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Abstract The coronavirus disease 2019 (COVID-19) has caused global public health and economic crises. Thus,
new therapeutic strategies and effective vaccines are urgently needed to cope with this severe pandemic. The
development of a broadly neutralizing antibody against severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is one of the attractive treatment strategies for COVID-19. Currently, the receptor-binding domain (RBD)
of the spike (S) protein is the main target of neutralizing antibodies when SARS-CoV-2 enters human cells through
an interaction between the S protein and the angiotensin-converting enzyme 2 expressed on various human cells. A
single monoclonal antibody (mAb) treatment is prone to selective pressure due to increased possibility of targeted
epitope mutation, leading to viral escape. In addition, the antibody-dependent enhancement effect is a potential
risk of enhancing the viral infection. These risks can be reduced using multiple mAbs that target nonoverlapping
epitopes. Thus, a cocktail therapy combining two or more antibodies that recognize different regions of the viral
surface may be the most effective therapeutic strategy.
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Introduction

The coronavirus disease 2019 (COVID-19) caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has led to a global pandemic, severely threatening
human lives and the global economy [1]. Clinical
evidence-based medicine, including guidelines based on
strong evidence and the results of randomized clinical trials
on COVID-19 treatment, is still evolving. While several
antiviral drugs have been developed [2,3], the monoclonal
antibody (mAb) therapy that can neutralize SARS-CoV-2
may be an alternative, innovative, and effective method to
cope with the coronavirus infection. However, selective
pressure may occur during any treatment of coronavirus
infection with a single mAb because of the likelihood of
the virus undergoing mutation, thereby escaping the
detection by mAbs. By developing a cocktail therapy
comprising a combination of multiple mAbs that target

nonoverlapping epitopes, the risk of mutational escape can
be reduced, and the therapeutic efficacy may be improved.

Neutralizing antibody development

How does SARS-CoV-2 infect humans? Virus particles
enter human cells through the interaction of the spike (S)
protein and the angiotensin-converting enzyme 2 (ACE2)
expressed on various human cells. New viral particles are
prepared inside infected cells and are released outside of
the cells. In the same way, these particles can infect normal
cells. Thus, if the surface of the virus S protein is the key,
the ACE2 is the matching lock. If the interaction of key and
lock proteins is blocked, the virus cannot replicate in large
numbers. Antibodies that can block this function are called
neutralizing antibodies.
Neutralizing antibodies are a class of antibodies that can

prevent cells from being infected by pathogens. Once this
phenomenon is achieved, the disease can be controlled,
and the remaining pathogens can be slowly eliminated by
the body’s immune system. Neutralizing antibodies can
effectively target pathogens and are a key target in vaccine
development. Studies have accumulated numerous data in
the development of neutralizing monoclonal antibodies to
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treat Ebola virus infections, such as Mab114, REGN–EB3,
and ZMapp infections [4]. Currently, neutralizing anti-
bodies is one of the most promising therapeutic modalities
among several new coronavirus drugs under development.
Antigen-enriched B cells expressing the ACE2 receptor

are isolated, and antibodies with different binding sites are
screened out on the basis of the cross-reaction with SARS-
CoV-2. The mechanism of the cocktail therapy of
neutralizing antibodies for treating SARS-CoV-2 infection
is shown in Fig. 1 [5 – 7].
Choosing a broadly neutralizing antibody against

SARS-CoV-2 is a promising strategy for treating
COVID-19. However, not all neutralizing antibodies are
directed against the receptor-binding domain (RBD) [8].
Chi et al. [9] have identified the 4A8 antibody from
convalescent patients with COVID-19, and this antibody
binds to the N-terminal domain (NTD) of the SARS-CoV-
2 S protein instead of the RBD. The identification of this
antibody indicates that neutralizing antibodies act via
diverse mechanisms. Thus, the NTD of the S protein may
be a potential target for generating neutralizing antibodies
to treat COVID-19. Pinto et al. [10] have described the
S309 monoclonal antibody, which can effectively neutra-
lize SARS-CoV-2 by binding to the RBD of the S
glycoprotein. Cao et al. [11] have used the high-throughput
single-cell RNA and VDJ sequencing methods to identify

SARS-CoV-2-neutralizing antibodies from the antigen-
enriched B cells of 60 convalescent patients and success-
fully identified 14 effective neutralizing antibodies, of
which the BD-368-2 is the most effective. Another study
has revealed that owing to its unique binding epitope, the
binding of BD-368-2 to the S protein RBD is not affected
by its spatial location. Irrespective of the “up” or “down”
conformation of RBD, the BD-368-2 can bind to the RBD
and completely block the binding of the S protein trimer to
the ACE2 receptor [12]. In a recent study conducted before
the COVID-19 pandemic, Kreer et al. [13] have performed
the deep sequencing of naïve B cells from 48 healthy
individuals and identified light chain and/or heavy chain
precursor sequences with the SARS-CoV-2-neutralizing
activity. These gene fragments encode effective neutraliz-
ing antibodies, suggesting that protective antibodies can be
easily induced by vaccines.
Notably, anti-SARS-CoV-2 antibodies can exacerbate

COVID-19 via a mechanism referred to as the antibody-
dependent enhancement (ADE) [14]. Previous vaccine
studies have warned of clinical safety risks associated with
ADE in humans, which may lead to the failure of vaccine
trials. ADE occurs in viral infections through different
mechanisms, such as increased viral infection and replica-
tion or enhanced inflammation and a pathological immune
response [15]. Coronaviruses have now spread across

Fig. 1 Mechanism of the cocktail therapy of neutralizing antibodies for treating the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection. Neutralizing antibodies (blue) target different epitopes of the S1 subunit of SARS-CoV-2, intercepting the virus
from binding to ACE2 on the surface of human cells, thereby preventing the virus from entering the host cell. The S2 subunit enters the
human cell membrane as the viral fusion peptide, thereby inducing a conformational change in the S2 subunit and forms a 6-HB trimer
with HR1 and HR2 domains in the virus fusion stage. Neutralizing antibodies (purple) disturb the 6-HB formation by binding the HR1
domain to inhibit the fusion of SARS-CoV-2 and host cell. ACE2, angiotensin-converting enzyme 2; 6-HB, 6-helix bundle; HR1, heptad
repeat 1; HR2, heptad repeat 2.
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species and become highly pathogenic. Moreover, cor-
onaviruses can rapidly spread within a population. In
addition, the virus can mutate, thereby posing an enormous
challenge to the development of antiviral drugs.

Concept and benefits of an antibody
cocktail therapy

The concept of cocktail therapy is first used for HIV
infections. By combining three or more antiviral drugs,
resistance to a drug can be reduced, thereby suppressing
viral replication to the maximum extent, delaying disease
progression, and improving the quality of life of patients
[16]. The combination therapy has been successfully used
in the field of oncology aside from viral infection
treatments, and several new combination therapies com-
prising targeted therapy drugs have achieved clinical
success [17,18]. In addition to approved antiviral drugs,
mAbs are the leading candidates in vaccine development
due to advances in the mAb technology [19].

Clinical practice with antibody cocktail
therapies

Twenty registered clinical trials on COVID-19 treatment
with neutralizing antibodies are either recruiting patients or
have been completed, of which eight clinical trials are
phase 2, 3, and 4 trials. Table 1 summarizes the eight
registered clinical trials of neutralizing mAbs with
therapeutic potential against SARS-CoV-2 reported so
far, and trial results will be available soon.
Recently, Jones et al. have announced that in a

randomized, double-blind, placebo-controlled phase 2
clinical trial, the cocktail therapy of neutralizing antibodies
LY-CoV555 and LY-CoV016 can significantly reduce viral
load and disease symptoms in patients with mild and
moderate COVID-19 [20]. In the high-risk subgroup of
patients with age > 65 years or BMI > 35 kg/m2, the
combination therapy can reduce the proportion of patients
who are hospitalized or require emergency treatment from
13.5% to 0%. Results show that high-risk patients with

Table 1 Eight registered clinical trials of neutralizing mAbs with therapeutic potential against SARS-CoV-2
Clinical trial
identifier Study type

Estimated
enrollment Subjects Treatment Primary objectives

NCT04425629 Randomized/
double-blind study

2104 Ambulatory patients with
COVID-19

Low-dose REGN10933+
REGN10987, high-dose
REGN10933+ REGN10987

To evaluate the clinical efficacy
of REGN10933+
REGN10987 compared with
placebo

NCT04426695 Randomized/
double-blind study

2970 Hospitalized adult patients
with COVID-19

REGN10933+ REGN10987 Proportion of patients with
treatment-emergent serious
adverse events

NCT04452318 Randomized/
double-blind study

2000 Asymptomatic adults with
SARS-CoV-2 infection

REGN10933+ REGN10987 Proportion of participants who
have a positive SARS-CoV-2
RT-qPCR and signs and symp-
toms of SARS-CoV-2 infection
during the efficacy assessment
period

NCT04427501 Randomized/
double-blind study

800 Patients with mild to
moderate COVID-19

LY3819253 (LY-CoV555) or
LY3819253+ LY3832479
(LY-CoV016)

Change in SARS-CoV-2 viral
load from baseline to day 11

NCT04545060 Randomized/
double-blind study

1360 Nonhospitalized patients
with COVID-19

Monoclonal antibody
VIR-7831

Proportion of participants who
have progression of COVID-19
until day 29

NCT04390464 Randomized/
open-label study

1167 Admitted pre-ICU patients
with COVID-19

Ravulizumab (monoclonal
antibody that binds to the
terminal complement protein
C5) or baricitinib
(antirheumatic drug)

Time to incidence of the com-
posite endpoint of death,
mechanical ventilation, ECMO,
cardiovascular organ support,
or renal failure

NCT04634409 Randomized/
double-blind study

500 Participants with mild to
moderate COVID-19

LY3819253 (LY-CoV555) and
LY3832479 (LY-CoV016)

Percentage of participants with
SARS-CoV-2 viral load higher
than 5.27

NCT04381936 Randomized/
open-label study

15 000 Patients with COVID-19 Drug: lopinavir–ritonavir
Drug: corticosteroid
Drug: hydroxychloroquine
Drug: azithromycin
Biological: convalescent plasma
Drug: tocilizumab
Biological: immunoglobulin
Drug: synthetic neutralizing
antibodies

All-cause mortality (within 28
days after randomization)
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COVID-19 are more likely to benefit from the cocktail
therapy. Junshi Biology and the Chinese Academy of
Sciences have cooperatively developed the neutralizing
antibody JS016 (LY-CoV016). Eli Lilly has obtained the
authorization from Junshi Biology outside Greater China.
LY-CoV555 is a neutralizing antibody developed by Eli
Lilly, AbCellera, and the National Institute of Allergy and
Infectious Diseases. The Regeneron Pharmaceuticals has
used humanized VelocImmune mice and peripheral blood
from patients who have recovered from COVID-19 to
isolate a single B cell for locating the epitope on the RBD
of the S protein on SARS-CoV-2. Researchers have
combined two SARS-CoV-2 virus monoclonal antibodies
with strong neutralizing ability and do not identify
overlapping epitopes in the S protein to reduce the risk
of treatment failure due to the epitope mutation. Research-
ers have referred to this cocktail therapy as “REGN–
COV2” (REGN10933+ REGN10987) [21]. The deep
sequencing reveals that the combination of two mono-
clonal antibodies can overcome the limitation of a single
antibody, providing the possibility of “1+ 1 > 2.” The
results of the clinical trial show that REGN–COV2 can
significantly reduce the viral load in patients and shorten
the time for relief from symptoms. After seven days of
treatment, REGN–COV2 significantly reduces the viral
load in seronegative patients [22]. Lilly and Regeneron
have submitted a request for emergency use authorization
for monotherapy and REGN–COV2, respectively, to the
U.S. Food and Drug Administration (FDA) [20,22].
However, neither the therapeutic antibodies (i.e.,
LY3819253 and LY3832479) nor REGN–COV2 have
been approved by the FDA, and these data are from the
companies’ official website. The data have neither been
peer reviewed nor officially published. Therefore, rigor-
ous, objective, detailed, and reliable data are needed to
verify the clinical reliability of these therapies.

Summary

The mechanism of the SARS-CoV-2 infection is not fully
understood. The development of neutralizing antibodies
against SARS-CoV-2 has some challenges, such as
mutations in the less conservative region of the S1 subunit
and the induction of ADE by non-neutralizing antibodies.
In addition, monoclonal antibodies may not recognize
different viral strains, and mutations in the virus can lead to
viral escape [23]. The use of a cocktail therapy may help
identify neutralizing and non-neutralizing epitopes on the
surface of the virus that interact with human cells, thereby
representing a promising therapeutic strategy. Finally,
because antibodies are protein drugs, their production,
transportation, and storage represent significant limitations
in addition to the expense involved in their production.

Thus, further research is needed before their large-scale
applications.
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