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Background: Severe acute respiratory syndrome coronavirus 2 (SARS CoV 2), responsible for the COVID-19 pandemic, mutates
quickly and develops resistance to established therapies, including neutralizing antibodies and vaccines. SARS-CoV-2 enters
human cells via a host receptor, angiotensin-converting enzyme 2 (ACE2), through its spike protein. The affinity of the spike
protein binding to the ACE2 receptor is a key determinant for the virulence of SARS CoV 2 variants.

Methods: This study evaluated the evolving binding levels of the SARS-CoV-2 spike protein receptor binding domains (RBD)
with human ACE2 protein. Expression vectors of membrane-bound RBD domain-containing proteins were constructed. RBD
domain plasmids were transiently transfected into HEK293T cells. Fluorescence-labeled ACE2 fusion protein was then used to
assess the binding levels to different RBD domain transfected HEK293T cells using flow cytometry. Additionally, etesevimab,
an anti-SARS-CoV-2 monoclonal antibody derived from a patient recovering from the original strain, was evaluated for the
interaction with RBD-domain transfectants and the ability to block ACE2 from binding to RBD.

Results: A decreased binding level of ACE2-RBD interaction was observed when SARS-CoV-2 evolved from the original strain
to the Delta strain, followed by an increased binding levels for Omicron BA.1 and BA.2 strains. Etesevimab bound to the RBD
domain of the original and Delta strains strongly, lost binding to Omicron BA.1 variant but regained some binding level to an
Omicron BA.2 strain. Etesevimab maintained some blocking capacity for spike protein-hACE2 interactions for all SARS-CoV-2
variants tested.

Conclusion: Assessing etesevimab’s binding and blocking capacity might help determine its ability to treat emerging SARS-CoV-2

strains.
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Introduction

COVID-19 has left its mark as one of the most widespread
diseases in recent history. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is a strain of coronavirus that
causes COVID-19. As of March 11, 2025, the World Health
Organization (WHO) (https://www.who.int/) has reported 778
million confirmed cases of COVID-19 and 7.1 million deaths
worldwide (WHO, 2025). SARS-CoV-2 engages human cells
via a host receptor ACE2 through its spike protein. The affinity
of the spike protein RBD to the ACE2 receptor thus holds a key
determinant for the virulence of SARS-CoV-2 variants'.

Before the availability of vaccines and anti-viral small
molecule drugs, SARS-CoV-2 neutralizing antibody or antibody
cocktail emerged as the first viral specific treatment receiving
emergency use authorization (EUA) by the US FDA, including
casirivimab plus imdevimab? (EUA issued November 2020),
bamlanivimab (EUA issued November 2020), bamlanivimab
plus etesevimab® (EUA issued February 2021) , sotrovimab
(EUA issued May 2021), and bebtelovimab (EUA issued Febru-

ary 2022). While the vaccine boosts host immunity over time,
SARS-CoV-2 specific neutralizing antibody provides immediate,
passive immunity that limits disease progression, and reduces
hospitalization and death in high-risk populations. Neutralizing
antibodies slow down viral spreading by preventing the virus en-
try into host cells. Etesevimab, a neutralizing antibody derived
from a patient recovered from COVID-19 Wuhan strain, tar-
gets the RBD’s receptor-binding motif (RBM), which includes
residues 438-506, and blocks RBD-ACE2? interactions®. No-
tably, the EUA for bamlanivimab monotherapy was revoked in
April 2021 due to reduced efficacy against emerging variants,
highlighting the rapid adaptation required for effective antibody
therapies, and an antibody cocktail composed of antibodies tar-
geting distinctive domains on SARS-CoV-2 is preferred over a
single neutralizing antibody to reduce the chance of evolving
resistance.

As a single-stranded RNA virus, SARS-CoV-2 mutates
quickly and develops resistance to established therapies, in-
cluding neutralizing antibodies® and vaccines®. When SARS
CoV 2 omicron and its subvariants became dominant strains in
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late 2021, almost all EUA approved neutralizing antibody or
cocktail can no longer neutralize the virus effectively, leading
to the eventual revokes of all EUAs by the FDA. Fortunately,
omicron variant specific vaccines and other small molecule anti-
viral drug such as Paxlovid, have become available and remained
effective against prevailing strains as of today.

The current study evaluated the evolving binding levels of the
RBD of the spike protein from the SARS-CoV-2 variants (origi-
nal Wuhan strain, Delta, Omicron BA.1 and BA.2) with human
ACE2 protein. One neutralizing antibody, etesevimab, was also
evaluated for binding to the RBD-domain of SARS-CoV-2 vari-
ants, and for its ability to block ACE2 binding. While previous
studies (e.g., Li et al., 2022)7 have investigated the RBD-ACE2
interaction, they have not comprehensively assessed how differ-
ent SARS-CoV-2 mutations impact both receptor binding and
neutralization by a therapeutic antibody. This study fills that
gap by systematically evaluating binding levels across multiple
variants and impacting on etesevimab, providing insights into
the molecular evolution of SARS-CoV-2 and its implications for
antibody-based therapies.

Results

Binding of ACE2-mlg fusion protein to HEK293T trans-
fected with RBD variants

An increased binding of ACE2-mlg fusion protein to HEK293T
cells transfected with RBD variants was observed over time and
peaked on day 3 (Figure 1), indicating the transient expression
reached peak around day 3. An initial decreased binding level
of ACE2-RBD interaction was observed when SARS-CoV-2
evolved from the original Wuhan strain to the delta strain, then
followed by increased binding levels for omicron BA.1 and
BA.2 strains, with omicron BA.2 strain has the highest binding
level.

Binding of etesevimab to HEK293T transfected with RBD
variants

Etesevimab is a neutralizing antibody derived from a patient
recovered from COVID-19 Wuhan strain. As the SARS-CoV-
2 evolved from Wuhan to delta strain, a decreased binding of
etesevimab to the spike protein was observed. Etesevimab lost
binding to Omicron (BA.1) completely, however regained some
binding to a later Omicron BA.2 strain (Figure 2).

As the virus evolved, the binding level of etesevimab to omi-
cron RBD domain decreased and therefore its capacity to block
the binding between the omicron RBD and ACE2 fusion protein
also decreased (Figure 3). Notably, although etesevimab lost
binding to BA.1 strain RBD completely, it maintained some
blocking capacity for RBD-ACE?2 interaction.

Staining by human ACE2 fusion protein
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Fig. 1 Binding of ACE2-mlg fusion protein to HEK293T transfected
with RBD variants. Membrane bound RBD domain containing

expression plasmids were transiently transfected into HEK293T cells.
Fluorescence labeled ACE2 fusion protein was then used to assess the

binding level to different RBD domain transfected HEK293T cells
daily for three days after transfection by flow cytometry analysis.

The binding of Etesevimab to RBD variants
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Fig. 2 Etesevimab binding to RBD variants. Membrane bound RBD
domain containing expression plasmids were transiently transfected
into HEK293T cells. Etesevimab, a SARS-CoV-2 specific human
antibody, was incubated with the transfected HEK293T and followed
by incubation with fluorescence labeled anti-human Ig secondary
antibody. The binding of etesevimab to RBD variants were analyzed
by flow cytometry.

Discussion

In the wake of the COVID19 global pandemic, the patient-
derived neutralizing antibody or antibody cocktail emerged as
the first viral specific treatment approved by the US FDA. In
February 2021, the FDA granted emergency use authorization
for bamlanivimab plus etesevimab to treat mild to moderate
COVID-19 as the cocktail limits disease progression and reduces
hospitalization and death in high-risk populations. Due to its
fast-mutating nature as an RNA virus, SARS-COV-2 evolved
quickly and developed resistance to established treatment. In
December 2023, FDA revoked the emergency use authorization
of bamlanivimab plus etesevimab as the antibody cocktail can
no longer neutralize SARS-COV-2 Omicron stains (BA.1, BA.2
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and BA.5) effectively.

In the current study, the scientific basis for the approval and
the revocation of EUA was demonstrated. In a set of cell-based
experiments, the binding of the receptor binding domain of
SARS-CoV-2 variants with human ACE2 protein was investi-
gated. An increased binding levels for ACE2-RBD interaction
was observed in the Omicron strains, as previously reported-’.
Etesevimab showed strong binding to the RBD domains of the
Wuhan and Delta strains, but not to the Omicron strains. Con-
sistently, etesevimab blocked the ACE2-RBD interaction more
effectively for Wuhan and Delta strains than for the Omicron
strains. The accumulated mutations in the RBD domain of the
Omicron strains likely changed the configuration of the spike
protein, leading to the greatly reduced binding for etesevimab.
Notably, mutations at positions K417 and E484 have been as-
sociated with reduced neutralization efficacy of etesevimab. In-
terestingly, although etesevimab lost binding to Omicron BA.1
strain completely, it maintained some blocking capacity. One
possible explanation for this observation is that while as assessed
by flow cytometry, Omicron BA.1 lost apparent binding to RBD,
but it retained some weak binding to RBD undetectable by the
flow cytometry method, or regained some binding to RBD in
the presence of ACE2, which led to some blocking capacity for
RBD-ACE2 interaction.

Blocking effects of Etesevimab on RBD-ACE?2 interaction
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Fig. 3 Blocking effects of Etesevimab on RBD-ACE2 interaction.
Membrane bound RBD domain containing expression plasmids were
transiently transfected into HEK293T cells. Etesevimab, a
SARS-CoV-2 specific human antibody, was co-incubated with
fluorescence labeled ACE2 fusion protein at a ratio of 1:0.6. The
binding of etesevimab and ACE2 fusion protein to RBD variants were
analyzed by flow cytometry.

There are several limitations of the study. First of all, the bind-
ing analysis was based on transient transfected RBD domains
on HEK293T cells. Variable protein expression levels are ex-
pected from different transient transfection and thus impact the
accuracy of the binding analysis. Stably transfected HEK293T

cells would be preferred. Secondly, the membrane expressed
RBD fusion protein as well as the human ACE2-mlg fusion pro-
tein do not represent the exact native configurations of the viral
spike protein and membrane expressed human ACE2 receptor.
A pseudo-virus with complete spike protein and a human cell
line with ACE2 expression would be the better system to study
virus entry and fusion with host cells.

Conclusion

In summary, the current study used a cell based binding anal-
ysis system to study the interactions of SARS-CoV-2 variants
spike protein receptor binding domain with human ACE2 pro-
tein as well as the binding of SARS-CoV-2 variants by an FDA
approved neutralizing antibody, etesevimab. The results demon-
strated that as SARS-CoV-2 evolved, Omicron variants have
higher binding levels to the human ACE2 receptor and escaped
the recognition by etesevimab. As SARS-CoV-2 continues to
evolve, previously discontinued neutralizing antibodies should
be continuously monitored for their neutralizing effects and
might be repurposed for new emerging strains if they regain
binding and blocking capacity.

Materials and Methods

Plasmids, fusion proteins and monoclonal antibodies

Human expression plasmid containing a signal peptide
“MFVFLVLLPLVSSQC” fused with SARS-CoV-2 (Wuhan
strain) Spike Protein receptor binding domain and a his-tag
(pCAGGS-RBD-his) was provided by TopAlliance Biosciences.
The RBD domain included in the plasmid consists of residues
319 - 541 AA in S1 subunit of the spike protein. Additional
variants (Delta, Omicron BA.1 and BA.2) were made using PCR
based cloning methods. Paired primers were used to generate
specific DNA sequences encoding various COVID-19 RBD
domains. PCR products were then digested with (EcoR I/Xho
I) and ligated using T4 DNA ligase into pCAGGS-RBD-his
expression plasmids. Primers used in the PCR included:
PRIMER_TA276, AGATCTGCTAGCTCGAGTCAGTG-
GTGGTGGTGGTGGTGAAAG; PRIMER_TA277, TTGT-
GATCAAAGGAGATGAAGTGAGACAAATCGCACC;
PRIMER _TA320, AATCCATCCACTCCGTTGCAAGGT-
GTTG. PrimeSTAR GXL DNA polymerase from TaKaRa was
used. Detailed PCR protocol included: step 1. 98°C for 5
minutes; step 2. 30cycles of 98°C for 10 seconds, 60°C for 15
seconds and 68°C for 4 minutes; step 3. 68°C for 5 minutes.

Cloned plasmids were all verified by sequencing. Sanger
sequencing was performed with the cloned plasmid and PCR
primers from both ends covering the entire inserted 4 Kb se-
quence.

© The National High School Journal of Science 2025

NHSJS Reports | 3



Human ACE2 extracellular domain-mIgG2a Fc fusion protein
(TopAlliance Biosciences, Lot# 20200427, concentration 2.07
mg/mL) was produced by transient transfection in HEK293T
cells (ATCC # CRL-3216) and purified by protein A column.
Specifically, human ACE2 extracellular domain residues posi-
tion 18-740 was fused with mouse IgG2a heavy chain residue po-
sition 98-330, containing the hinge, CH2 and CH3 domains. Ete-
sevimab drug product was provided by TopAlliance Biosciences
(Lot# 20200402, concentration 20.0 mg/mL). APC labeled
mouse anti-human Ig-Fc (Cat# 409306, Lot# B265810) and
PE-labeled goat anti-mouse Ig (Cat# 405307, Lot# B253778)
were purchased from Biolegend (San Diego, California, USA).

HEK293T transient transfection by polyethylenimine (PEI)
method

HEK?293T cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine calf
serum (FBS). For transient transfection, 0.8 g of expression
plasmid DNA, encoding the membrane-bound domain of Spike
protein of the SARS-CoV-2 variants, was mixed with 50 uL of
Opti-MEM medium. Separately, 8.0 uL of polyethylenimine
(PEI) was also diluted in 50 pL of Opti-MEM medium. Both
mixtures were incubated at room temperature for 5 minutes. The
DNA and PEI solutions were then combined, mixed thoroughly,
and incubated for 15-30 minutes to allow for complex formation.
A total of 100 uL of the plasmid DNA-PEI mixture was added to
each well of cells. PEI used in the study was PEI MAX® (cat#
24765), linear polyethylenimine hydrochloride (MW 40,000)
from Polysciences. A transfection control is provided by co-
transfection with a GFP-containing control plasmid in each
transfection.

Expression and Binding Analysis by Flow Cytometry

Flow cytometry analysis was conducted using FACS Canto II
following manufacturer’s manual. Expression of RBD variants
were accessed by incubation with etesevimab, a SARS-CoV-2
specific human antibody first, and followed by incubation with
fluorescence labeled anti-human Ig secondary antibody. To de-
termine the binding levels of the different COVID-19 variants to
ACE-2, ACE2-mlg fusion protein (20 pug/ul, 1ug/50uL/tube)
was first incubated with SARS-CoV-2 variants RBD domain
transfected HEK293T cells for 30 minutes. Fluorescence labeled
Anti-mouse Ig Fc secondary antibody was then added to the cell
suspension. For this blocking assay, hACE2-mFc, 1.0 ug/50
UL /tube (20 (g /mL) was used, and etesevimab concentration
ranging from 0, 1.6, 4.1, 10.2, 25.6, 64.0, 160.0 and 400.00
ug/mL, were used to establish a titration. Each flow cytometry
study included cells without primary and secondary antibody,
and cells with secondary antibody only as controls. For hACE2-
mkFc, the secondary antibody was PE-labeled goat anti-mouse

Ig, BioLegend, Cat# 405307 (Lot# B253778). For etesevimab,
the secondary antibody was APC labeled mouse anti-human Ig-
Fc, BioLegend, Cat# 409306 (Lot# B265810). Flow cytometry
data were captured using BD FACSDiva software and results
were analyzed using Flowjo software. The reported staining
results were the relative values after subtraction from secondary
antibody only staining.
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