 9 (12.86%) 88.96% ± 16.35%**
Others§ 3 (4.28%) 94.65% ± 2.56%
Frontiers in Immunology | www.frontiersin.org
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*Significant differences among means were assessed by ordinary one-way ANOVA (p-value = 0.0009) followed by Tukey’s multiple comparisons test.
**Tukey’s comparison vs. ChAdOx1-nCov19 p < 0.05 and vs. Ad26.COV2.S p < 0.005.
§This group is formed by samples from 2 individuals receiving mixed vaccines and 1 COVID-19-convalescent patient.
TABLE 4 | Spearman’s correlation between rapid test score and anti-RBD antibody titers in individuals who received different vaccines.

Vaccine type N (%) Spearman’s correlation between rapid test score and anti-RBD antibody titer

r p-Value*

All 180 (100%) 0.7557 <0.0001
BNT162b2 62 (34.44%) 0.7793 <0.0001
ChAdOx1-nCov19 56 (31.11%) 0.6445 <0.0001
Ad26.COV2.S 21 (11.67%) 0.7541 <0.0001
mRNA-1273 14 (7.78%) 0.6892 0.0084
COVID19 + Vaccine 17 (9.44%) 0.2407 0.3824
Others§ 10 (5.56%) 0.8136 0.0075
*Significant p-value <0.05.
§This group is formed by samples from 2 single-dose vaccinated individuals, 2 COVID-19-convalescent patients, 4 individuals receiving mixed vaccines, and 2 individuals declaring nothing.
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FIGURE 4 | (A) Correlation of anti-receptor-binding domain (anti-RBD) antibody titer to rapid test scores for IgG/Neutralizing antibodies in sera from 180 participants
in the study and within each vaccination group: (B) BNT162b2, (C) ChAdOx1 nCov19, (D) Ad26.COV2.S, (E) mRNA-1273, (F) COVID19 + vaccine, and (G) others.
Trendlines, Spearman’s r, and p-values are also reported (statistical significance for p < 0.05).
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FIGURE 5 | (A) Distribution of anti-receptor-binding domain (anti-RBD) antibody titers in AbNeu-positive and AbNeu-negative sera from 180 participants in the study
and within each vaccination group: (B) BNT162b2, (C) ChAdOx1 nCov19, (D) Ad26.COV2.S, (E) mRNA-1273, (F) COVID19 + vaccine, and (G) others. Data are
represented as scatter plot with median UI/ml ± IQR on log10 scale. Mann–Whitney test was performed to assess statistical significance of differences between
medians (see Table 5). **p-value <0.0001; *p-value <0.01; ns, not specific.
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to exhaustively compare the immune response induced by the
four different types of vaccines authorized in Europe, further
studies are required about the involvement of specific
lymphocyte populations and the persistence over time of
vaccine-induced cellular-mediated protection. Nevertheless, the
present study provides important insights into vaccine-induced
humoral protection in a real-world setting. Since the current
discussion among policymakers is about when to inoculate the
booster dose of the vaccine, it must be considered that the anti-
Spike RBD IgG levels in the serum alone may be not sufficient to
indicate protection against the virus and the disease. On the basis
of our results, the use of rapid devices for the diagnosis of the
neutralizing fraction, even on a large scale and repeatedly over
time, appears more informative and can help to determine even
individually the duration of protection offered by vaccine
immunity, also against arising variants of concern (11, 43, 44).
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Supplementary Figure 1 | Schematic representation of humoral response
analysis on serum samples from participants to the study.

Supplementary Figure 2 | Schematic diagram of IgG/Neutralizing Antibody
Rapid Test and result interpretation. (Upper panel) Specimens are added to the
sample pad together with a diluent buffer and results are read within 30 minutes.
The test is valid only if the control line C is clearly visible. (Lower panel) Samples
where scored according the following: 0 = IgG negative/Nab negative (Coloured
line/lines: C and T2); 1 = IgG positive/Nab negative (Coloured line/lines: C, T1 and
T2); 2 = IgG positive/Nab positive (Coloured line/lines: C, T1 and faint T2); 3 = IgG
positive/Nab strongly positive (Coloured line/lines: C and T1).

Supplementary Figure 3 | Parametricity test on anti-RBD antibody titers (A) and
age (B) distribution in the population study. QQ plots indicate a log-normal
distribution for antibody titers and a normal distribution for age.

Supplementary Figure 4 | Direct comparison of neutralizing activity measured
by ELISA based- cPass™ SARS-CoV-2 Neutralization Antibody Detection Kit
TABLE 5 | Anti-RBD antibody titer distribution in AbNeu-positive and AbNeu-negative individuals who received different vaccines.

Vaccine type AbNeu negative (rapid testscore ≤1)
N; %

Median
UI/ml
(IQR)

AbNeu positive (rapid testscore ≥2)
N; %

MedianUI/ml(IQR) p-Value
(Mann–Whitney test)

All 68; 37.78% 281.0 UI/ml
(108.1–467.5)

112; 62.22% 1,193 UI/ml
(657.5–2,429)

<0.0001

BNT162b2 18; 29.03% 252.5 UI/ml
(113.8–375.0)

44; 70.97% 957.5 UI/ml
(257.5–1,915)

<0.0001

ChAdOx1-nCov19 24; 42.86% 353.8 UI/ml
(227.0–528.8)

32; 57.14% 790 UI/ml
(575.0–1,185)

<0.0001

Ad26.COV2.S 17; 80.95% 107.5 UI/ml
(54.30–292.5)

4; 19.05% 4,655 UI/ml
(502.3–24,434)

0.0013

mRNA-1273 2; 14.29% 1,748 UI/ml
(365–3,130)

12; 85.71% 3,218 UI/ml
(2,300–6,589)

0.2857

COVID19 + Vaccine 1; 5.88% 2,184 UI/ml 16; 94.12% 1,708 UI/ml
(1,353–8,175)

N/A

Others§ 6; 60.00% 350.0 UI/ml
(28.95–1,104)

4; 40.00% 2,393 UI/ml
(1,637–3,998)

0.0095
May 2022 | Volum
§This group is formed by samples from 2 single-dose vaccinated individuals, 2 COVID-19-convalescent patients, 4 individuals receiving mixed vaccines, and 2 individuals declaring
nothing.
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and by IgG/Neutralizing Antibody Rapid Test in 70 sera from differently
vaccinated individuals. According to manufacturer’s instructions, samples were
considered positive for neutralizing antibodies when ≥30% inhibition (see red line)
was measured.

Supplementary Figure 5 | Assessment of neutralizing antibodies with rapid test
cassettes in 180 participants to the study.
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Supplementary Figure 6 | Immunoreactivity of IgG to four peptides (from top to
bottom: Pep2-Spike, Pep5-Spike, Pep6-Spike, Pep10-Spike) derived from SARS-
CoV-2 Spike in sera from individuals that received different vaccines: BNT162b2,
ChAdOx1 nCov19; Ad26.COV2.S; mRNA-1273; COVID19 + vaccine; mixed
vaccines. The antibody response is reported as a log2 fold-change (mean ± SD)
compared to negative control sera. A positive response was arbitrarily scored for a
log2 fold-change > 1 (see red line). Experiments were performed in duplicate.
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