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ABSTRACT
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) variants have been reported to be 
resistant to several neutralizing antibodies (NAbs) targeting Receptor Binding Domain (RBD) and 
N Terminal Domain (NTD) of spike (S) protein and thus inducing immune escape. However, fewer studies 
were carried out to investigate the neutralizing ability of S2-specific antibodies. In this research, 10 
monoclonal antibodies (mAbs) targeting SARS-CoV-2 S2 subunit were generated from Coronavirus 
Disease 2019 (COVID-19) convalescent patients by phage display technology and molecular cloning 
technology. The binding activity of these S2-mAbs toward SARS-CoV-2 S, SARS-CoV-2 S2, SARS-CoV-2 
RBD, SARS-CoV-2 NTD, severe acute respiratory syndrome coronavirus (SARS-CoV) S, SARS-CoV S2 and 
Middle East Respiratory Syndrome Coronavirus (MERS-CoV) S proteins were evaluated by enzyme-linked 
immunosorbent assay (ELISA). Their neutralizing potency toward SARS-CoV-2 wild-type (WT), B.1.1.7, 
B.1.351, P.1, B.1.617.2, B.1.1.1 and B.1.621 variants were determined by pseudo-virus-based neutralization 
assay. Results showed that S2E7-mAb had cross-activity to S or S2 proteins of SARS-CoV-2, SARS-CoV and 
MERS-CoV, while with limited neutralizing activity to pseudo-viruses of SARS-CoV-2 WT and variants. It is 
undeniable that the binding and neutralizing activities of the S2-targeting mAbs are significantly weaker 
than the previously reported antibodies targeting RBD and NTD, but our study may provide some 
evidences for understanding immune protection and identifying targets for vaccine design based on 
the conserved S2 subunit.

ARTICLE HISTORY 
Received 30 December 2021  
Revised 3 March 2022  
Accepted 15 March 2022 

KEYWORDS 
SARS-CoV-2; S2 subunit; 
antibody; ELISA; 
neutralization assay

Introduction

Currently, under the progressive Coronavirus Disease 2019 
(COVID-19) pandemic around the world, about 3.9 million 
mutant strains were found in 7.6 million SARS-CoV-2 
sequences as of 1 February 2022,1 SARS-CoV-2 variants have 
replaced the wild type and become the dominant strains glob-
ally. Many neutralizing antibodies (NAbs) elicited via natural 
infection and immunization of vaccines are gradually decreas-
ing their protective efficacy against SARS-CoV-2 infections. To 
distinguish and emphasize these variants, World Health 
Organization (WHO) classified them into Variants of 
Concern (VOCs), Variants of Interest (VOIs) and Variants 
under Monitoring (VUM) based on the characteristics and 
transmission capacity, as well as the resistance to vaccines. 
Among them, five VOCs (B.1.1.7 (Alpha), B.1.351 (Beta), P.1 
(Gamma), B.1.617.2 (Delta) and B.1.1.529 (Omicron)) and 2 
VOIs (B.1.1.1 (Lambda) and B.1.621 (Mu)) were noted with 
increased transmissibility, enhanced infectivity, and elevated 
immune evasion.2 Out of 1,051,598 genomes sequenced from 
the virus samples collected from 20 October to 
19 December 2021, 1,009,253 (96%) belong to the Delta var-
iant, 176 (<.1%) to Gamma, 53 (<.1%) to Alpha, 16,988 (1.6%) 
to Omicron, 16 (<.1%) to Beta, and 188 (<.1%) comprised 
other circulating variants (including VOIs Mu and Lambda).3 

However, in the recent 30-day period, among the 488,463 
sequences collected from 26 January to 24 February 2022, 
486,182 (99.5%) were Omicron, 1,601 (.3%) were Delta, and 6 
(<.1%) were Alpha, no Beta, Gamma, Lambda, Mu or any other 
non-VOC/VOI sequences were reported, the current global 
epidemiology of SARS-CoV-2 is characterized by the global 
dominance of the Omicron variant.4 With the continuous 
emergence of new mutants, developing novel therapeutic anti-
bodies that can neutralize SARS-CoV-2 variants may be a focus 
for medical countermeasures against COVID-19.

SARS-CoV-2 contains four structural proteins, including 
spike protein (S), membrane protein (M), envelope protein 
(E) and nucleocapsid protein (N). In the process of infection, 
S protein was cleaved into S1 and S2 subunits for binding to 
human angiotensin-converting enzyme 2 (hACE2) receptors 
and membrane fusion, respectively.5 Therefore, S protein was 
identified as the most important target to screen for neutra-
lizing antibodies.6,7 A large number of Receptor Binding 
Domain (RBD)-targeting and N Terminal Domain (NTD)- 
specific NAbs with half-maximal inhibitory concentration 
(IC50) values at nM levels have been reported and 
characterized.8–14 However, with the accumulation of muta-
tions in variants, especially with D614 G, N501Y, E484K/Q/A, 
L452 R, T478K, Q493 R, Q498 R, P681 H or some other 
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mutations located at RBD and NTD regions, previously 
reported neutralizing antibodies targeting RBD and NTD 
are gradually losing their effectiveness, leading to immune 
escape of SARS-CoV-2 variants.15 In contrast, only a few 
mutations that have not been identified as possible neutraliz-
ing sites were found in SARS-CoV-2 S2 subunit, and S2 is 
determined to be markedly more conserved for functionally 
important sites than S1, such as the heptad repeat regions and 
fusion loop.16,17 Furthermore, a recent research has con-
firmed that populations with previous exposure to the com-
mon cold coronavirus could have cross-reactive neutralizing 
antibodies against SARS-CoV-2 S2 domain, suggesting the 
conservation of S2 across β-coronaviruses.18 Another study 
also showed that 70% of patients infected with the common 
coronavirus can develop immune response to SARS-CoV-2 
through the CD4 and CD8 pathway,19 possibly activated by 
S2 epitopes.20 Therefore, the conserved S2 subunit may be 
worthy of being used to search for neutralizing antibodies to 
prevent mutational escape.

In our previous work, we have already prepared several 
NAbs targeting RBD and NTD regions, which have great 
ability to neutralize authentic virus. However, like many 
other antibodies that target the neutralizing sites, our previous 
NAbs lost their neutralizing effect on the variants.21–23 Based 
on the experience of a few S2-targeting antibodies reported by 
researchers around the world, considering the conserved S2 
subunit may be more capable of recruiting preexisting memory 
B cells and inducing neutralizing antibodies against mutational 
escape. In this research, we aim to prepare S2-specific mono-
clonal antibodies (mAbs) and further evaluate their potential to 
prevent the immune escape of circulating SARS-CoV-2 var-
iants, especially for these VOC and VOI variants defined by the 
WHO, finally provide ideas for the development of therapies 
and vaccines against COVID-19.

Materials and methods

Ethics statement

The informed consent for the use of blood and blood compo-
nents was obtained from 5 donors in Jiangsu province on 
14 February 2020, and then these bloods were taken as biolo-
gical source materials for this study. The study was initiated 
after the approval from the Institutional Review Board of the 
Jiangsu Provincial Center of Disease Control and Prevention.

Cells

HEK-293F cells were cultured in FreeStyle™ 293 Expression 
Medium (Gibco, 12,338–018) containing 100 units/mL of 
Penicillin and .1 mg/mL of Streptomycin (Invitrogen) (Gibco, 
15,140–122) at 37°C in an orbital incubator shaker with 8% 
CO2, which were used for the expression of S2 antibodies. 293T 
cells were maintained in OPM-293 CD03 Medium (OPM, 
81,070–001) supplemented with 10% fetal bovine serum (FBS, 
Gibco, 12,657–029), 100 units/mL of Penicillin and .1 mg/mL of 
Streptomycin at 37°C in an orbital incubator shaker with 8% CO2, 
which were prepared for the SARS-CoV-2 pseudo-virus-based 
neutralization assay.

Pseudo-Viruses

SARS-CoV-2 pseudo-viruses were obtained from Vazyme 
Biotech Co., Ltd (China), including wild-type (WT) (Vazyme, 
DD1402–01), B.1.1.7 (Vazyme, DD1440–01), B.1.351 
(Vazyme, DD1441–01), P.1 (Vazyme, DD1446–01), B.1.617.2 
(Vazyme, DD1454–01), B.1.1.1 (Vazyme, DD1459–01) and 
B.1.621 (Vazyme, DD1461–01).

Panning the specific binding Fab pool

Peripheral blood samples (50 mL, 10 mL from each person) were 
collected from 5 COVID-19 convalescing patients admitted in 
Huai’an No 4 People’s Hospital of Jiangsu province, China. 
Peripheral blood mononuclear cells (PBMCs) of the 5 blood 
samples were collected by using Ficoll-Paque Plus (GE 
Healthcare) density gradient media according to the manufac-
turer’s protocol. In brief, blood samples were diluted with the 
same volume of phosphate buffered saline (PBS) (Gibco, 10,010– 
023) and then slowly transferred over Ficoll-Paque in SepMate- 
50 tube, after horizontal centrifugation at 800 g for 20 min at 
room temperature, PBMCs were collected and transferred into 
a new centrifuge tube for twice washes with PBS. Next, total 
RNAs of PBMCs were extracted by using RNeasy Mini Kit 
(Qiagen, CA) following the manufacturer’s instructions, and 
then the total RNAs were used as templates for cDNA synthesis 
by Transcriptor High Fidelity cDNA Synthesis kit (Roche, 
Germany) according to the manufacturer’s protocol. Full-length 
light-chain genes and Fd fragments (a variable region and a CH1 
domain of a heavy chain) of heavy-chain genes were amplified 
from the mixed cDNA template by PCR with the primer pairs 
from 5VK, 7VL, and 8VH gene family.24 Then light-chain genes 
were cloned into the phagemid vector pComb3 H by Xab I and 
Sac I and heavy-chain genes were sequentially cloned into the 
light-chain gene pool Xho I and Spe I following a standard 
protocol.25 After two-step cloning, the prepared phage antibody 
library pool was frozen at −80°C for further use.

Recombinant SARS-CoV-2 S2 protein (Sino Biological, 
40,590-V08B) was used for panning the phage antibody library 
pool following the procedure. In brief, SARS-CoV-2 S2 protein 
was coated in the immune tubes and incubated at 4°C over-
night, then discarded the supernatants and washed the tubes 
with tris buffered saline with Tween® 20 (TBST) for five times. 
After that, the phage antibody library pool was added and 
incubated the tubes at 37°C for 2 h, then removed the super-
natant and washed the tubes with TBST for five times. Finally, 
the enriched phage antibody library pool was eluted using .1 M 
Glycine-HCl (pH 2.2). Following the same steps, 1.0 mL of 50  
μg/mL, 20 μg/mL and 10 μg/mL of SARS-CoV-2 S2 protein was 
used, respectively, for the first, second and third panning for 
screening specific binding antibodies from the prepared phage 
antibody library by phage display.25,26

Screening the S2-specific phage-single chain variable 
fragment (scFv) clones

Enzyme-linked immunosorbent assay (ELISA) was employed 
to screening for the specific binding phage-scFv clones. Briefly, 
96-well ELISA plates (Corning, 42,592) were coated with 
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SARS-CoV-2 S2 protein (Sino Biological, 40,590-V08B) and 
incubated at 4°C overnight, then plates were blocked with 1% 
bovine serum albumin (BSA) (Sangon, A600332–0100)/PBS 
(Gibco, 10,010–023) at 37°C for 2 hours (300 μL/well) and 
washed with PBST for five times. 50 μL supernatant from the 
single clone antibodies pool and 50 μL 1% BSA/PBS were 
added into each sample well and incubated at 37°C for 
1 hour, blank control wells were supplemented with 1% BSA/ 
PBS at the same time (100 μL/well). After five washes with 
PBST, a 1:3000 dilution of Horseradish peroxidase (HRP) 
conjugated anti-human Fab (Sigma, A0293) was added and 
incubated at 37°C for 1 hour (100 μL/well). Following five 
washes with PBST, 3,3',5,5'-Tetramethylbenzidine substrate 
(Thermo Scientific, 34,029) was added (100 μL/well) and incu-
bated at room temperature for 10 min, finally 50 μL 2 M H2SO4 
was added to each well to stop the reaction. Results were 
monitored at 450 nm, the cut-off value was set as the mean of 
the blank controls +2 standard deviation. The well with OD 
450 value > cut off value was considered as positive well, thus 
phage-scFv against S2 was separated.

Sequencing and genetic analyses of antibodies

After ELISA, all the phage plasmid samples of single phage 
specific binding antibody against SARS-CoV-2 S2 subunit were 
separated for further sequencing the genes (Sangon Biotech, 
China). Sequences of these phage plasmid samples were blast 
and aligned with ImMunoGeneTics (IMGT) (www.imgt.org/) 
database. The full lengths of variable region amino acids were 
aligned by using the web servers of ESPrit 3.0 (http://espript. 
ibcp.fr/ESPript/ESPript/). Based on the diversity of variable 
genes and the OD values of positive wells in indirect ELISA, 
the specific candidate antibodies plasmids were optimized and 
constructed into PTT5 vector containing the constant regions 
of human IgG1 (General Biol, China).

Expression and purification of antibodies

Eukaryotic expression vectors (PTT5) of heavy and light chains 
were prepared, 500 μg of heavy-chain plasmids and 500 μg of 
light-chain plasmids were co-transfected with 3.0 mg poly-
etherimide (PEI, Poly-sciences, 23,966–1) into 1 L HEK-293F 
cells (1.5 × 106 cells/mL), and then keep shaking at 37°C with 
8% CO2 for antibody expression. Seven days later, the cell 
media were centrifuged at 10,000 g for 10 min and the super-
natant was filtered through .22 μm membrane. MabPurix™ 
Protein A column (Sepax Technologies, USA) was used for 
antibody purification by AKTA Explorer100 system (Cytiva, 
Sweden), concentrations were determined by Nanodrop One 
(Thermo, USA), the purified antibodies were frozen at −80°C 
for further use.

Enzyme-Linked immunosorbent assay (ELISA)

Binding abilities of 10 representative purified antibodies (S2B2, 
S2B5, S2B7, S2E6, S2E7, S2F6, S2G1, S2G9, S2H12 and S2110#) 
toward SARS-CoV-2 S, SARS-CoV-2 S2, SARS-CoV-2 RBD, 
SARS-CoV-2 NTD, SARS-CoV S, SARS-CoV S2 and MERS- 
CoV S were analyzed by ELISA. 96-well ELISA plates were 

coated with SARS-CoV-2 S (Sino biological, 40,589-V08B1), 
SARS-CoV-2 S2 (Sino biological, 40,590-V08B), SARS-CoV-2 
RBD (Sino biological, 40,592-V08B), SARS-CoV-2 NTD (Sino 
biological, 40,591-V49 H), SARS-CoV S (Sino biological, 
40,634-V08B), SARS-CoV S2 (Sino biological, 40,150-V08B3) 
and MERS-CoV S (Sino biological, 40,069-V088) and incu-
bated at 4°C overnight (100 ng/well), then plates were blocked 
with 1% BSA/PBS at 37°C for 1 h (300 μL/well). Specific can-
didate antibodies were threefold serially diluted from 50 μg/mL 
to 68 ng/mL and incubated at 37°C for 30 min, blank control 
wells were supplemented with 1% BSA/PBS at the same time 
(100 μL/well). After washing with PBST for five times, HRP- 
anti-human IgG was added and incubated at 37°C for 30 min 
(100 μL/well). After five washes with PBST, 3,3',5,5'- 
Tetramethylbenzidine substrate was added and incubated at 
room temperature for 10 min (100 μL/well), then 50 μL 2 M H2 
SO4 solution was used to stop the reaction and read the absor-
bance at 450 nm and 630 nm wavelength. Results were evalu-
ated by bringing the antibody concentration and the OD values 
into GraphPad software, the logarithm of the antibody con-
centration was taken as the X value, and the difference between 
OD450 nm and OD630 nm was taken as the Y value, then the half- 
maximal effective concentrations (EC50) values could be cal-
culated by a four-parameter logistic non-linear regression ana-
lysis. Some high-titer antibodies were threefold serially diluted 
from 1 μg/mL to 1.37 ng/mL, others are consistent with the 
above method.

SARS-CoV-2 pseudo-virus neutralization assay

293T cells were cultured in OPM-293 CD03 medium (OPM, 
81,070–001) containing 10% fetal bovine serum (FBS; Gibco 
Invitrogen) and incubated at 37°C with 8% CO2. Purified 
antibodies were diluted by 3-fold serial dilutions from 200  
μg/mL to 91 ng/mL and mixed with SARS-CoV-2 pseudo- 
virus solution containing 500 50% tissue culture infective 
dose (TCID50), then the mixture was incubated for 1 h at 
37°C with 5% CO2. At the same time, blank control wells and 
virus control wells were added with 10% FBS/OPM and 
500TCID50 pseudo-virus/OPM solution, respectively. After 
incubation, an equal volume of 293T cells (20,000 cells/well) 
were added to each well and incubated at 37°C with 5% CO2. 
At day 2 post-infection, the plates were added with Bio-Lite 
Reporter gene detection reagent (Vazyme, DD1201) and 
detect chemiluminescence values with microplate reader 
(Tecan, Switzerland). Bring the antibody concentration and 
the corresponding RLU into GraphPad software, take the 
logarithm of the antibody concentration and the RLU as the 
X value and Y value, respectively, then calculate the IC50 
values.

Statistical analysis

The DNA sequences of the S2-mAbs were analyzed by the 
ImMunoGeneTics (IMGT) information tools, then VDJ 
sequences and CDR3 sequences were listed. In ELISA and 
neutralization assay, the half-maximal effective concentration 
(EC50) and half-maximal inhibitory concentration (IC50) 
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values were determined by a four-parameter logistic non-linear 
regression analysis in GraphPad Prism 8.0 Software (GraphPad 
Software Inc.).

Results

A panel of mAbs targeting S2 domain of SARS-CoV-2 
S protein were obtained from PBMCs of five COVID-19 con-
valescent patients by phage display, 10 antibodies with different 
VDJ sequences and CDR3 sequences in heavy- and light chains 
among them were selected for in vitro expression and for 
functional analysis (Table 1). Nine mAbs used HCV genes for 
SARS-CoV-2 mAbs (IGHV3–30 or IGHV3-30-3), while S2E7 

mAb used HCV gene (IGHV1–46) (Figure 1). The H-CDR3 
lengths of these antibodies spanned from 12 to 14 amino acids 
(aa), similar to the lengths of 14 to 16 aa that previously 
published.27 All of the 10 mAbs used the λ chain, seven of 
them used genes IGLV1–40, others were IGLV1–51, IGLV2– 
11, IGLV3–21, or IGLV6–57, which have not been reported in 
previous S2-mAbs (Figure 1). The L-CDR3 lengths among 
these antibodies were ranging from 5 to 11 aa, corresponding 
to previous researches for SARS-CoV-2 mAbs.27 As can be 
seen from the gene-type of SARS-CoV-2 S2-targeting antibo-
dies (Figure 1), the most representative IGHV gene and IGLV 
gene for mAbs were IGHV3–30 and IGKV3–20, which were 
slightly different from some gene-types of mAbs used in this 

Table 1. Gene family usage of S2-targeting antibodies in this study.

Antibody VH DH JH CDRH3 VKL JKL CDRL3

S2B2 IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD3-10 × 01 IGHJ6 × 02 ARAYTGSYYYGMDV IGLV1-40 × 02 IGLJ6 × 01 QQSYSTPMYT

S2B5 IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD4-23 × 01 IGHJ6 × 02 ARARGGSYYYGMDV IGLV1-40 × 02 IGLJ2 × 01, IGLJ3 × 01, 
or IGLJ3 × 02

QQSYSTLT

S2B7 IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD2-15 × 01 IGHJ6 × 02 ARSRGGGYYYGMDV IGLV1-40 × 02 IGLJ6 × 01 QQSYSTPT

S2E6 IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD1-26 × 01 IGHJ6 × 02 ARAHRGSYYYGMDV IGLV1-40 × 02 IGLJ6 × 01 QQSYSTPQYT

S2E7 IGHV1-46 × 01, or 
IGHV1-46 × 03

IGHD6-19 × 01 IGHJ6 × 02 ASDVAGHHGMDV IGLV1-51 × 01 IGLJ3 × 02 GTWDSSLSVWV

S2F6 IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD7-27 × 01 IGHJ6 × 02 ARANWGSYYYGMDV IGLV2-11 × 03 IGLJ5 × 01 QQSST

S2G1 IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD1-26 × 01 IGHJ6 × 02 ARAHRGSYYYGMDV IGLV3-21 × 03, IGLV6-57 ×  
02, or IGLV6-57 × 03

IGLJ3 × 02 QQYGSSPPWT

S2G9 IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD7-27 × 01 IGHJ6 × 02 ARANWGSYYYGMDV IGLV1-40 × 02 IGLJ3 × 02 QQLNGSF

S2H12 IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD4-23 × 01 IGHJ6 × 02 ARARGGSYYYGMDV IGLV1-40 × 02 IGLJ6 × 01 QQSYSTPA

S2110# IGHV3-30 × 04, or 
IGHV3-30-3 × 03

IGHD3-16 × 01 IGHJ6 × 02 ARATWGNYYYGMDV IGLV1-40 × 02, or IGLV3-21 ×  
01

IGLJ2 × 01, IGLJ3 × 01, 
or IGLJ3 × 02

QQSYSSPFT

Figure 1. Gene-Type of SARS-CoV-2 S2-targeting antibodies. the antibodies described in this manuscript and public antibodies are shown in orange and blue colors, 
respectively.
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manuscript. As public clonotypes specific to the S2 subunit 
have not been identified and the majority of previous mAbs 
cannot neutralize SARS-CoV-2, therefore, we prepared the 10 
antibodies to explore their binding and neutralizing abilities.

As evaluated by ELISA, all of the 10 antibodies reacted with 
the SARS-CoV-2 S protein and SARS-CoV-2 S2 domain, and 
none of them cross binding to SARS-CoV-2 RBD or SARS- 
CoV-2 NTD subunit, verifying that they were S2-targeting 
antibodies (Figure 2(a-d)). All of them also reacted with the 
S and S2 subunit of SARS-CoV, but they were less reactive with 
the MERS-CoV S protein (Figure 2(e-g)). Among these anti-
bodies, S2E7 mAb displayed highest reactivity with oversatu-
rated OD values and was selected for ELISA testing in a lower 
range of concentration (Figure 2(h)), the results of which 
showed that S2E7 mAb exhibited EC50 of 54.87, 34.1, 69.24, 
and 49.13 ng/mL for SARS S, SARS S2, SARS-CoV-2 S and 
SARS-CoV-2 S2 proteins, respectively (Table 2).

A pseudo-virus-based single-cycle infection assay was used 
to evaluate the neutralizing activity of the prepared antibodies 
on SARS-CoV-2 WT, B.1.1.7, B.1.351, P.1, B.1.617.2, B.1.1.1, 
and B.1.621 variants. In Figure 3, when the antibody concen-
trations were low, the RLU kept plateaus, indicating that these 
antibodies failed to neutralize the pseudo-viruses. 
Subsequently, with the increase of antibody concentrations, 
RLU showed a downward trend. When the antibody concen-
trations increased to .2 mg/mL, almost all the antibodies were 

observed to neutralize both the SARS-CoV-2 WT and variants 
pseudo-viruses. However, the observed low neutralization pla-
teaus and shallow neutralization curves indicated the incom-
plete neutralization, which were typically less potent than 
many neutralizing antibodies targeting either RBD or NTD. 
Among the 10 mAbs, S2E7 mAb exhibited higher activities 
than other mAbs against six of the seven pseudo-viruses, 
which could almost reach 100% neutralization at the highest 
concentration of .2 mg/mL. As for IC50 values, the S2E7-mAb 
showed limited neutralization potency with IC50 values over 
10 μg/mL against the pseudo-viruses (Table 2). Considering 
the fact that these mAbs are too poor neutralizers to make 
a difference, we do not add an additional evaluation of our 
mAbs to the Omicron variant, which would be unlikely to 
contribute to the overall neutralization potency.

Discussion

In this study, we prepared 10 S2-specific mAbs and further 
evaluated their potential binding and neutralizing abilities, 
aimed to prevent the immune escape of circulating SARS- 
CoV-2 variants and finally provide ideas for the development 
of therapies and vaccines against COVID-19.

In ELISA, mAbs showed different binding abilities to 
S and S2 proteins of SARS-CoV-2, SARS-CoV and MERS- 
CoV, possibly be consistent with the published knowledge, 
the amino-acid identity between the SARS-CoV and 
SARS-CoV-2 is much higher in S2 domain (93%) than 
over the full-length S protein (78%), while the similarity 
drops sharply (<40%) when considering MERS-CoV.28 

Another interesting phenomenon was observed from the 
ELISA results, data demonstrated the slightly stronger 
ability of S2E7 in reacting with full-length S protein and 
S2 subunit of SARS-CoV than that of SARS-CoV-2, lead-
ing to the hypothesis that these antibodies may not only 
originate from the SARS-CoV-2 infection. This hypothesis 
was consistent with some results in previous reports, 86% 

Figure 2. Identification of SARS-CoV-2 S2-targeting antibodies by ELISA. (A) Identification of 10 individual mAbs to S protein of SARS-CoV-2 (Shown as mean ± S.D. of 
values derived from experiments conducted in triplicate). (B) Identification of 10 individual mAbs to S2 protein of SARS-CoV-2. (C) Identification of 10 individual mAbs to 
RBD protein of SARS-CoV-2. (D) Identification of 10 individual mAbs to NTD protein of SARS-CoV-2. (E) Identification of 10 individual mAbs to S protein of SARS-CoV. (F) 
Identification of 10 individual mAbs to S2 protein of SARS-CoV. (G) Identification of 10 individual mAbs to S protein of MERS-CoV. (H) Identification of S2E7 mAb to S, S2 
and NTD (±) proteins of SARS-CoV-2 and SARS-CoV. “NTD (±)” means SARS-CoV-2 NTD and without SARS-CoV NTD.

Table 2. EC50 and IC50 values of S2E7-mAb in ELISA and Pseudo-virus neutraliza-
tion assay.

ELISA binding EC50 (μg/mL) Pseudo-virus neutralization IC50 (μg/mL)

SARS-CoV-2-S 0.069 WT 12.292
SARS-CoV-2-S2 0.049 B.1.1.7 12.948
SARS-S 0.055 P.1 -
SARS-S2 0.034 B.1.351 11.034
MERS-S 13.343 B.1.617.2 10.372
SARS-CoV-2-RBD - B.1.1.1 -
SARS-CoV-2-NTD - B.1.621 2.068
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of population without SARS-CoV-2 infection were 
observed with antibodies against SARS-CoV-2 S2 subunit, 
and most of the convalescent patients had higher levels of 
anti-S2 antibodies than anti-RBD antibodies, suggesting 
the provocation of S2 Memory B-cells and the produced 
IgG protective against infection originated from some old 
coronaviruses.29 Apart from the preexisting B-cell memory 
response, the T-cell memory response may also play an 
important role in inducing strong and long-lasting 
immune response to antigens. Previous studies have ver-
ified that cytotoxic T-lymphocyte (CTL) epitopes at resi-
dues 884–891 and 1116–1123 were within the S2 subunit 
of SARS-CoV, therefore S2 subunit may also induce cell- 
mediated immunity.30 A study of 5 different cohorts from 
Germany, Singapore, Netherlands, UK, and the USA con-
firmed this theory, results indicated that 20 to 50% of 
individuals who never infected with SARS-CoV-2 had 
reactive T-cells against SARS-CoV-2.19,31–34 In connection 
with the results of previous studies that the spike protein 
of SARS-CoV-2 has a 10 to 20 times greater affinity for 

ACE2 than that of SARS-CoV, it is speculated that SARS- 
CoV-2 S may not be recognized and bound by antibodies 
as easily as SARS-CoV.35

In neutralization assay, different neutralizing capacity of the 
same mAb to multiple variants may be related to the mutation 
sites (Table 3). Antibodies were observed to have similar reac-
tivity against WT, B.1.1.7, B.1.351, and B.1.617.2, suggesting 
that they may not recognize antigenically epitopes of A701 V, 
T716I, S982A, D1118 H and D950N, as these epitopes within 
S2 domain occurred in B.1.1.7, B.1.351, and B.1.617.2 pseudo- 
virus particles, respectively. In contrast, these antibodies 
showed another neutralization trend to B.1.1.1 variants, 
although they were tested under exactly the same experimental 
conditions, it is speculated that these differences may be related 
to the T859N in B.1.1.1. As for P.1 variants, with no mutation 
sites located in S2 region, the neutralization condition was 
significantly different from that of WT, may be due to the 
nature of the pseudo-viruses. Another thing worthy to be 
noted that these antibodies present different neutralizing abil-
ities against B.1.621 from other variants, although the B.1.621 

Figure 3. Identification of S2-targeting antibodies against SARS-CoV-2 pseudo-viruses by neutralization assay. (A) in vitro neutralization activities of 10 individual mAbs 
against SARS-CoV-2 WT in 293T-ACE2 cells. (Shown as mean ± S.D. of values derived from experiments conducted in triplicate). (B) in vitro neutralization activities of 10 
individual mAbs against B.1.1.7 in 293T-ACE2 cells. (C) in vitro neutralization activities of 10 individual mAbs against B.1.351 in 293T-ACE2 cells. (D) in vitro neutralization 
activities of 10 individual mAbs against P.1 in 293T-ACE2 cells. (E) in vitro neutralization activities of 10 individual mAbs against B.1.617.2 in 293T-ACE2 cells. (F) in vitro 
neutralization activities of 10 individual mAbs against B.1.1.1 in 293T-ACE2 cells. (G) in vitro neutralization activities of 10 individual mAbs against B.1.621 in 293T-ACE2 
cells.

Table 3. Mutation sites of SARS-CoV-2 pseudo-virus particles.

Pseudo- 
virus Identifier Mutation sites (S1 region) Mutation sites (S2 region)

WT DD1402 —— ——
B.1.1.7 DD1440 △69–70, △Y144, N501Y, A570D, P681 H, D614 G T716I, S982A, D1118 H

B.1.351 DD1441 L18F, D80A, D215 G, △242–244, R246I, K417N, E484K, N501Y, D614 G A701 V
P.1 DD1446 L18F, T20N, P26S, D138Y, R190S, K417T, E484K ——
B.1.617.2 DD1454 T19 R, G142D, △156–157, R158 G, L452 R, T478K, D614 G, P681 R D950N
B.1.1.1 DD1459 G75 V, T76I, △246–252, L452Q, F490S T859N
B.1.621 DD1461 T95I, Y144S, Y145N, R346K, E484K, N501Y, D614 G, P681 H D950N
B.1.1.529 NP&NT A67 V, △69–70, T95I, G142D, △143–145, △211, L212I, insert214EPE, G339D, S371 L, S373P, S375F, K417N, 

N440K, G446S, S477N, T478K, E484A, Q493 R, G496S, Q498 R, N501Y, Y505 H, T547K, D614 G, H655Y, N679K, 
P681 H

N764K, D796Y, N856K, Q954  
H, N969K, L981F

Note: “△” indicates “deletion of amino acid at this site”. “NP&NT” indicates “Neither purchased nor tested in this study”.
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and B.1.617.2 shared the same mutation site of D950N located 
in the S2 subunit, verifying the diversity between pseudo- 
viruses even if they were only different in several amino acid 
sites. The effects of the mutation sites are only speculation after 
all, it is valuable to find potent neutralizing antibodies and 
select live viruses for functional analysis and structural 
characterization.

In the real world, since November 2021, Omicron strains have 
been found in many countries. As of 24 February 2022, WHO 
determined that Omicron accounted for more than 99% of the 
strains sequenced in the past 30 days, so Omicron has become 
a major global epidemic strain.4 At present, there are three hypoth-
eses about the origins and evolution of Omicron, Omicron may 
circulate and evolve in a hidden population, in some immunosup-
pressed patients, or originate from adaptation in animal reservoirs 
and been transmitted back to human.36 Compared with SARS- 
CoV-2 WT, Omicron has 53 more mutations, of which 34 muta-
tions occurred in the S protein region, 13 mutations cluster within 
three functionally important regions of the S-gene seem coopera-
tively interact to mitigate their individual fitness costs and adap-
tively alter the function of SARS-CoV-2 S protein.37 A recent study 
confirmed that Omicron S protein binds more strongly to hACE2 
than other variants, and it mediates enhanced entry into cells 
expressing several different animal ACE2s, including various 
domestic avian species, horseshoe bats and mice, suggesting it 
has an increased propensity for reverse zoonosis and is more likely 
to establish an animal reservoir of SARS-CoV-2 than previous 
variants.38 Another study also found that the N501Y and Q498 R 
in Omicron could enable the variant to bind rat ACE2 with 
increased affinity to almost 20-fold, which would be expected to 
drive increased human-to-human and cross-species 
transmission.39 Numerous studies have shown that Omicron trig-
gers immune escape more easily than other variants, neutralization 
titers of Omicron by many potent monoclonal antibodies and sera 
from COVID-19 vaccinees and SARS-CoV-2 convalescent sub-
jects are substantially reduced, or these antibodies and sera failed 
to neutralize.40–43 Therefore, finding potent neutralizing antibo-
dies targeting conserved epitopes may inhibit the immune escape 
caused by these variants, such as the S2-specific NAbs.

Currently, there are fewer studies on S2-targeting antibodies 
(Table 4). Emanuele Andreano et al. isolated S2-specific mAb 
(L19) from COVID-19 convalescent patients, which showed 
neutralization potency with 19.8, 12.5 and 9.9 μg/mL for the 
authentic WT, the D614 G and the B.1.1.7 variant.27 Another 
S2-binding mAb (CV3–25) reported by Madeleine 
F. Jennewein and colleagues was isolated from COVID-19+ 
subjects, which could neutralize both SARS-CoV-1 (IC50 2.1  
μg/mL), Wuhan strain of SARS-CoV-2 (IC50.34 μg/mL) and 
the B.1.351 mutant strain, and can bind the S proteins of HKU1 
and OC43 strongly, indicating that CV3–25 recognizes 
a conserved epitope among diverse coronaviruses.44 Other 
two S2-mAbs (1.6C7 and 28D9) with remarkable cross- 
reactivity were isolated from immunized humanized mice by 
Chunyan Wang et al., the ELISA-based EC50 titers of mAbs 
1.6C7 and 28D9 were 7 and .05 μg/mL, while no neutralization 
of them was seen against authentic SARS-CoV-2, only low 
levels of neutralizing activity by 28D9 were detected by VSV 
pseudoviral system (IC50 45.3 μg/mL).45 Elaine C. Chen et al. 
identified four S2-specific antibodies (COV2–2002, COV2– 

2333, COV2–2164 and CnC2t1p1_B10) from convalescent 
survivors of SARS-CoV-2 and individuals vaccinated with 
mRNA vaccines, which bound to S2 with EC50 values of .67, 
1.00, .61 and .63 μg/mL, respectively. However, the IC50 values 
from the real-time cell analysis (RTCA) assay were unavailable, 
suggesting the lack of neutralizing capacity for authentic SARS- 
CoV-2 and VSV-SARS-CoV-2.46 Six S2-mAbs originated from 
COVID-19 patients showed moderately neutralizing ability to 
SARS-CoV-2 WT in the PRNT assay (EC50 36–133.33 nM) in 
Kuan-Ying A. Huang and colleagues’ study.47 Some other S2- 
mAbs (46,472–1, 46,472–2, 46,472–3 and 46,472–4) prepared 
from recovered SARS-CoV donor sample had cross-reactivity 
with SARS-CoV-2 S but without neutralization in vitro were 
characterized by Andrea R. Shiakolas et al.48 Fatima Amanat 
et al. also found that SARS-CoV-2 mRNA vaccination could 
induce functionally diverse antibodies to NTD, RBD, and S2, 
while all the S2-targeting mAbs did not have neutralizing 
activity.49 In our study, the S2E7 mAb with inferior binding 
and neutralizing abilities than the RBD/NTD-NAbs, which 
may be classified as weak neutralizing antibody just like these 
S2-mAbs summarized in Table 4.

Although the S2-mAbs in published researches and in this 
study did not have strong neutralizing abilities, the cross- 
reactivity of them between SARS-CoV-2 and other corona-
viruses suggested the high sequence conservation of S2 subunit. 
These mAbs may not be affected by the mutations and has the 
potential to become a broad-spectrum therapeutic antibody. 
Rather than neutralizing antibodies with potent specificity for 
one antigen, we hope to screen neutralizing antibodies with 
cross-reactivity to multiple antigens to prevent immune escape 
caused by mutations in the real world. In addition, study on the 
S2 subunit may not only should be limited to the level of 
neutralizing antibodies it induces, but also in its role in distin-
guishing case types and preventing future infections. As asymp-
tomatic infections usually elicited weaker antibody responses, 
the higher sensitivity of S2-mAbs (IgG) than RBD-mAbs (IgG) 
could supplement nucleic acid testing in identifying asympto-
matic cases at early period.50 Another study also proved that S2- 
peptides can be used as potential biomarkers for assessing the 
effectiveness of vaccination and differentiating COVID-19 
patients from vaccinated individuals.51 Furthermore, to under-
stand the immune response to SARS-CoV-2, analyzing T-cell 
responses would be as important as B-cell responses, especially 
when T cell epitopes mainly present in S2 subunit.52

There are several limitations in this study. First of all, 
limited by the expensive cost and experimental conditions of 
Cryo-Electron Microscopy (Cryo-EM), and for the reason that 
our screened antibodies did not have potent neutralizing abil-
ities and had no further practical therapeutic value in the real 
world, so we did not use Cryo-EM to characterize the actual 
epitopes of mAbs binding to antigens. In addition, in the 
neutralization assay of pseudo-viruses, the performance of 
pseudo-viruses may be unstable during freeze-thaw and use, 
and fluorescence attenuation and quenching may occur during 
detection, which may affect the results.

In conclusion, ten antibodies targeting the SARS-CoV-2 S2 
domain were prepared in this study. S2E7-mAb showed cross- 
reactivity to SARS-CoV-2 S, SARS-CoV S, MERS-CoV S, SARS- 
CoV-2 S2 and SARS-CoV S2 proteins, but with weak neutralizing 
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abilities to SARS-CoV-2 WT and variants. It seems to indicate that 
S2-targeting neutralizing antibodies were not present in the 5 
convalescent individuals included in our study. However, the 
cross- recognize activity is worthy of recognition, the verified 
conserved S2 domain may have important implications for 
recruiting preexisting memory B cells and T cells responses for 
diverse coronaviruses. Perhaps at some point in the future, S2- 
specific antibodies that are equivalent to neutralizing antibodies 
targeting RBD or NTD can be screened out, then vaccine design 
based on S2 neutralizing epitopes will effectively solve the current 
problem of mutational escape in multiple SARS-CoV-2 variants all 
over the world.
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