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1 | INTRODUCTION

Abstract

The newly emerged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
variants with high transmission rates and striking immune evasion have posed a
serious challenge to the application of current first-generation SARS-CoV-2
vaccines. Other sarbecoviruses, such as SARS-CoV and SARS-related coronaviruses
(SARSr-CoVs), have the potential to cause outbreaks in the future. These facts call
for the development of variant-proof SARS-CoV-2, pan-sarbecovirus or pan-B-CoV
vaccines. Several novel vaccine platforms have been used to develop vaccines with
broad-spectrum neutralizing antibody responses and protective immunity to combat
the current SARS-CoV-2 and its variants, other sarbecoviruses, as well as other
B-CoVs, in the future. In this review, we discussed the major target antigens and
protective efficacy of current SARS-CoV-2 vaccines and summarized recent

advances in broad-spectrum vaccines against sarbecoviruses and B-CoVs.
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However, amid the circulation of SARS-CoV-2, several SARS-
CoV-2 variants have emerged under immune pressure. For example,

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has severely
threatened global public health, as well as social and economic
development. Substantial strides have been made in the devel-
opment of first-generation SARS-CoV-2 vaccines during the past
2 years. Moreover, authorized SARS-CoV-2 vaccines, such as
BNT162b2, mRNA-1273, and BBIBP-CorV, have played a critical
role in controlling the COVID-19 pandemic.

SARS-CoV-2 variants of concern (VOCs), including B.1.1.7 (Alpha),*
B.1.351 (Beta)® P.1 (Gamma)® B.1.617.2 (Delta),* and B.1.1529
(Omicron),® have posed a serious challenge for the protective efficacy
of first-generation SARS-CoV-2 vaccines.>® The recently emerged
Omicron and its subvariants, such as BA.2, BA.2.12.1, and BA.4/BA.5,
have rapidly replaced other VOCs and become the dominant strain
around the world.” Especially, striking immune evasion from the

current SARS-CoV-2 vaccines has been found for Omicron, reducing
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overall protective efficiency.® Titers of neutralizing antibodies (nAbs)
induced by two doses of mRNA vaccines against the Omicron variant
are significantly decreased.? Similarly, the Omicron variant shows a
significantly decreased sensitivity to neutralizing antibodies induced
by ChAdOx1 nCoV-19 (AstraZeneca) in vaccinees.® To address
the poor protective efficiency of first-generation vaccines against
Omicron, many vaccine makers have already started the develop-
ment of Omicron variant-specific COVID-19 vaccines.’® However,
given the continuing pandemic of SARS-CoV-2 and increased
selection pressure of antibodies in COVID-19 convalescents and
vaccinees, new variants may also be on the cusp of emerging and
very likely further evade the Omicron variant-specific COVID-19
vaccines. Therefore, developing the next generation of variant-proof
SARS-CoV-2 vaccines against current and future emerging
SARS-CoV-2 variants is urgently needed.

Apart from SARS-CoV-2, the other two highly pathogenic p-CoVs,
including SARS-CoV and Middle East respiratory syndrome coronavirus
(MERS-CoV), have caused severe pneumonia in humans over the past
20 years. 1713 SARS-CoV has caused 8096 reported cases, with about a
10% fatality rate, whereas MERS-CoV has caused 1728 confirmed
cases with about a 34.4% fatality rate in humans.**> Studies have
shown 75.9% S protein amino acid sequence identity between SARS-
CoV-2 and SARS-CoV,® and they use the same human angiotensin-
converting enzyme 2 (hACE2) as their receptor to infect target
cells.*”*® Moreover, similar to SARS-CoV, most SARS-related CoVs
(SARSr-CoVs) from bats, such as WIV1 and RsSHC014, show a higher
amino acid identity (~88%) with SARS-CoV-2.1"2! From a historical
perspective, SARS-CoV or bat-SARSr-CoVs can utilize hACE2 as their
common receptor to infect primary airway epithelial cells, posing
potential threats to humans.??272 |n another scenario, SARS-CoV-2
and MERS-CoV are less homologous, but they still infect the same
type-ll alveolar cells and use identical transcription regulatory
sequences.?>?¢ Saudi Arabia has reported several cases infected with
MERS-CoV and SARS-CoV-2 simultaneously, further leading to the
concern that new coronaviruses with high transmission and fatality
rates might emerge when recombination occurs between MERS-CoV
and SARS-CoV-2 in the same host.2”?® Although a large number of
vaccines against SARS-CoV and MERS-CoV have been developed,?? 3!
none of them has been approved for the clinical prevention or
treatment of highly pathogenic CoV infections in humans.

Taken together, these facts call for the urgent development of
broad-spectrum anti-COVID-19, anti-sarbecovirus or even anti-
coronavirus vaccines with strong efficacy and safety to combat the
current SARS-CoV-2 and its variants, as well as the expected

emergence of novel coronaviruses.

2 | MAJOR ANTIGEN TARGETS OF
CURRENT SARS-COV-2 VACCINES

SARS-CoV-2 contains four major structural proteins, three important
structural proteins embedded in the viral surface envelope, including

spike protein (S), envelope protein (E), and membrane protein (M),

and one in the ribonucleoprotein termed nucleocapsid (N) pro-
tein.323% Among them, S protein plays an important role in the
processes of receptor recognition, binding, and membrane fusion.>*
Therefore, it serves as the major target for most SARS-CoV-2
vaccines.?>

The S protein is a 180-200 kDa type | transmembrane glyco-
protein, consisting of S1 and $2 subunits (Figure 1).3¢ The S1 subunit
contains the N-terminal domain (NTD) and the C-terminal domain
(CTD). CTD contains an important receptor-binding domain (RBD),
which is a key functional domain in S protein, consisting of a ring
structure named receptor-binding motif (RBM) that contacts host
receptors directly.3”*® Heptad repeat 1 (HR1) and heptad repeat 2
(HR2) in the S2 subunit form a six-helix bundle (6-HB) core structure
during the fusion process, leading to viral entry.%? S proteins harbor
multiple B cell epitopes and T cell epitopes that elicit immune
responses against virus infection, enabling a more rational approach
to design effective vaccine antigen.*°™*2 Prefusion-stabilized S,
achieved by using two consecutive proline substitutions (S-2P) in
the S2 subunit between the central helix and HR1, has been widely
used as the immunogen for the development of anti-SARS-CoV-2,
anti-SARS-CoV, and anti-MERS-CoV vaccines since it could increase
the quality and quantity of antibodies compared with their wild-type
(WT) counterparts.*>** Currently, antigen $-2P, comprising proline
substitutions at residues K986 and V987, is being used in several
SARS-CoV-2 vaccine candidates (BNT16B2/mRNA-1273/Ad26.
COV2-S/NVX-CoV2373) (Table 1).

RBD is another important target site for developing anti-
coronavirus vaccines.**¢ We have previously convincingly demon-
strated that RBD-based vaccines could induce highly protective
immunity against SARS-CoV or MERS-CoV.*”7° For example, we
reported that a recombinant fusion protein containing SARS-CoV
RBD and the fragment-crystallizable (Fc) region of human IgG (RBD-
Fc) could induce highly potent nAbs against SARS-CoV in immunized
rabbits and mice.*” RBD-Fc could induce potent and durable
S-specific antibodies able to maintain high titers for 12 months after
immunization and protect most vaccinated mice against SARS-CoV
challenge.>! Also, a recombinant RBD protein expressed in 293T cells
with excellent conformation and good antigenicity could elicit highly
effective nAbs that completely protected immunized mice from
SARS-CoV challenge.>2 Furthermore, several subunit vaccines against
MERS-CoV have been designed based on RBD. RBD-immunized mice
or nonhuman primates (NHPs) exhibited potent humoral and cellular
immune responses to effectively neutralize MERS-CoV infection and
provide protection against MERS-CoV challenge.>®54

As for SARS-CoV-2, neutralizing antibodies from COVID-19
convalescent sera mainly target the RBD.*>°5-57 Currently, a large
number of RBD-based SARS-CoV-2 vaccines have been reported.®
For instance, we have developed a SARS-CoV-2 vaccine candidate,
consisting of SARS-CoV-2 RBD-Fc protein and Freund's adjuvant.>®
The vaccine could produce high titers of SARS-CoV-2 RBD-specific
antibodies, neutralize SARS-CoV-2 and its variants, and show cross-
neutralization activity against SARS-CoV and SARSr-CoVs. Yang et al.
have reported a recombinant RBD vaccine that could induce strong
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FIGURE 1 Spike protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Sequence diagram and structure diagram of S
protein. S protein contains S1 and S2 subunits. The left (three RBDs, down S trimer) and the right (one RBD, up S trimer) were shown as surface
in Cryo-EM resolved structures (modified from 6ZGE and 6ZGG). CTD, C terminal domain; HR, heptad repeat; NTD, N terminal domain; RBD,

receptor binding domain.

virus-neutralizing activities in mice and protect NHPs against live
SARS-CoV-2 challenge. Importantly, they compared four structure-
based SARS-CoV-2 vaccine candidates, including RBD, extracellular
domain (ECD), S1 subunit and S2 subunit, and found that RBD
elicited a much higher viral neutralization activity than that achieved
with ECD or S1 subunit, and no viral neutralization activity of S2
subunit was detected.®® Similarly, in a recent study, we evaluated the
immunogenicity of RBD-Fc, RBD, or S-trimer with different adju-
vants. Compared with RBD and S-trimer, we found that RBD-Fc
homodimer effectively elicited more potent RBD-specific 1gG and
neutralizing antibodies against SARS-CoV-2 and its Delta variant in
mice.’* Moreover, a COVID-19 RBD-dimer-based protein subunit
vaccine candidate, ZF2001,°? exhibited high protective efficacy
(more than 80%) in preventing symptomatic COVID-19 in phase 3
clinical trials.®® Recent studies have demonstrated that it could
induce increased titers of nAbs against Omicron after administration
of multiple booster doses.®*®> In line with our conclusion, compared
with the monomeric RBD, they found that the RBD-dimer signifi-
cantly enhanced SARS-CoV-2 neutralizing antibodies in immunized
mice.’® Together, these results demonstrated that the RBD,
especially the RBD homodimer, is a promising immunogen for the
development of SARS-CoV-2 vaccines.

The reported neutralizing epitopes of SARS-CoV-2 RBD in recent
studies rationally explain why RBD is an excellent antigen. Located in
the S trimer, RBD possesses flexibility and undergoes structural
fluctuation between a “down” and “up” conformation,®”® and both
conformations could induce antibodies targeting different epitopes
when being used as immunogens.®® We previously isolated 48
monoclonal antibodies (mAbs) from memory B cells in a convalescent
individual and found four nonoverlapping epitopes on the RBD.>”
Among the 48 mAbs, RBD-targeted mAbs, such as XG014, could
exert highly cross-neutralizing activity against SARS-CoV-2, SARS-
CoV-2 variants, and SARS-CoV.”® Based on antigenic mapping
analyses and functional characteristics, anti-RBD antibodies have

),>771"73 and we have

been grouped into four classes (Classes 1-4
listed the representative antibodies in Figure 2. RBM-targeting
antibodies in Class 1, such as REGN10933 and CB6, block hACE2
binding and only access their epitopes in the RBD “up” conforma-
tion.>47#75 Other antibodies in Class 2 bind both RBD “up” and
“down” conformations and contact-adjacent RBDs. For example, LY-
CoV555 could render complete steric hindrance interference to limit
RBD binding with ACE2.737%77 Some non-ACE2-competing anti-
bodies, such as DH1047, have been identified to target the Class 3

epitope which is outside the RBM and could interact with an “up”
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WHO Emergency Use Listing and Prequalification (EUL/PQ)-approved vaccines and their antigens

TABLE 1

Reference
[160]

Type of vaccine

Antigen

Manufacturer

Vaccine

Inactivated virus

Sinovac, National Institute for Communicable Disease Control and Prevention, China Whole virus (CN2 strain)

CoronaVac/PiCoVacc

[161]

Inactivated virus

Whole virus (HBO2 strain)

Beijing Institute of Biological Products, Sinopharm and Institute of Viral Disease Control

BBIBP-CorV

and Prevention, China
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Bharat Biotech and Indian Council of Medical Research

Covaxin/BBV152

BioNTech, Fosun Pharma, and Pfizer, Germany

BNT16B2

Moderna, National Institute of Allergy and Infectious Diseases, USA

mRNA-1273

The University of Oxford, and AstraZeneca, UK

ChAdOx1 nCoV-19/AZD1222

CanSino Biological Inc. and Beijing Institute of Biotechnology, China

Convidecia™ Ad5-nCoV

Johnson & Johnson, USA

Ad26. COV2-S

[171]

Protein-based

S-2P

Novavax, USA

NVX-CoV2373

RBD conformation from an adjacent protomer.®””® Class 4 anti-
bodies, such as S309, could target a conserved proteoglycan epitope
distal of the RBM, neutralize the virus by one or more IgG-specific
bivalent mechanisms and have broad cross-reactivity against related
zoonotic coronaviruses.”” Among the group of four epitopes, Classes
1 and 2 were highly variable, whereas the epitopes of Classes 3 and 4
were more conserved, but less accessible (Figure 2).72 Therefore,
eliciting neutralizing antibodies targeting Classes 3 and 4 epitopes are
desirable for enhanced broad-spectrum protective immunity to
combat current and future SARS-CoV-2 variants and emerging

zoonotic sarbecoviruses.8-82

3 | EFFICACY OF CURRENTLY APPROVED
SARS-COV-2 VACCINES

As of July 2022, more than 360 SARS-CoV-2 vaccines were under
development at different stages, and about 160 vaccines are now in the
clinical development stage (SARS-CoV-2 vaccine and therapeutics
tracker) (https://www.who.int/emergencies/diseases/novel-coronavirus-
2019/covid-19-vaccines). In this part, we mainly summarize and discuss
the authorized SARS-CoV-2 vaccines shown inTable 1, and they could be
generally grouped into three categories (Figure 3).8%84

The first category includes protein-based vaccines, such as
inactivated virus vaccines and subunit vaccines. Inactivated vaccines
can induce a wider range of immune responses compared with other
vaccines by using the entire virus as an immunogen.®* Three
inactivated vaccine candidates have been approved by WHO,
BBIBP-CorV, CoronaVac, and BBV152. Among them, two inactivated
vaccines from Sinopharm (BBIBP-CorV) and Sinovac (CoronaVac)
were developed in China (Table 1). BBIBP-CorV showed 78.1%
efficacy,®> and CoronaVac showed 50.7% efficacy for preventing
symptomatic COVID-19 in the phase 3 trial.®¢ However, the
neutralizing activities of sera from individuals immunized with
BBIBP-CorV or CoronaVac against Omicron were limited. The
neutralizing activities of BBIBP-CorV vaccinee serum showed a
20.1-fold reduction against the Omicron variant relative to the WT
strain.8” Cohorts receiving two doses of CoronaVac vaccine showed a
6.5-fold reduction in anti-Omicron antibody titers.®® Similarly,
BBV152, also known as Covaxin, which has been approved for

? is an inactivated virus-based

restricted emergency use in India,®
vaccine adjuvanted with a TLR7/8 agonist adsorbed on Algel.”® The
phase 3 trial showed that BBV152 conferred 65.2% protection
against the Delta variant.’? Further studies demonstrated that
vaccination with BBV152 induced a 26.6-fold reduction in neutrali-
zation activity against the Omicron variant.”?

Subunit vaccines include protein-based vaccines and virus-like
particle (VLP) vaccines. The protein-based vaccine NVX-CoV2373 is
constructed from the full-length SARS-CoV-2 trimeric S protein
stabilized in the prefusion conformation based on a recombinant
nanoparticle platform. Phase 3 trials have shown that this vaccine in a
two-dose regimen conferred 89.7% protection against SARS-CoV-2

infection.”® Six VLP vaccine candidates are in clinical development. A
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REGN10933 (Casirivimab); PDB: 6XDG CB6 (LY-CoV016; Etesevimab); PDB: 7C01

Class 1

Top face

CT-P59 (Regdanvimab); PDB: 7CM4

Class 2

LY-CoV555 (Bamlanivimab); PDB: 7KMG

Class 3

=]

uter face

LY-CoV1404 (Bebtelovimab); PDB: 7TMMO
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S309 ((Sotrovimab); PDB: 6WPS

FIGURE 2 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RBD-specific binding footprints of neutralizing antibodies. RBD
(RBM) top face, inner face and outer face were shown in the left with teal RBM. Sequence conservation was calculated by the ConSurf

Database. RBD-specific binding interface footprints of four classifications of neutralizing antibody regions were colored in teal in the right. For
each class of antibody binding region (RBD1-4), the footprints of two representative antibodies on the RBD are shown. RBD, receptor binding

domain; RBM, receptor binding motif.

candidate vaccine named coronavirus-like particles (CoVLP) has been
tested in a phase 3 trial and showed 69.5% efficacy at preventing
symptomatic COVID-19 infection and 78.8% efficacy against
moderate-to-severe disease.”

The second category includes gene-based vaccines, such as virus-
vectored vaccines, DNA vaccines, and mRNA vaccines. Virus-vectored
vaccines using safe viral vectors can stimulate potent humoral and
cellular immune responses, and viral vectors might be an efficient
strategy for delivering genes encoding key antigens of targeted
pathogens.”> WHO has approved three virus-vectored vaccines,
including ChAdOx1 nCoV-19, Ad26. COV-2-S and Ad5-nCoV. ChA-
dOx1 nCoV-19, known as AZD1222, is a chimpanzee adenovirus-
based non-replicating vector vaccine. It conferred 81.3% protection
against symptomatic COVID-19 in participants who received two
doses.”® Studies have shown that it confers 74.5%, 67%, and 10.4%
protection against Alpha, Delta, and Beta VOCs, respectively.””?®

However, compared to the ancestral variant, the neutralizing titers

were 14- to 21-fold lower against the Omicron variant.??1%

Ad26.COV-2-S is an adenovirus serotype 26-based non-replicating
vector vaccine encoding a prefusion-stabilized SARS-CoV-2S glyco-
protein, which conferred 66% protection against symptomatic disease
in the clinical trial,*°>1°? but plasma specimens from recipients with a
single-dose of Ad26.COV-2-S vaccine lacked detectable neutralization
activity against the Omicron variant.2°® Ad5-nCoV, also known as
Convidecia, is also a non-replicating adenovirus-vectored vaccine that
expresses optimized full-length SARS-CoV-2 S glycoprotein with the
TPA signal peptide gene. The phase 3 trial indicated that one dose of
Ad5-nCoV exhibited over 90% efficacy at preventing severe disease
and death.'* In addition, these virus-vectored vaccines can induce Th-
1 cell responses, thus inducing strong cellular immunity.

DNA and mRNA vaccines are promising platforms for SARS-CoV-2
vaccines owing to their fast and flexible design and production. At
present, INO-4800, ZyCoV-D, AG0302-COVID-19, and GX-19N are
the four DNA vaccines progressing through phase 3 clinical trials



LLWI LEY-

ZHOU ET AL

MEDICAL VIROLOGY

Whole inactivated virus

Virus-like particles

N\

COVID-19 |
vaccine

Protein subunit

A

Live attenuated virus

Comm

DNA or RNA

7N

Virus vectored

FIGURE 3 Currently utilized severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine types. Six types of currently used
vaccines against the COVID-19 pandemic. lllustration created by the authors using BioRender (http://www.biorender.com).

(https://www.who.int/publications/m/item/draft-landscape-of-COVID-
19-candidate-vaccines). As for mRNA vaccines, two COVID-19 LNP-
encapsulated mRNA vaccines (MRNA-1273 and BNT162b2) have now
been approved for commercial use.'°>*% Clinical trials showed that
mRNA-1273 had 94.1% efficacy'®” and BNT162b2 had 95% efficacy in
preventing symptomatic SARS-CoV-2 infections.'®® However, the
effectiveness of both vaccines against symptomatic disease caused by
Omicron dropped to 75.1% and 65.5% by 2-4 weeks post the second
dose®

The last category comprises a combination of both protein-based
and gene-based approaches represented as live-attenuated virus
vaccines.®384 Live-attenuated virus vaccines take advantage of mimick-
ing natural infection to stimulate humoral and cellular immune responses
that provide long-lasting protection in the host.2°? However, viruses can
regain their toxicity owing to mutations after vaccination, raising public
concerns about the safety of live-attenuated SARS-CoV-2 vaccines.*'°
Thus, the development of widely-used COVID-19 live-attenuated
vaccines remains a challenge. So far, only two candidate COVID-19
live-attenuated vaccines have been approved for clinical trials as of
August 8, 2022
landscape-of-COVID-19-candidate-vaccines).

(https://www.who.int/publications/m/item/draft-

4 | BROAD-SPECTRUM
ANTI-CORONAVIRUS VACCINES

Coronavirus is a family of enveloped viruses with a positive-sense,
single-stranded RNA, comprised of alpha, beta, gamma, and delta
genera.!’? B-CoVs can be further divided into A, B, C, and D

lineage.'? Developing broad-spectrum vaccines against B-CoV
lineage B (sarbecovirus), including SARS-CoV-2, SARS-CoV, and
bat-SARSr-CoV, is essential.'® Developing an effective and broad-
spectrum next-generation vaccine involves three main strategies.
First, multiple antigens from different coronavirus subgroups are
displayed simultaneously onto a carrier (e.g., nanoparticles) to elicit
protective immunity against multiple coronaviruses.!*® Second,
multiplexed-chimeric spike, which contains mixtures, such as RBD,
NTD, or S2 from different CoVs, is designed.114 Third, a novel and
potent adjuvant is developed to boost the immune response of
conserved epitope from the proper antigen.''®> The currently
developed coronavirus vaccines could be classified into three types
according to their protective breadth: variant-proof SARS-CoV-2

vaccines, pan-sarbecovirus vaccines, and pan-B-CoVs vaccines.

41 | Variant-proof SARS-CoV-2 vaccines

Some vaccines have been reported as having broad protective
efficacy against SARS-CoV-2 variants (Table 2). For instance, a
multivalent COVID-19 inactivated trivalent vaccine based on the
original strain (HB02), Delta, and Omicron provided broad-spectrum
protection against SARS-CoV-2 HBO2, Beta, Delta, and Omicron
variants in humoral immunity. The multivalent vaccine could enhance
the immune responses of virus-specific T cells in immunized mice. The
authors clarified that cellular immune responses could work in their
inactivated vaccines, but the mechanism remained to be studied.*®
Moreover, the RBD-dimer protein subunit vaccine ZF2001 could
exhibit a broadly neutralizing antibody response against five VOCs
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(Continued)

TABLE 2

Neutralizing and cross-neutralizing

Variant-proof

activity for SARS-CoV-2 and its variants Reference

Neutralization assay method

Species immunized Dose

Properties

COVID-19 vaccines

Delta: NTso up to ~102

Lentivirus-based pseudovirus

(D614G, K417N, L452R, T478K,

E484K, and N501Y).

Omicron: NTsg up to ~10?

Pseudovirus:

neutralization assay

B.1: pVNTso up to ~10°

Epsilon: pVNTso up to ~102

Mu: pVNTsg up to ~10?

Lambda: pVNTso up to ~10?

Omicron: pVNTsg up to ~10°

Abbreviations: CTD, C terminal domain; HR, heptad repeat; NTD, N terminal domain; RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

ZHOU ET AL.

(Alpha, Beta, Gamma, Delta, and Omicron) and three other variants of
interest (VOIs) (Epsilon, Eta, and Kappa).®>1”:118 At present, ZF2001
has been used in China and several other countries.®*® Furthermore,
nanoparticle-based protein vaccines could elicit broad immunity. For
example, the vaccine RBD-NP utilized a two-component icosahedral
protein nanoparticle (153-50) to display the SARS-CoV-2 RBD
protein.!*® The vaccine's efficacy in different animal models was
confirmed (Table 2). And RBD-NP could elicit potent neutralizing
antibody responses against Alpha, Beta, and Gamma variants, as well
as 12 single-residue SARS-CoV-2 RBD mutants. Simultaneously, they
found that RBD-NP-induced polyclonal Abs weakly neutralized SARS-
CoV pseudovirus. Also, Joyce et al. have designed a ferritin
nanoparticle immunogen named SpFN that recapitulates the struc-
tural and antigenic property of the prefusion SARS-CoV-2 S-domain
with two stabilizing prolines (K986P, V987P).12%121 SpFN formulated
with a liposome-based adjuvant, ALFQ, could induce Th1-biased
immune responses and elicit potent binding and neutralizing
antibodies against SARS-CoV-2 VOCs and SARS-CoV in immu-
nized mice.

Apart from these protein-based subunit vaccines, a circular RNA
(circRNA) vaccine that expresses trimeric RBD has been reported.'??
The circRNARBP-Pelta yaccine elicited high levels of broad-spectrum
neutralizing antibodies against four VOCs (Table 2). The NT50 against
Omicron variants elicited by circRNARBP-Pet2 \was about 4.7 x 10°.
After that, Seephetdee et al. reported a circular mRNA vaccine that
produces a VFLIP-X S protein that contains six substituted amino
acids, including K417N, L452R, T478K, E484K, N501Y, and D614G.
It conferred broad neutralization against SARS-CoV-2 VOCs and
VOIs in immunized mice. A two-dose immunization of VFLIP-X
induced strong Omicron S-specific Thil-biased cellular immune
response in mice.'?®> They demonstrated that circRNAs exhibit
superior stability to their linear counterparts owing to the covalently
closed structure, which could prevent exonuclease degradation and
thus prolong the half-life of RNA. In conclusion, these different
designs and technology routes provide a broader understanding and
framework for the development and advancement of ongoing and

future SARS-CoV-2 vaccines, as well as pan-coronavirus vaccines.

4.2 | Pan-sarbecovirus vaccines

Our group has developed a pan-sarbecovirus vaccine, CF501/RBD-
Fc, containing an RBD of original SARS-CoV-2 strain conjugated with
a human IgG1 Fc fragment and a stimulator of interferon genes
(STING) agonist CF501 as an adjuvant (Figure 4). STING agonist was
found to be a new candidate adjuvant to promote the transcription of
type | interferons (IFNs) and other pro-inflammatory cytokines for
modulating antigen presentation and immune responses.??* Cyclic
GMP-AMP (cGAMP) is a natural agonist of STING.2> We previously
reported a pulmonary surfactant-biomimetic liposome encapsulating
cGAMP (PS-cGAMP), which could be used as an adjuvant for
influenza HIN1 vaccine and elicited a strong and durable hetero-
subtypic immunity response.’?® However, several limitations have
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Small-molecule
agonist CF501

Potent and durable
humoral and T cell

Pan-sarbecovirus vaccine
Q
STING Ho XS SARS-CoV-2
RBD-Fc protein

T~y
w2\

e

Broadly neutralizing activity pyraple protective immunity
against sarbecoviruses

Immune response Mouse Rhesus macaque
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FIGURE 4 Potent efficacy of pan-sarbecovirus vaccine CF501/RBD-Fc. CF501 is a small-molecule STING agonist. severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) receptor binding domain (RBD)-Fc adjuvanted with CF501 elicited potent and durable neutralizing
antibody and T cell responses, broad neutralizing activity against sarbecoviruses, and durable protective immunity in mice, rabbits, and

nonhuman primates.

arisen when using cGAMP as an adjuvant since it showed high
sensitivity to phosphodiesterases and did not easily accumulate in the
cell cytoplasm.??>127 Based on these findings, we further designed
and synthesized several small-molecule STING agonists and found
that one of these compounds, CF501, could effectively activate the
STING-TBK1-IRF3 signaling pathway in vitro and potently, if only
transiently, activate innate immunity in vivo.'*>2® Furthermore,
when CF501 was used as the adjuvant for original SARS-CoV-2 RBD-
Fc vaccines, CF501/RBD-Fc could potently enhance both humoral
and T-cell immune responses, as well as significantly increase Th-1
immune responses. It also elicited potent cross-nAb responses
against SARS-CoV-2 and its variants, including 41 S-mutants, five
VOCs (Alpha, Beta, Gamma, Delta, and Omicron), and five previously
identified VOlIs (Epsilon, Zeta, Eta, lota, and Kappa), as well as SARS-
CoV and SARS-related coronaviruses (SARSr-CoVs). Notably, CF501/
RBD-Fc-elicited antibodies in the sera of immunized macaques could
potently neutralize Omicron.?® The animal challenge test indicated
that CF501/RBD-Fc almost completely protected immunized human
ACE2 transgenic mice (hRACE2-Tg mice) from SARS-CoV-2 challenge,
even at 6 months post the first immunization. Similarly, CF501/RBD-
Fc could also elicit durable protective immunity in NHPs since the
nAb against SARS-CoV-2 remained at high titer for 6 months, and
the viral loads in the upper and lower airways were remarkably
reduced when macaques were challenged at 108 days post the final

immunization. The potent, durable, and broad protective immunity
elicited by CF501/RBD-Fc is promising to combat the current and
future sarbecoviruses.

Simultaneous co-display of a variety of different B-coronavirus
RBDs onto nanoparticles, such as Spycather003-mi3, 153-50A/153-
50B, or ferritin,
sarbecovirus vaccines (Table 3, Figure 5A). For instance, based on

provides another strategy to develop pan-

the design of a multivalent subunit vaccine (RBD-NP) displaying the
SARS-CoV-2 RBD, Walls et al. further designed mosaic (MRBD-NP)
and cocktail (cRBD-NP) nanoparticle immunogens displaying four
RBDs from SARS-CoV-2, SARS-CoV, and the bat coronaviruses WIV1
and RaTG13. These RBDs were genetically fused to the trimeric 153-
50A and then mixed with the [53-50B pentamer as shown in
Figure 5A. They found that both mRBD-NP and cRBD-NP elicited
broad cross-reactive neutralizing sarbecovirus Abs against SARS-
CoV-2, SARS-CoV, and RsSHCO014 pseudoviruses and protected
immunized mice against heterotypic SARS-CoV MA15 challenge.'*®
Beyond recognizing strains displayed on the nanoparticles, mosaic
nanoparticles elicited antibodies that also recognized mismatched
strains. Similarly, SpyTagged RBDs from SARS-CoV-2-Beta and seven
sarbecoviruses were simultaneously displayed on SpyCatcher003-
mi3 nanoparticles, which were termed as mosaic-8b.8%12? Mosaic-8b
elicited significantly higher neutralizing titers of antisera than
homotypic SARS-CoV-2 RBD nanoparticles against WIV1 and
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(Continued)

TABLE 3

Neutralizing and cross-neutralizing activity

against sarbecovirus

Animal

Pan-sarbecovirus

vaccines

Reference

Analysis method

Dose

immunized

Properties

114

Nanoluciferase-expressing-based SARS-CoV-2: logIDso up ~102

2 doses

Mice

Chimeric spike mRNA Nucleoside-modified mRNA-lipid

SARS-CoV: loglDsg up ~10*
WIV1: loglDso up ~10°

recombinant live viruses
neutralization assay.

Day 0-prime

nanoparticle (LNP) vaccines

vaccines

Day 21-boost

expressing chimeric spikes that

RsSHCO014: loglDso up ~10°

contain admixtures of different
RBD, NTD, and S2 modular

domains from HKU3-1, SARS-

CoV, SARS-CoV-2, or RsSHC014

Abbreviations: CTD, C terminal domain; HR, heptad repeat; NTD, N terminal domain; RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

MEDICAL VIROLOGY

RsSHCO014 and mismatched strains, such as SARS-CoV. After three
doses of mosaic-8b immunization, the polyclonal antisera in NHPs
recognized the RBDs and neutralized pseudoviruses from different
sarbecoviruses, including the matched SARS-CoV-2 Beta, WIV1,
RsSHCO014, as well as some mismatched viruses (SARS-CoV, LYRa3,
RshSTT200, BM48-31, BtKY72, Khosta-2, and Yun11). Researchers
observed that mosaic-8b elicited strong immune responses and
protected K18-hACE2 mice from SARS-CoV-2 and SARS-CoV
challenges. In a similar approach, a homotypic SARS-CoV-2 RBD-
based sortase A-conjugated ferritin nanoparticle,*° named RBD-
scNP, could induce neutralizing antibodies against SARS-CoV-2 and
three pre-emergent sarbecoviruses, SARS-CoV, WIV1, and
RsSHC014.1%1 RBD-scNP protected immunized NHPs from SARS-
CoV-2 WA-1, Beta, and Delta variant challenges and protected aged
mice from challenges of SARS-CoV-2 Beta variant, SARS-CoV and
RsSHCO14. In general, the three nanoparticles resulted in high
neutralizing antibody levels against not only SARS-CoV-2 variants,
but also different sarbecoviruses. These results suggested that RBD
immunogenicity can be augmented by arraying multiple copies on
nanoparticles.

The above protein-based vaccines show promise for the develop-
ment of B-CoV vaccines against sarbecoviruses. A novel mRNA
chimeric vaccine could also perform broad immune responses against
sarbecoviruses. Nucleoside-modified mRNA-lipid nanoparticle (LNP)
vaccines were designed by splicing different RBD, NTD, and S2
domains from zoonotic and pandemic Hong Kong University 3-
1(HKU3-1), SARS-CoV, SARS-CoV-2, and RsSHCO014 into chimeric
spikes (Figure 5B). For example, one chimera consists of HKU3-1 NTD,
SARS-CoV RBD, and SARS-CoV-2 S2. The authors have verified that
mRNA-LNP could stimulate robust germinal center (GC) B cell
responses, durable long-lived plasma cells, as well as T follicular helper
cell activity. The vaccines elicited neutralizing antibody responses
against live SARS-CoV, RsSHC014, WIV1, SARS-CoV-2 infection,
infection from SARS-CoV-2 VOCs, and protected aged mice from
SARS-CoV, SARS-CoV-2 and RsSHCO014 challenges. Mice immunized
with chimeric spike mMRNA vaccines fully prevented heterologous WIV1
challenge, whereas mice that received the monovalent SARS-CoV-2

mRNA vaccines had breakthrough replication in their lung.1*4

4.3 | Research and development of pan-B-CoV
vaccines

To date, the three life-threatening CoVs identified all belong to B-CoV,
so it is essential to develop vaccines against CoVs in these genera.
Development of pan-B-CoV vaccines is difficult, and only few studies
have reported on pan-B-CoV. The United Kingdom government is now
funding clinical trials for a new vaccine candidate called DIOS-CoVax2,
which was developed by researchers from DIOSynVax. They used 3D
computer modeling to design Vaccine Antigen Payloads (the immune
instructions of a vaccine) from multiple synthetic antigens. Vaccine
Antigen Payloads can be deployed in the form of vaccine vectors,

such as nucleic acid-based, virus vectored-based, and protein-based
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(B)

Chimera 1 Chimera 2

® SARS-CoV-2
[ J
@® RsSHCO014

Chimera 3 Chimera 4

FIGURE 5 Strategies of protein nanoparticle vaccines and antigen chimera vaccines for broad-spectrum neutralization. (A) Three
representative types of selfassembled nanoparticles for antigen delivery. Spy-tagged antigen was conjugated with a Spycather003-mi3, forming
nanoparticles. 153-50A and 153-50B could assemble into virus-like particle (VLP) nanoparticles after mixing. Helicobacter pylori-derived ferritin
conjugated with antigens could form 24-mer or 60-mer nanoparticles. (B) Four types of genetically fused S chimera trimer were shown above,
and S protein was generally divided into 3 parts, N terminal domain (NTD), receptor binding domain (RBD), and others (CTD and S2). For each
part, one type of coronavirus was filled in with specific colors. Yellow stands for SARS-CoV, teal for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), gray for HKU3-1 and green for RsSHC014. Chimera 1 contained SARS-CoV (RBD)—HKU3-1 (NTD)—SARS-CoV-2
(Others); chimera 2 contained SARS-CoV-2 (RBD)—SARS-CoV (NTD)—SARS-CoV (Others); chimera 3 contained SARS-CoV (RBD)—SARS-CoV-2
(NTD)—SARS-CoV-2 (Others) and chimera 4 contained RsSHC014 (RBD)—SARS-CoV-2 (NTD)—SARS-CoV-2 (Others).

platforms. DIOS-CoVax2 was designed to provide broad protection
against multiple B-CoVs, such as SARS-CoV and MERS-CoV, that bear
rapid transmission and high pathogenicity among humans (https://
www.diosvax.com/technology). Yet, so far, the clinical data of this pan-
B-CoV vaccine have not been reported.

Although few pan-B-CoV vaccines have been reported, it is
worth noting that many cross-reactive epitopes in CoVs have
recently been described.?®81132133 pinto et al. recently described
some mAbs isolated from COVID-19 convalescent individuals, which
exhibited cross-reactivity targeting the stem helix of multiple -CoV
spike glycoproteins.’®** Among these mAbs, S2P6 exhibited the
broadest neutralizing activity. S2P6 showed similar potency against
SARS-CoV-2 VOCs, including Alpha, Beta, Gamma, and Kappa,
compared with parental SARS-CoV-2 D614G. Moreover, S2P6 could
broadly neutralize SARS-CoV, Pangolin Guangdong 2019 (PANG/
GD), MERS-CoV, and OC43 S pseudoviruses with median inhibitory
concentration (ICso) values ranging from 0.02 to 17 pg/ml. S2P6 is
therefore a broad-spectrum anti-coronavirus neutralizing mAb.
Simultaneously, Sun et al. isolated a human antibody named 76E1,
which has extremely broad neutralizing activity against multiple
a- and B-coronaviruses, including SARS-CoV-2 and its variants. The
antibody targets a highly conserved S2' cleavage site and fusion

peptide epitope within the S protein, and the crucial epitope is
exposed when the S protein binds to ACE2. This observation
suggests that 76E1 blocks membrane fusion and viral entry by
binding to the epitope at an intermediate conformation of S during
the transition process from the prefusion to the post-fusion state.*3”
These data, along with the structural and functional characteristics of
conservative epitopes in different B-CoVs, provide insights for the

rational design of pan-B-CoV vaccines.

5 | CONCLUSION AND PERSPECTIVES

In this review, we first discussed the main targets of current SARS-CoV-
2 vaccines that produce broad-spectrum protection. Then, we summa-
rized the protective efficacy of currently approved vaccines. Finally, we
mainly reviewed the broad-spectrum anti-coronavirus vaccines, includ-
ing variant-proof SARS-CoV-2 vaccines, pan-sarbecovirus vaccines, and
pan-B-CoV vaccines, currently in development.

As the COVID-19 pandemic continues, the effective global
control of COVID-19 via immunization with first-generation vaccines
is threatened by VOCs and waning vaccine-induced antibody

9,136,137

immunity. Nowadays, Omicron has outcompeted the


https://www.diosvax.com/technology
https://www.diosvax.com/technology
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previous VOCs and exhibits the largest prevalence in the world. It is
worth noting that Omicron infections have been mainly in the upper
respiratory tract, thriving in the throat and nose, but not in the lung
within the lower airway system, making it easy for virus particles to
be exhaled as aerosols from the nose or mouth and leading to new
host infections.?®® However, while the current SARS-CoV-2 vaccines
might reduce disease severity, they fail to prevent infection of SARS-
CoV-2 VOCs, particularly Omicron variant, since Omicron break-
through infection has occurred in many vaccinated individuals.*38-141
In addition, Zhou et al. have described robust SARS-CoV-2 infection
in nasal turbinates of golden Syrian hamsters challenged with SARS-
CoV-2, despite the presence of potent systemic neutralizing
antibodies.’*? Therefore, given the transmission characteristics of
this virus and the complexity of adaptive host immunity, both
systemic and mucosal protective immunity need to be taken into
consideration when developing next-generation vaccines (Figure 6).
Currently, most vaccines in clinical trials are administered intra-
muscularly or intradermally to elicit activated T and B cell responses,
but these routes of vaccination are unable to induce effective
mucosal IgA antibodies or tissue-resident T cells (TRM) in bodies.'*®
Notably, intranasal (IN) immunization effectively induces the estab-
lishment of IgA-secreting cells, mucosal IgA antibodies, and TRM in
the lung (Figure 6).244-14¢ Therefore, mucosal vaccination should be

MEDICAL VIROLOGY

emphasized as it would be beneficial to induce robust mucosal
immune responses against SARS-CoV-2 transmission through the
respiratory tract, rather than only curtail infection or prevent the
development of disease symptoms. Accordingly, an aerosolized Ad5-
nCoV vaccine has been developed by CanSino Biologics. This vaccine
against COVID-19 in an aerosol route with an equivalent to one- or
two-fifths of an intramuscular (IM) dose was well tolerated in healthy
adults in clinical phase 1 trial.**” This aerosol vaccination could
trigger not only broad and polyfunctional T cell responses, but also a
higher ratio of neutralizing antibodies to total antibodies compared
with intramuscular vaccination. Their recent clinical results showed
that a booster vaccination with aerosolized Ad5-nCoV induced an
effective serum nAbs response against SARS-CoV-2 in adults who
had already received two doses of CoronaVac.'*® The increased
knowledge of mucosal antigen-presenting cells and resident memory
cells in mucosal sites allows for the design of antigens and the
development of effective mucosal adjuvants, thus facilitating the
rational design of next-generation mucosal vaccines.'*?

Recently, some studies have noted that the S2 subunit is an
alternative target that harbors promising cross-reactive antibodies
and CD4+T cell epitopes.*®°~152 |dentification of conserved epitopes
in S2 may hold promise for developing a universal pan-coronavirus
vaccine.>® Accordingly, Ma et al. developed a combination of

®

Inhalation Route (i.n) IgG

IgG IgG* Plasma CD4" T Cell CD8* T Cell
Cell
Intramuscular Route (i.m)
IgA IgA* Plasma Cell

IgG* Plasma Cell

CD4*TCell CDS8'T Cell Resident memory

T Cell

FIGURE 6 Corresponding differences in immunization reactions between inhalation and intramuscular route. Intramuscular immunization
induces antigen-directed innate and adaptive responses and activates T and B cell responses. IgG* plasma cells are generated, differentiated and
maturated to create anti-antigen neutralization antibodies. Apart from these immunological responses, inhalation immunization also induces
tissue-resident T cells and IgA* B cells for circulating mucosal IgA antibodies.
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nanoparticle vaccines by displaying SARS-CoV-2 RBD and/or HR1 to
HR2 fragment from S2. They found that RBD-HR nanoparticle
vaccines could induce nAbs against pseudotyped SARS-CoV, MERS-
CoV, HCoV-229E, HCoV-OC43, and RalTG13 and elicit T cell
responses potentially cross-reactivated with B-coronavirus HCoV-
OC43 and a-coronavirus HCoV-229E.2%* More recently, Ng et al.
observed that two doses of a SARS-CoV-2 S2-targeted DNA vaccine
could confer protection against infection with distinct coronaviruses.
S2-targeted vaccination could produce relatively weak neutralizing
activities against diverse a-coronaviruses and B-CoVs, including
SARS-CoV-2 Wuhan strain and its two VOCs (Alpha and Beta),
HCoV-HKU1, HCoV-0OC43, HCoV-229E, HCoV-NL63, WIV1, and
RaTG13. Nevertheless, the relatively low immunogenicity of S2 has
been a matter of debate. It has been explained that some neutralizing
epitopes on S2 subunit are shielded by N-glycan or other parts in
trimeric S, making S2 less accessible for immune recognition than the
S1 subunit.1351%% Therefore, the addition of novel adjuvants or new
antigen presentation strategies to stimulate these concealed epitopes
on the S2 subunit may be a viable option for improving S2
immunogenicity and developing broad-spectrum protective vaccines.

In general, the first-generation SARS-CoV-2 vaccines will
ultimately be replaced by second-generation vaccines with broader
protective efficiency and more durable immunity. Meanwhile, as a
continuing risk, animal coronaviruses may spill over from animals to
humans and generate novel viruses by recombination, considering
the continuous and frequent contact between humans and wild
animals.*>”1°® We must therefore accelerate our efforts in the
development of broadly protective vaccines.*®” However, there
remain some challenges in the development of broad-spectrum
sarbecovirus and B-coronavirus vaccines. For instance, it is difficult to
construct a vaccine consisting of the highly conserved neutralizing
epitopes in coronaviruses, such as those in S2 that we mentioned
above, in appropriate conformation. An approved novel adjuvant that
can strongly enhance the immunogenicity of vaccine to elicit potent
and long-lasting neutralizing antibody and T cell immune responses is
still not available. These suggest that it is not easy to promptly
develop a broad-spectrum coronavirus vaccine, but the pan-
sarbecovirus and pan-B-coronavirus vaccines are still urgently
needed for combating the pandemics or epidemics that will be
caused by emerging or reemerging coronaviruses in the foreseeable
future.
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