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While the COVID-19 pandemic caused by SARS-CoV-2 is
continuing, it may become worse in the coming winter months
with a high potential for the emergence and spread of escape var-
iants of SARS-CoV-2. SARS-related CoVs (SARSr-CoVs) from bats
may also cause outbreaks of emerging coronavirus diseases in the
future. These predictions call for the development of broad-spec-
trum anti-coronavirus vaccines and therapeutics to combat the
current COVID-19 pandemic and future emerging coronavirus dis-
ease epidemics. In this review, we describe advances and challenges
in the development of broad-spectrum vaccines and neutralizing
antibodies against lineage B betacoronaviruses (B-CoV-Bs),
including SARS-CoV-2, SARS-CoV, and SARSr-CoVs, as well as pep-
tide-based pan-CoV fusion inhibitors and their potential in the
prevention and treatment of COVID-19 and other human corona-
virus infections.

Introduction

As of December 15 of 2020, about 75 million confirmed
cases of COVID-19, caused by SARS-CoV-2 infection, and
1.66 million related deaths in 235 countries, areas, or
territories were reported to WHO (https://www.who.
int/emergencies/diseases/novel-coronavirus-2019). The
COVID-19 outbreak may become worse in the coming
winter months with a high potential for the emergence
and spread of escape variants of SARS-CoV-2, which may
be resistant to vaccines and therapeutics now under devel-
opment (Li et al., 2020). Furthermore, SARS-related CoVs
(SARS1-CoVs) from bats, such as SARSr-CoV-WIV1, can
use human ACE2 as a receptor to infect human cells, and
this may contribute to a new outbreak of coronavirus
disease in the near future (Zhou et al., 2020b). These predic-
tions call for the development of broad-spectrum anti-coro-
navirus vaccines and therapeutics to combat the current
COVID-19 pandemic caused by the wild-type and
mutant SARS-CoV-2, as well as any future emerging and
re-emerging coronavirus disease epidemics (Jiang et al.,
2020a; Wang et al., 2020d; Yu et al., 2020).

Coronavirus (CoV) is a family of enveloped single-
stranded positive-sense RNA viruses comprised of genus «
(a-CoV), B (B-CoV), vy (y-CoV), and 8 (5-CoV). B-CoV can
be further divided into lineage A (B-CoV-A), B (B-CoV-B),
C (B-CoV-C), and D (B-CoV-D) (Woo et al., 2012). Human
SARS-CoV-2 and SARS-CoV, which infect human target
cells by utilizing ACE2 as its receptor, belong to p-CoV-B.
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Bat SARSr-CoVs also belong to B-CoV-B, and most of
them can also use human ACE2 as their receptor to infect
human target cells, thus having the potential to cause
emerging CoV infectious diseases in the future (Zhou
et al., 2020b). Besides SARS-CoV and SARS-CoV-2, another
highly pathogenic emerging coronavirus caused the first
outbreak of viral respiratory disease in Saudi Arabia in
2012, termed "Middle East respiratory syndrome
coronavirus” (MERS-CoV), which belongs to p-CoV-C and
utilizes human DPP4 as a receptor for infecting human
target cells (Lu et al., 2013).

On the coronavirus envelope surface, three important
structural proteins can be identified: spike protein (S), en-
velope protein (E), and membrane protein (M). S protein
is a 180-200 kDa transmembrane (TM) glycoprotein that
can be cleaved into S1 and S2 subunits by some proteases,
such as transmembrane protease serine 2 (TMPRSS2), on
the target cell membrane (Hoffmann et al.,, 2020; Xia
et al.,, 2020a). The S1 subunit contains the N-terminal
domain (NTD) and the C-terminal receptor-binding
domain (RBD). Both SARS-CoV and SARS-CoV-2 utilize
the RBD to bind the ACE2 receptor (Chi et al., 2020; Li
etal., 2003). Thering structure in the RBD that directly con-
tacts ACE2 is named the receptor-binding motif (RBM) (Li
etal., 2005). The S2 subunit, which is composed of a fusion
peptide (FP), heptad repeats 1 and 2 (HR1 and HR2), a TM
region, and a cytoplasmic region, mediates the membrane
fusion process. If no suitable protease exists on the cell
membrane, the virus may enter the cell through endocy-
tosis and fuse with the endosomal membrane with the
assistance of acidic pH and proteases, such as cathepsin L
(Hoffmann et al., 2020; Xia et al., 2020a). During the mem-
brane fusion process, FP at the N terminus of S2 inserts into
the cytoplasmal or endosomal membrane to form the pre-
hairpin fusion intermediate conformation. Then, the three
HR1 regions are assembled into coiled-coil trimers, and the
three HR2 regions bind to hydrophobic grooves of the HR1
trimer in an anti-parallel manner, forming a six-helix
bundle (6-HB), which brings the viral envelope and the
cell membrane into close proximity for fusion (Xia et al.,
2020d) (Figure 1).

Studies have shown that SARS-CoV-2 has a genome sim-
ilarity of 79% and 88% with SARS-CoV and bat SARSt-CoV's
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Figure 1. Sequence Diagram and Structure
of B-CoV-B Spike Protein
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(bat-SL-CoVZC45 and bat-SL-CoVZXC21), respectively.
SARS-CoV, SARS-CoV-2, and SARSr-CoVs are all B-CoV-Bs,
are on the same branch in the phylogenetic tree, and use
the same receptor (ACE2) for infection (Cui et al., 2019;
Ho, 2011; Hoffmann et al., 2020; Hu et al., 2020). This
makes the development of pan-B-CoV-B vaccines and
neutralizing antibodies (nAbs) feasible. We have recently
designed and developed two peptide-based pan-CoV
fusion inhibitors, EK1 (Xia et al., 2019) and EK1C4 (Xia
et al., 2020d). Both are highly effective in inhibiting infec-
tion by all human CoVs tested, including SARS-CoV-2,
SARS-CoV, MERS-CoV, HCoV-OC43, HCoV-NL63, and
HCoV-229E, as well as some bat SARSr-CoVs. In this review,
we discuss advances in the research and development of
pan-B-CoV-B vaccines and nAbs, as well as pan-CoV fusion
inhibitors, including the challenges in translating them
into clinical applications.

Research and Development of Pan-3-CoV-B Vaccines

To combat the SARS-CoV-2 pandemic, a variety of vaccine
candidates against SARS-CoV-2 have been developed. Accord-
ing to WHO, as of December 8, 2020, 162 candidate vaccines
were in preclinical studies and 52 candidate vaccines were in
clinical evaluation, including 13 in phase III, 16 in phase II,
and 23 in phase I clinical trials (https://www.who.int/
publications/m/item/draft-landscape-of-covid-19-candidate-
vaccines). The data from phase III clinical trials showed that a
two-dose regimen of BNT162b2, an mRNA vaccine from
Pfizer and BioNTech, conferred 95% protection against
COVID-19 in persons 16 years or older (Polack et al., 2020).
Several countries, including the UK and the US, have granted
emergency use authorization to this vaccine. Moderna’s
mRNA vaccine was also reported to have roughly 95% effi-
cacy, and will likely pass regulatory muster over the next
few weeks (Cohen, 2020). In the phase III clinical trials con-
ducted in the UK, Brazil, and South Africa, and in the UK of

I (A) Sequence diagram of B-CoV-B spike (S)

protein.

(B) Structure diagram of S protein position on

coronavirus surface and its crystal structure

(modified from PDB: 6VXX).

RBD  RBD, receptor-binding domain; RBM, receptor
binding motif; NTD, N-terminal domain; HR1,
heptad repeat 1; HR2, heptad repeat 2; FP,
fusion peptide; TM, transmembrane domain;

FP CP, cytoplasmic region. Illustration created by
the authors using http://www.biorender.com.
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the ChAdOx1 nCoV-19 vaccine (AZD1222) developed by
the University of Oxford and AstraZeneca (van Doremalen
etal., 2020), the vaccine efficacy in participants who received
two standard doses was 62%), while that of those who received
alow dose followed by a standard dose was 90%, and the over-
all vaccine efficacy across both groups was ~70% (Voysey et
al., 2020). Two vaccines have achieved regulatory authoriza-
tion or approval by the Ministry of Health of the Russian
Federation, including Sputnik V (formerly known as Gam-
COVID-Vac), an rAd26 and rAdS vector-based heterologous
prime-boost COVID-19 vaccine developed by the Gamaleya
Research Institute in Moscow (Logunov et al., 2020), and a
peptide vaccine named EpiVacCorona developed by the Fed-
eral Budgetary Research Institution State Research Center of
Virology and Biotechnology in Russia. Three inactivated vac-
cines from Beijing Institute of Biological Products/Sinopharm
(named BBIBP-CorV) (Wang et al., 2020b; Xia et al., 2020c)
and Wuhan Institute of Biological products/Sinopharm (no
name announced), as well as Sinovac (named CoronaVac)
(Zhang et al., 2020b) were approved in China as part of an
emergency use program in the country for "high-risk" individ-
uals (https://www.raps.org/news-and-articles/news-articles/
2020/3/covid-19-vaccine-tracker).

Most COVID-19 vaccine candidates, as listed above in
clinical trials, are safe for use in humans because of the
absence of any reported serious adverse reaction. This
does not mean that vaccine safety is not a continuing crit-
ical concern in phase III clinical trials and in the future
application of vaccines (Jiang, 2020). In particular, vac-
cine-associated disease enhancement (VADE) may occur
when vaccinated people become naturally infected (Su
etal., 2020) (Figure 2). VADE includes Th2-biased immuno-
pathology and antibody-dependent enhancement (ADE)
mediated by antibody-Fc receptor (FcR)-associated entry
of virus into cells with or without viral replication, thus
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Figure 2. Current COVID-19 Vaccine Candidates and Strategies for Developing Pan-f3-CoV-B Vaccines

The antigens in the current COVID-19 vaccine candidates under clinical development consist of (A) whole viral particles either inactivated
or attenuated, (B) spike (S) protein, or (C) receptor-binding domain (RBD). The vaccine-associated disease enhancement (VADE),
including Th2-biased immunopathology and antibody-dependent enhancement (ADE), may occur when vaccinated people become
naturally infected (Su et al., 2020). Pan-BCoVg vaccines can be designed using the strategies of glycosylation of NII-negative (NII—) sites
and/or deglycosylation of the NII-positive (NII+) sites on S protein RBD. These optimized RBDs can also be used for the development of
pan-B-CoV-B nAbs. Illustration created by the authors using http://www.biorender.com.

leading to the release of inflammatory cytokines or chemo-
kines (Su et al., 2020). In general, antibodies with ADE are
non-nAbs, but some nAbs can also mediate ADE at subop-
timal concentration (Figure 2).

Presently, vaccine antigens against coronaviruses can be
divided into several types: (1) inactivated or attenuated
whole virus particles, (2) full-length S protein ectodomains,
and (3) RBDs (Figure 2). Most viral vector-, mRNA-, or DNA-
based vaccine candidates encode full-length S protein ecto-
domains of SARS-CoV-2 because the S protein contains
both T and B cell epitopes that can induce cellular and hu-
moral immune responses against viral infection. Most
recently, Ahmed et al. have identified 115 T cell epitopes
and 298 B cell epitopes from SARS-CoV S and N proteins
and found that 27 T cell epitopes and 49 B cell epitopes
are identical to those in SARS-CoV-2 S and N proteins, sug-
gesting that the antigen containing these shared T and B
cell epitopes in SARS-CoV and SARS-CoV-2 S and N pro-
teins could be applied to the design of pan-B-CoV-B vacci-
nes(Ahmed et al., 2020).

Indeed, S protein is highly immunogenic (Du et al.,
2009), and SARS-CoV S protein-based vaccines can induce
nAbs and protect mice from SARS-CoV challenge (Deming
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etal., 2006; Yang et al., 2004). Similarly, recent studies have
shown that SARS-CoV-2 S protein-based vaccines,
including adenovirus-vector- and mRNA-based vaccines,
can protect mice or rhesus macaques from SARS-CoV-2
challenge (Erasmus et al., 2020; Feng et al., 2020; Holland
et al., 2020).

However, based on our previous studies on SARS-CoV
subunit vaccines, we found that the RBD contains the ma-
jor nAb epitopes in S protein, but fewer immunodominant
epitopes capable of inducing non-neutralizing antibodies
or harmful immune responses than S protein. Therefore,
the RBD is a better antigen than S protein in the develop-
ment of SARS-CoV vaccines (Chen et al., 2005; Du et al.,
2009; He et al., 2004, 2005a, 2005b). Yang et al. (2020a)
have shown that a SARS-CoV-2 vaccine based on the RBD
can elicit a much higher titer of neutralizing antibodies
(NTsp ~1:2,400) than the full-length S ectodomain (NTso
~1:300), S1 (NTso ~1:1,100), or S2 (NTso ~1:10),
respectively.

Furthermore, sera from mice and rabbits immunized
with SARS-CoV RBD exhibited cross-neutralizing activities
against SARS-CoV-2 pseudovirus infection (Tai et al.,
2020a; Zhu et al., 2020) (Table 1). Du and colleagues have
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Table 1. Representative B-CoV-B Vaccines that Induce Antibodies with Cross-Neutralizing Activity against SARS-CoV-2, SARS-CoV,

and SARSr-CoVs

Animal Neutralizing and
Name Vaccine Format Immunized Cross-Neutralizing Activity Ref.
RBD mRNA-LNP lipid nanoparticle (LNP)-encapsulated mice PsV SARS-CoV-2: NTsq = ~1:10,000; Tai et al. (2020b)

mRNA encoding SARS-CoV-2 RBD

RBD-Fc SARS-CoV-2 RBD-Fc-based mice
subunit vaccine

IN0-4800 DNA vaccine expressing mice and
SARS-CoV-2 S protein guinea pigs
RBD-Fc SARS-CoV-2 RBD-Fc-based mice

subunit vaccine

S protein SARS-CoV S-based subunit mice
vaccine
RBD SARS-CoV GDO3 RBD-based mice

subunit vaccine

RBD SARS-CoV SZ16 RBD-based mice
subunit vaccine

RBD SARS-CoV GDO3 RBD-Fc-based rabbit
subunit vaccine

RBD SARS-CoV SZ16 RBD-Fc-based rabbit
subunit vaccine

live SARS-CoV-2: NTsq = 1:540;

PsV SARS-CoV-Tor2: NTso = ~1:175;
PsV SARS-CoV-GD03: NTso = ~1:125;
PsV SARS-COV-SZ-2: NTsg = ~1:75;

PsV SARS-CoV-2: NTso = 1:7,166; Liu et al. (2020b)
live SARS-CoV-2: NT5o = 1:10,523;

PsV SARS-CoV: ICso = 50 pg/mL;

PsV SARSr-CoV-WIV1: IC5o = 25 png/mL;

mice: Smith et al. (2020)
limited cross-reactivity to SARS-CoV;

PsV SARS-CoV-2: NT5q — 1:92

live SARS-CoV-2: NT5o = 1:340

guinea pigs:

PsV SARS-CoV-2: NTso = 1:574

live SARS-CoV-2: NT5o = >1:320

PsV SARS-CoV: NTsq = 1:835 Zang et al. (2020)
PsV SARS-CoV-2: NT5o = 1:12,764

live SARS-CoV-2: inhibit viral infection

by 83% at 1:5,120

PsV SARS-CoV: NT5o = 1:640 Zhu et al. (2020)
PsV SARS-CoV-2: NTs = 1:40 to 1:160

PsV SARS-CoV: NTso = 1:640 Zhu et al. (2020)
PsV SARS-CoV-2: NTsg = 1:40 to 1:160

PsV SARS-CoV: NTso = >1:640 Zhu et al. (2020)
PsV SARS-CoV-2: NTsq = 1:40 to 1:160

PsV SARS-CoV: NT5o = 1:160 to 1:640 Zhu et al. (2020)
PsV SARS-CoV-2: NT5o = <1:40

PsV SARS-CoV: NT5q = >1:640 Zhu et al. (2020)
PsV SARS-CoV-2: NTso = 1:40 to 1:160

PsV, pseudovirus.

designed and developed a COVID-19 vaccine candidate
based on lipid nanoparticle (LNP)-encapsulated mRNA en-
coding the RBD (RBD mRNA-LNP). After prime-boost im-
munization of mice with RBD mRNA-LNP, they found
that mouse antisera potently neutralized SARS-CoV-2 pseu-
dovirus infection with an NTsq (50% neutralizing antibody
titer) of ~1:10,000 and cross-neutralized infection by hu-
man SARS-CoV strains, including Tor2 and GDO3, as well
as palm civet SARS-CoV strain SZ3 (Tai et al., 2020b). Our
group has demonstrated that immunization of mice with
an RBD-Fc subunit vaccine candidate containing SARS-
CoV-2 RBD and a human immunoglobulin G (IgG) Fc frag-
ment of human IgG results in the production of high-titer
nAb responses against infection by both live and pseudo-
typed SARS-CoV-2 with NTsq values of 1:7,166 and

1:10,523, respectively. Notably, IgG purified from the anti-
sera could effectively cross-neutralize infection by SARS-
CoV and SARSr-CoV WIV1 strains (Liu et al., 2020Db).
Zang et al. (2020) also used a SARS-CoV-2 RBD-Fc-based
subunit vaccine to immunize mice and obtained mouse
antisera with strong neutralizing nAb responses against
pseudotyped SARS-CoV-2 and SARS-CoV infection with
NTsq values of 1:12,764 and 1:835, respectively. These re-
sults suggest that the RBD from either SARS-CoV-2 S or
SARS-CoV S protein has the necessary potential to be
further developed as a pan-B-CoV-B vaccine.

As well as the main neutralizing epitopes of S protein, the
RBD also contains some immunodominant epitopes (Kulp
and Schief, 2013; Kwong et al., 2011), which may elicit
non-nAbs or harmful immune responses. In general, the
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epitopes that are highly conserved and well exposed on the
surface proteins of the enveloped viruses are able to induce
high levels of broad nAbs (Sok et al., 2013). However, many
of the conserved epitopes are not well exposed or are
covered by glycans. As a remedy, we can either remove
the glycan(s) at the conserved region to expose the neutral-
izing epitopes or mask the non-neutralizing epitope(s) in
the immunodominant region with glycan(s). For example,
Chen et al. (2014) constructed an RBD variant (RBD219-
N1) by deleting the first Asn (N-1) in the RBD in the
SARS-CoV § protein. Using RBD-N1 as a SARS-CoV vaccine
candidate to immunize mice, they found that it could
induce significantly stronger RBD-specific neutralizing
antibody responses in immunized mice than RBD219-WT
RBD, suggesting that deglycosylation is an important strat-
egy for improving the immunogenicity of a neutralizing
antibody epitope covered by glycan(s) in a vaccine candi-
date. Alternatively, Du et al. (2016) have used a strategy
to reduce the immunogenicity of the predominant non-
neutralizing epitopes capable of diverting host immune re-
sponses, thereby enhancing the immunogenicity of the
neutralizing epitopes on the RBD in S protein of MERS-
CoV. At the same time, they introduced a new concept
termed the “neutralizing immunogenicity index” (NII).
They first masked a selected epitope in the RBD with a
glycan probe and then used the modified RBD vaccine to
immunize mice, followed by testing the neutralizing titer
of mouse antisera, thereby forming the basis for calculating
the NII. A negative NII value suggests the negative contri-
bution of the original unmodified epitope to the overall
neutralizing immunogenicity of the RBD vaccine. Using
this method, they found that the epitope containing
T579 made a negative contribution. Interestingly, the
introduction of a glycan through T579N mutation resulted
in a significant enhancement of immunogenicity to elicit
higher titers of nAbs.

Similarly, our group has proposed a concept termed the
“broad neutralizing immunogenicity index” (BNII). This
involves modifying the RBD vaccine by either removing
the glycan(s) in the conserved region to expose the
neutralizing epitopes or masking the non-neutralizing
epitope(s) in the immunodominant region with gly-
can(s). In brief, mice are immunized with the optimized
RBDs with removed or added glycan(s), and the mouse
sera are then collected for testing the neutralizing activity
against divergent SARS-CoV-2 mutants or different
B-CoV-B strains. Finally, BNII is calculated based on the
number of viral variants to be neutralized. The vaccines
with higher BNII values, indicating greater potential to
induce broad-spectrum nAbs, will be designed and
developed.

To develop an effective and broad-spectrum vaccine,
appropriate immunization routes and adjuvants are also

402 Stem Cell Reports | Vol. 16 | 398—411 | March 9, 2021
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indispensable (Zhang et al., 2014). Adjuvants can effec-
tively enhance the immune response and reduce the
amount of antigen used. Commonly used vaccine adju-
vants, such as alum and MF59, are usually administered
through intramuscular or intradermal injection. However,
through intranasal administration, studies have shown
that RBD-based vaccines can induce a stronger systemic
cellular immune response and a higher local mucosal im-
mune response in mice lungs compared with subcutaneous
injection (Ma et al., 2014). Previous studies demonstrated
that the stimulator of interferon genes (STING) in cells
can effectively enhance the production of type I interferon
and mimic the immune response process caused by viral
infection (Ablasser et al., 2013). However, the delivery of
STNG agonists to the cytoplasm of lung epithelial cells
(AECs) without destroying the integrity of the pulmonary
surfactant (PS) layer is still challenging. In recent studies,
PS biomimetic liposomes (PS-GAMP) were utilized to
encapsulate the natural and effective STING agonist 2’,3'-
cyclic guanosine monophosphate-adenosine monophos-
phate (cGAMP) (Li et al., 2013; Wu et al., 2013). Owing to
the similarity between PS-GAMP and PS, PS-GAMP could
escape immune surveillance after intranasal immuniza-
tion, enter alveolar macrophages (AMs), and flow into
AECs through the gap junctions between AECs and AMs,
thus activating the STING pathway in AMs and AECs
without destroying the PS and the alveolar epithelial bar-
rier. Further studies have confirmed that the combination
of adjuvant PS-GAMP and inactivated HIN1 vaccine could
generate broad-spectrum cross-protection. Within 2 days
after a single immunization, it not only effectively
combated H1N1, but also different influenza virus sub-
types, including H3N2, H5N1, and H7N9 (Wang et al.,
2020c). Therefore, PS-GAMP is a promising “universal”
mucosal adjuvant, which can be adopted to develop pan-
B-CoV-B vaccines.

Research and Development of Pan-3-CoV-BnAbs

Because of the presence of high-titer nAbs in convalescent
patients, convalescent plasma therapy has been applied in
clinics to treat several contagious diseases, including SARS,
MERS, and COVID-19. However, it is limited by the avail-
ability of patient plasma, thus calling for research and
development of nAbs against SARS-CoV-2 and SARS-CoV
(Krishna et al., 2020).

We have previously shown that the RBD contains the
main neutralizing epitopes in the S protein of SARS-CoV
and that these epitopes can elicit a series of potent nAbs
in RBD-immunized animals (He et al.,, 2005b, 2006a,
2006b, 2006c¢). A number of these SARS-CoV RBD-specific
nAbs, such as 7B11 and 18F3, could cross-neutralize
SARS-CoV-2 infection (Tai et al., 2020c) (Figure 3; Table
2). Mechanistic studies have demonstrated that 7B11 neu-
tralizes SARS-CoV and SARS-CoV-2 by recognizing epitopes
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Figure 3. Mechanisms of Pan-B-CoV-B nAbs
and Peptide-Based Pan-CoV Fusion Inhibitors
(A) An RBD-specific pan-B-CoV-B nAb can bind
to RBD and block RBD/ACE2 binding with or

virus membrane

NTD l

=
ACE RBD/ACE2 binding

cell membrane

(\B
&
[UNES)

~

EK1/EK1C4

i virus RNA

........... R b3S

close to the ACE2-binding site, thus preventing RBD-ACE2
binding. Interestingly, 18F3 could recognize the conserved
region of RBD, even though its epitope does not overlap
with the ACE2-binding site in RBD (Tai et al., 2020c¢).

Using the B cell-based Epstein-Barr virus transformation
system and the SARS-CoV S-RBD as antigen, Zhu et al.
(2007) have identified a human nAb, m396, which is high-
ly potent in neutralizing SARS-CoV strains GD03, Urbani,
and Tor2 isolated from infected patients, as well as strains
SZ3 and SZ16 isolated from palm civets. However, m396
could not bind to the RBD of the SARS-CoV-2 S protein
and had no cross-neutralizing activity against SARS-CoV-
2 infection (Tian et al., 2020).

By screening the semisynthetic antibody phage display
libraries, van den Brink et al. (2005) identified an RBD-spe-
cific human nAb, CR3014, which could effectively block
RBD-ACE2 interaction and neutralize SARS-CoV infection
at nM concentration. This nAb could efficiently protect fer-
rets against challenge of SARS-CoV at high dose (ter Meulen
et al., 2004). The combination of two noncompeting hu-
man nAbs, CR3014 and CR3022, exhibited synergistic anti-
viral effect, resulting in the control of immune escape and
extended breadth of protection. This synergism may allow
for a lower total antibody dose for use in passive immune
prophylaxis of SARS (ter Meulen et al., 2006). Interestingly,
CR3022 bound potently with the SARS-CoV-2 RBD, as
determined by ELISA and bio-layer interferometry (BLI),
while CR3014 was unable to bind the SARS-CoV-2 RBD
(Tian et al., 2020). However, CR3022 could not cross-
neutralize SARS-CoV-2 at a concentration as high as
400 pg/mL. Although CR3022 can bind to a highly
conserved, but cryptic, epitope in the RBD distal from the
receptor-binding site between SARS-CoV and SARS-CoV-

= YT :

without mimicking ACE2.

(B) An NTD-specific pan-B-CoV-B nAb may

interfere with the conformational change of the
S2 subunit and exposes the HR1 and HR2.
(C) HR1 and HR2 interact to form 6-HB, bringing
the cell and virus membranes together for
fusion. EK1/EK1C4 can bind with HR1 and block
viral HR1 and HR2 interaction to form 6-HB.
Illustration created by the authors using http://
www.biorender.com.

nAbs targeting NTD!
SARS-CoV-2: 4A8,
2-43,2-51

2, it binds the RBD of SARS-CoV more tightly than that
of SARS-CoV-2 because the epitope in the RBD of SARS-
CoV contains a glycan not present in the RBD of SARS-
CoV-2. This may partly explain why CR3022 could cross-
react with, but not cross-neutralize, SARS-CoV-2 infection
in vitro (Yuan et al., 2020).

Screening from two non-immune phage libraries of hu-
man antibodies, Sui et al. (2004) identified eight recombi-
nant human single-chain variable fragments (scFvs). One
of them, 80R scFv, could compete with soluble ACE2 for as-
sociation with the S1 domain and bound S1 with high af-
finity. The 80R IgG1 could effectively neutralize infection
of SARS-CoV strains Tor2 and SZ2 and protected mice
from SARS-CoV infection (Sui et al., 2005). Meanwhile,
the 80R scFv could neither cross-react with, nor cross-
neutralize, SARS-CoV-2 (Tian et al., 2020).

Cao et al. (2020) identified 14 potent neutralizing mono-
clonal antibodies (mAbs) from 60 convalescent COVID-19
patients by high-throughput single-cell RNA and VD] (V, D
and J genes in IgG heavy chain) sequencing of antigen-en-
riched B cells. Among them, an antibody designated BD-
368-2 proved to be the most potent nAb against pseudo-
typed and live SARS-CoV-2 infection with half maximal
inhibitory concentration (ICsg) values of 1.2 and 1.5 ng/
mL, respectively. In addition, BD-368-2 has good therapeu-
tic and preventive effects in human ACE2 (hACE2) trans-
genic mice through binding to the RBD epitope which
overlaps the ACE2 binding site. Similarly, two mAbs, B38
and H4, isolated from convalescent COVID-19 patients,
could compete with ACE2 to bind RBD with ICs, values
of 0.18 and 0.9 pg/mL against live SARS-CoV-2 infection
(BetaCoV/Shenzhen/SZTH-003/2020), respectively (Wu
et al., 2020b). Both B38 and H4 were able to reduce lung
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Table 2. Representative B-CoV-B Antibodies with Cross-Neutralizing Activity against SARS-CoV-2, SARS-CoV, and SARSr-CoVs

Name Identification Method Target Neutralizing Activities Ref.
VHH-72 and bivalent immunizing llamas with RBD VHH-72: Wrapp et al. (2020)
VHH72-Fc prefusion-stabilized B-CoV S proteins PsV SARS-CoV: ICsp = ~3 pg/mL
PsV SARS-CoV-2: ICs5 = ~10 ug/mL
VHH72-Fc:
PsV SARS-CoV-2: ICs5q = ~0.2 ng/mL
7B11 immunizing mice with SARS-CoV RBD PsV SARS-CoV: ~60% Tai et al. (2020c)
RBD-Fc fusion protein neutralization at 10 pg/mL;
PsV SARS-CoV-2: 80%
neutralization at 10 ng/mL
18F3 immunizing mice with SARS-CoV RBD PsV SARS-CoV: ~60% Tai et al. (2020c)
RBD-Fc fusion protein neutralization at 10 pg/mL;
PsV SARS-CoV-2: 80%
neutralization at 10 pg/mL
47D11 immunizing transgenic H2L2 mice RBD PsV SARS-CoV: IC5o = 0.061 pg/mL Wang et al. (2020a)
with SARS-CoV S protein PsV SARS-CoV-2: ICsq = 0.061 pg/mL
live SARS-CoV: IC5o = 0.19 pg/mL
live SARS-CoV-2: IC50 = 0.57 png/mL
S309 identified from memory B cells of an RBD PsV SARS-CoV: ICs, values Pinto et al. (2020b)
individual infected with SARS-CoV between 0.12 and 0.18 pg/mL
PsV SARS-CoV-2: ICsq = ~0.14 pg/mL
live SARS-CoV-2: IC5 = 0.08 png/mL
PsV SARSr-CoV: 80% neutralization
at 10 pg/mL
ADI-55689 identified from memory B cell RBD PsV SARS-CoV-2: ICs5 = 0.05-1.4 pg/mL Wec et al. (2020)
ADI-56046 repertoire from a convalescent PsV SARS-CoV: ICsp = 0.004-0.06 pg/mL

SARS donor

viral load significantly in hACE2 transgenic mice after a
single administration. Notably, they recognize different
epitopes on RBD, suggesting that they could be combined
for clinical use.

Another nAb, named CB6, isolated from a convalescent
COVID-19 patient (Shi et al.,, 2020), could also block
RBD-ACE2 binding and showed potent and specific
neutralizing activities against pseudotyped and live SARS-
CoV-2 in vitro. In vivo results showed that CB6 could pre-
vent rhesus macaques from contracting SARS-CoV-2 infec-
tion. Moreover, 311mab-31B5 and 311mab-32D4 (Chen
et al., 2020), with heavy-chain variable region (VH) and
light-chain variable region (VL) of single memory B cell
IgG derived from three COVID-19 recovered patients,
could block SARS-CoV-2 RBD interaction with ACE2 and
efficiently neutralize pseudotyped SARS-CoV-2. Another
study reported 206 RBD-specific mAbs derived from single
B cells of 8 patients infected with SARS-CoV-2 (Ju et al,,
2020). Two antibodies, P2C-1F11 and P2B-2F6, from pa-
tient 2, were able to neutralize pseudotyped SARS-CoV-2,
as well as live SARS-CoV-2, with only P2B-2F6 competing
with ACE2 to bind S protein directly. Antibodies
HTS0422, HTS0433, HTS0446, and HTS0483, reported by
Lou et al. (2020), inhibited interaction between RBD and
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ACE2 and neutralized five SARS-CoV-2 variants with RBD
mutations, including R408I, W463R, N354D, V367F, and
N354D/D364Y.

The single-domain antibody, also known as VHH, or
nanobodies from camelid immunoglobulins, are prom-
ising antiviral therapeutic proteins because of their small
size and numerous epitopes (Muyldermans, 2013; Wu
etal., 2017). Wu et al. (2020a) developed a phage-displayed
single-domain antibody library by grafting naive comple-
mentarity-determining regions into framework regions of
a human germline immunoglobulin heavy-chain variable
region allele and found that two antibodies, n3130 and
n3088, could bind the RBD, overlapping with the
CR3022 epitope, and inhibit SARS-CoV-2 pseudovirus
infection. Furthermore, n3130 and n3088 could neutralize
two live SARS-CoV-2 strains with ICsy values of 4.0 and
2.6 ng/mlL, respectively.

While SARS-CoV-2 RBD is responsible for recognizing
and binding ACE2, the function of the NTD in the S1 sub-
unit is still elusive. It was reported that the NTD in a given
CoV S protein may recognize specific glycans on the cell
membrane surface to initiate viral attachment (Lu et al.,
2015). Similar to the RBD, the NTD is quite immunogenic
and may contain neutralizing epitope(s) (Lu et al., 2015).
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Chi et al. (2020) successfully isolated nAb 4A8 from periph-
eral blood mononuclear cell (PBMC) of COVID-19 conva-
lescent patients using fluorescence-activated cell sorting.
This nAb could bind SARS-CoV-2-NTD and neutralize
both pseudotyped and live SARS-CoV-2 infection, possibly
by restraining the conformational changes of S protein. Liu
et al. (2020a) have isolated 19 nAbs against SARS-CoV-2
from 5 COVID-19 patients. Nine of them can neutralize
live SARS-CoV-2 (strain USA-WA1/2020) infection with
ICs0 values ranging from 0.7 to 9 ng/mlL, with four of
them (2-15, 2-7, 1-57, and 1-20) targeting the RBD, three
of them (2-17, 5-24, and 4-8) targeting the NTD, and two
of them (2-43 and 2-51) targeting the undetermined re-
gions on the S protein trimer. However, the mechanism un-
derlying the neutralization of SARS-CoV-2 infection by
NTD-targeting antibodies remains elusive.

Interestingly, VHH-72, a single-domain camelid anti-
body, which was isolated from SARS-CoV and MERS-CoV
S protein-immunized llamas (Wrapp et al., 2020), showed
reactivity with both SARS-CoV and SARS-CoV-2 RBD, the
epitope of which overlaps with that of CR3022. After
fusion with Fc, the bivalent VHH-72-Fc fusion protein
could neutralize SARS-CoV-2 pseudovirus with an ICsg
value of approximately 0.2 pg/mL (Table 2). Therefore,
this engineered bivalent nAb targeting the conserved epi-
topes in RBDs of SARS-CoV and SARS-CoV-2 with cross-
neutralizing activity against both SARS-CoV and SARS-
CoV-2 has good potential to be developed as a pan-
B-CoV-B nAb for clinical use.

The nAb 47D11 derived from transgenic H2L2 mice
immunized with SARS-CoV § protein could bind to RBDs
of SARS-CoV and SARS-CoV-2 with high affinity (Wang
et al., 2020a). Moreover, it could cross-neutralize both
SARS-CoV and SARS-CoV-2 with ICsq values of 0.2 and
0.6 pg/mL, respectively. However, the neutralization
mechanism is unclear and requires further studies. Pinto
etal. (2020b) have reported that S309, which binds a region
distinct from that of the receptor-binding motif on RBD,
can neutralize SARS-CoV-2 with an ICsq value of 79 ng/
mL. Structural analysis revealed that S309 recognizes a
24-residue, glycan-containing epitope on SARS-CoV and
that 19 residues are strictly conserved in SARS-CoV-2 (Pinto
et al., 2020a). S309 can also recognize residues conserved
within sarbecovirus isolated from human and animals,
indicating its promise as a candidate for development as a
broad-spectrum nAb against coronaviruses.

Peptide-Based Pan-CoV Fusion Inhibitors

It has been reported that peptides derived from the HR2 re-
gion in gp41 of HIV-1 or S2 protein of a CoV (e.g., SARS-
CoV, MERS-CoV, or SARS-CoV-2) can interact with the
HR1 region of the corresponding virus to form a 6-HB
fusion core, thus effectively inhibiting viral S protein-medi-
ated membrane fusion (Jiang et al., 1993; Liu et al., 2004;

Lu et al., 2014; Wild et al., 1994; Xia et al., 2020d). Howev-
er, none of these peptides can inhibit the infection of het-
erologous coronaviruses. To identify a peptide-based pan-
CoV fusion inhibitor, our group designed and tested a se-
ries of peptides derived from the HR1 and HR2 regions of
two o-CoVs (HCoV-NL63 and HCoV-229E) and three
B-CoVs (SARS-CoV, MERS-CoV, and HCoV-OC43),
including NL63-HR1P, NL63-HR2P, 229E-HR1P, 229E-
HR2P, SARS-HR1P, SARS-HR2P, MERS-HR1P, MERS-HR2P,
OC43-HR1P, and OC43-HR2P. Surprisingly, we found that
only peptide OC43-HR2P was highly effective in inhibiting
the cell-cell fusion mediated by S protein of all the above
HCoVs. We then modified the sequence of OC43-HR2P
by introducing double EK mutations to allow them to
form stable salt bridges. One of the mutant peptides, EK1,
exhibited improved potency over OC43-HR2P against
infection by pseudotyped human coronaviruses, including
SARS-CoV, MERS-CoV, HCoV-NL63, HCoV-229E, and
HCoV-OC43. In animal models, EK1 exhibited in vivo pre-
ventive and therapeutic effect on HCoV-OC43 and MERS-
CoV infection with no side effects at concentrations as
high as 100 mg/kg. Also, EK1 could be widely distributed
in the upper and lower respiratory tracts through nasal
administration, thus allowing the prevention and treat-
ment of coronavirus infections through the lower respira-
tory tract (Xia et al., 2019).

It has been reported that lipid modification can effec-
tively improve the antiviral activity of peptides (Chong
et al., 2017; Mathieu et al., 2018). Xia et al. (2020c) modi-
fied the EK1 peptide at its C terminus with palmitic acid
(EK1P) or cholesterol (EK1C) and proved that EK1C had
higher inhibitory activity against SASRS-CoV-2 than
EK1P. Based on the sequence of EK1C, seven derivative pep-
tides (EK1C1-EK1C7) were designed and synthesized by
adding different lengths of GSG or PEG linkers between
EK1 and cholesterol. Among them, EK1C4 showed the
highest anti-SARS-CoV-2 activity. Its ICs( values for inhibi-
tion of spike protein-mediated cell fusion and pseudotyped
and live SARS-CoV-2 infection were 1.3, 15.8, and 36.5 nM,
respectively, which are 241-, 150-, and 67-fold more potent
than that of EK1. EK1C4 is also much more potent than
EK1 against infection of other human coronaviruses,
including SARS-CoV, MERS-CoV, HCoV-OC43, HCoV-
NL63, and HCoV-229E, as well as infection of two bat coro-
navirus, SARSr-WIV1 and SARSr-Rs3367 (Figure 3). These
results suggest that EK1C4 is a highly potent pan-CoV
fusion inhibitor with potential to be further developed
for prevention and treatment of highly pathogenic
emerging and re-emerging coronavirus infections (Wang
et al., 2021).

Conclusion and Perspective
Although a variety of vaccine candidates, nAbs, and inhib-
itors against SARS-CoV-2 infection have been reported up
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to now, very few have been tested clinically. Even if they are
effective against the SARS-CoV-2 now circulating world-
wide, they may be unable to contain pandemics caused
by SARS-CoV-2 with significant mutations in the key func-
tional domains of SARS-CoV-2 proteins. They may also
prove ineffective against newly emerging or re-emerging
coronaviruses in the future. Therefore, development of
broad-spectrum anti-CoV vaccines and therapeutics is ur-
gently needed.

We first discussed the research and development of vac-
cines against pan-p-CoV-B viruses, including SARS-CoV-2,
SARS-CoV, and bat-SARSr-CoVs. We and others have
shown that RBD-based vaccines are able to induce signifi-
cantly stronger nAb responses than S protein- or viral par-
ticle-based vaccines since RBD contains the main nAb epi-
topes in S protein (Chen et al., 2005; He et al., 2004, 2005a,
2005b; Yang et al., 2020a). Therefore, RBD-based vaccines
are more effective in eliciting pan-B-CoV-B nAbs (Tai
et al., 2020a) with correspondingly greater potential for
development as pan-B-CoV-B vaccines (Liu et al., 2020b;
Tai et al., 2020b; Zang et al., 2020; Zhu et al., 2020) (Table
1). In addition, two new concepts, NII and BNII, can be
used to optimize the structure of the RBD by either
removing glycan(s) at the conserved region to expose the
neutralizing epitopes (Chen et al., 2014) or mask the
non-neutralizing epitope(s) in the immunodominant
region with glycan(s) (Du et al., 2016) to optimize the
structure of the RBD for induction of stronger cross-nAb
responses against pan-p-CoV-B viruses.

We then described the research and development of pan-
B-CoV-B nAbs. So far, most nAbs against SARS-CoV and
SARS-CoV-2 have targeted different conformational epi-
topes in their respective RBDs (Chen et al., 2020; He
et al., 2006a; He et al., 2006b; He et al., 2006¢c; He et al.,
2005b; Ju et al., 2020; Pinto et al., 2020b; Sui et al., 2004;
Tai et al., 2020c; ter Meulen et al., 2006; Wang et al.,
2020a; Zhu et al., 2007). Interestingly, many SARS-CoV
RBD-specific nAbs, such as 47D11 (Wang et al., 2020a),
S309 (Pinto et al., 2020b), ADI-55689 (Wec et al., 2020),
and 7B11 (Tai et al., 2020c¢), could potently cross-neutralize
SARS-CoV-2 infection (Table 2) (Yu et al., 2020). However,
only a few SARS-CoV-2 RBD-specific nAbs, such as
CC6.33 (Rogers et al., 2020), COVA2-02 (Brouwer et al.,
2020), and COV2-2514 (Zost et al., 2020), could weakly
cross-neutralize SARS-CoV infection (Jiang et al., 2020b).
These results suggest that these nAbs may target a
communal epitope on the RBD in S proteins of SARS-CoV
and SARS-CoV-2, which could then be used for the devel-
opment of more effective pan-B-CoV-B nAbs. Engineering
bivalent nAbs targeting RBDs of SARS-CoV and SARS-
CoV-2, such as VHH72-Fc (Wrapp et al., 2020), with
cross-neutralizing activity against both SARS-CoV and
SARS-CoV-2, is another approach toward the development
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of pan-p-CoV-B nAbs. Alternatively, a pan-p-CoV-B nAb
cocktail can be designed by combining nAbs targeting
different neutralizing epitopes in the RBD of SARS-CoV-2
or targeting the neutralizing epitopes in the RBDs of
SARS-CoV and SARS-CoV-2. For example, a SARS-CoV-2
nAb cocktail (REGN-COV2), which consists of
REGN10933 and REGN10987, that target different neutral-
izing epitopes in RBD, is highly effective against SARS-CoV-
2 infection and in preventing viral escape mutations (Baum
et al., 2020; Hansen et al., 2020).

Human pluripotent stem cells (hPSCs), including human
embryonic stem cells (hESCs) and human induced pluripo-
tent stem cells (hiPSCs), have been widely applied in devel-
opment of human disease modeling. Since hPSCs are able
to differentiate into functional human cells, tissues, and or-
ganoids (Yang et al., 2020b), they are more reliable than the
commonly used immortalized cell lines and more conve-
nient and economic than animal models for drug discovery
and evaluation. Several studies have shown that the orga-
noids of blood vessel, intestine, kidney, brain, eye, lung,
and liver can be infected by SARS-CoV-2 (Dickson, 2020;
Makovoz et al., 2020; Ramani et al., 2020; Tindle et al.,
2020; Yang et al., 2020b; Zhang et al., 2020a), and therefore
they can be utilized for evaluation of nAbs and antiviral
agents against SARS-CoV-2 infection. Monteil et al.
(2020) have demonstrated that clinical-grade soluble hu-
man ACE2, which has a similar action mechanism as
some nAbs, can inhibit SARS-CoV-2 infection in hiPSC-
derived capillary organoids and hESC-derived kidney orga-
noids. Similarly, a humanized decoy antibody (ACE2-Fc
fusion protein) was reported to effectively block SARS-
CoV-2 infection both in ACE2-expressing lung cells and
lung organoids (Huang et al., 2020). Interestingly, Zhou
etal. (2020a) have reported that both bat and human intes-
tinal organoids can be infected by SARS-CoV-2, suggesting
that the human intestinal tract is possibly a transmission
route of SARS-CoV-2.

Finally, we summarized the research and development of
pan-CoV fusion inhibitors. Since HR1 and HR2 sequences
in the S2 subunit are highly conserved among coronavi-
ruses, they can serve as important targets for the develop-
ment of pan-CoV fusion inhibitors (Xia et al., 2019,
2020b, 2020d). Most recently, our group has successfully
designed and identified a series of peptide-based pan-CoV
fusion inhibitors, such as EK1 and EK1C4, which are highly
effective in inhibiting infection against pseudotyped hu-
man coronaviruses tested, including SARS-CoV, MERS-
CoV, SARS-CoV-2, HCoV-NL63, HCoV-229E, and HCoV-
0OC43, as well as some SARSr-CoVs, and against some live
human coronaviruses, such as MERS-CoV, SARS-CoV-2,
HCoV-NL63, HCoV-229E, and HCoV-OC43 (Xia et al.,
2020a, 2020b, 2020d). Compared with antibody-based
drugs with the high cost of production and transportation,
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peptide-based drugs are relatively economical and conve-
nient to produce, as well as easy to store and transport at
regular temperature. On October 2, 2020, New York-based
Regeneron Pharmaceuticals confirmed that the company
provided a single 8-g dose of nAb cocktail (REGN-COV2)
to US President Donald J. Trump, who tested positive
for SARS-CoV-2 (https://www.precisionvaccinations.com/
8-gram-dose-covid-19-antibody-cocktail-provided-president-
trump). Considering the estimated cost (US$2,593 for
200 mg/1.33 mL) of Trogarz intravenous solution (https://
www.drugs.com/price-guide/trogarzo), the only antiviral
antibody approved for use in clinics to treat HIV infection,
the cost of a single 8-g dose of REGN-COV2, in comparison,
could meet, or exceed, US$100,000. Therefore, most people
in developed countries, such as the US, cannot afford it,
not to mention nationals of developing countries. However,
a 90-mg dose of Fuzeon (T20 peptide-based HIV fusion inhib-
itor) subcutaneous powder for injection costs only US$62.55
(https://www.drugs.com/price-guide/fuzeon#). Based on the
half maximal effective nanomolar concentration, EK1C4
against SARS-CoV-2 infection is more effective than Fuzeon
against HIV infection. Therefore, daily usage of EK1C4 is ex-
pected to be less than that of Fuzeon with the attendant cost
implications. Also different from Fuzeon, EK1C4 can only be
used for 2-3 weeks at the early stage of SARS-CoV-2 infection.
We believe that governments of some countries, such as
China, may be able to provide peptide drugs (e.g., EK1C4)
to patients at low cost, or even for free, during the pandemic
stage.

Therefore, pan-B-CoV-B vaccines and nAbs, as well as
pan-CoV fusion inhibitors, have the necessary potential
to be developed as broad-spectrum vaccines and therapeu-
tics to combat the current COVID-19 pandemic and future
outbreaks of emerging and re-emerging coronavirus
diseases.
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