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SUMMARY

Although the development and clinical application of SARS-CoV-2 vaccines during the COVID-19 pandemic
demonstrated unprecedented vaccine success in a short time frame, it also revealed a limitation of current
vaccines in their inability to provide broad-spectrum or universal protection against emerging variants.
Broad-spectrum vaccines, therefore, remain a dream and challenge for vaccinology. This review will focus
on current and future efforts in developing universal vaccines targeting different viruses at the genus and/
or family levels, with a special focus on henipaviruses, influenza viruses, and coronaviruses. It is evident
that strategies for developing broad-spectrum vaccines will be virus-genus or family specific, and it is almost
impossible to adopt a universal approach for different viruses. On the other hand, efforts in developing broad-
spectrum neutralizing monoclonal antibodies have been more successful and it is worth considering broad-
spectrum antibody-mediated immunization, or “universal antibody vaccine,” as an alternative approach for

early intervention for future disease X outbreaks.

INTRODUCTION

The COVID-19 pandemic has heralded a renaissance in vaccinol-
ogy with unprecedented levels of research activity, from novel an-
tigen design and delivery platforms, preclinical testing in animal
models, including non-human primate models and transmission
studies, to human clinical trials. There are at least 821 COVID-19
vaccine trials registered in 80 countries, with 92 vaccines in phase
3 efficacy trials and 11 World Health Organization (WHO) emer-
gency use licensed vaccines (as of February 23, 2023, https://
covid19.trackvaccines.org/vaccines/). The criteria of COVID-19
vaccine licensure are based on greater than 50% vaccine efficacy
against symptomatic infection. This unprecedented research ac-
tivity and urgency has led to the adoption of new vaccine ap-
proaches that may have taken decades, if at all, to reach clinical
use, culminating in over 13 billion COVID-19 vaccine doses for
5 billion people being vaccinated at least twice within 3 years
of SARS-CoV-2 virus discovery (as of May 7, 2023, https://
ourworldindata.org/covid-vaccinations?country=OWID_WRL).

A vaccine is a biological product that can be used to elicit a
specific memory immune response mimicking infection that
confers protection against infection, disease, or death on
subsequent exposure to a pathogen. Vaccines have transformed
public health, and second to clean drinking water, they are our
greatest intervention against infectious diseases and have
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been estimated to save millions of lives each year.' Vaccines
provide direct protection of the immunized individual through
adaptive memory, establishing B cell and T cell responses.
Different vaccine platforms have a distinct fingerprint for trig-
gering different arms of the immune system, with the innate
immune response endotype determining antibody titers.>* A
central immune dogma of vaccination is that neutralizing
antibodies (nAbs) block infection as a key front-line defense,
whereas cytotoxic CD8* T cells Kill infected cells, helper CD4*
T cells coordinate the milieu and formation of memory, whereas
non-nAbs engage effector cells; thus, cellular responses and
antibody effector functions act after the infection is established.

Despite tremendous progress in vaccine development over
the last two centuries, we are still faced with multiple challenges,
which have made it difficult or impossible to develop vaccines
against some pathogens of significant public health concern. It
is harder to vaccinate against pathogens that have antigenic
variation, transmitted by vectors or have animal reservoirs,
cause chronic or latent infection within the host, employ immune
evasion mechanisms, which will require both nAbs and T cells for
effective clearance of infection, and due to the presence of
multiple serotypes that can lead to antibody-dependent
enhancement.

One of the key lessons from COVID-19 vaccine development
is the lack of a broad protective “universal” vaccine that is
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effective against “future” variants. Several strategies are being
tried that can induce a broadly reactive immune response by
integrating a conserved antigen, such as optimized consensus
epitopes,” sequential immunization of chimeric based antigens,”
or simultaneous priming using mosaic-based vaccines®’ for B
cell priming, or using conserved peptides for T cell priming.® It
is difficult, if not impossible, to develop a virus-agnostic strategy
for development of universal viral vaccines.

In this review, we will focus our discussion on the development
of broad-spectrum vaccines, which target different viruses at the
viral genus or family levels, with a special focus on henipaviruses,
influenza viruses, and coronaviruses. These viruses are among
those with the highest risk of causing diseases and have exten-
sive antigenic variation, animal reservoirs, different host ranges
and varying degree of pathogenicity.

PAN-HENIPAVIRUS UNIVERSAL VACCINES

Hendra virus (HeV) was the first bat-borne zoonotic virus to
emerge in recent time that caused deadly infections in both hu-
man and animals in 1994 in Australia® and is the prototype virus
of the genus Henipavirus family Paramyxoviridae.'® There are
four additional members of the genus Henipavirus currently
listed by International Committee on Taxonomy of Viruses
(ICTV), these are Nipah virus (NiV), Cedar virus (CedV), Ghanaian
bat henipavirus (GhV) (also known as Kumasi virus or Ghana vi-
rus), and Mojiang virus (MojV). MojV is the only member found in
rodents, whereas all other four members use bats as their natural
reservoir. HeV and NiV are the only known members of the genus
that can cause fatal infections in humans and animals by spill-
over infection from bats. Recently, a MojV-like virus, the Langya
virus (LayV), was found to be associated with human respiratory
diseases in China, which most likely originated from shrews."’

Henipaviruses can be divided into two groups. The classical
group originates from bats, use ephrin molecules (Eph) as entry
receptors, and are best represented by HeV and NiV. The non-
classical henipaviruses are from non-bat natural hosts, are un-
able to use Eph as their entry receptor, and have an ill-defined
entry mechanism.'?

For HeV and NiV, human or animal sera from natural infections
of either virus were shown to be able to efficiently cross-
neutralize each other.'®'* This laid the foundation for the devel-
opment of pan-henipavirus vaccines'® and human-neutralizing
monoclonal antibodies (mAbs).'>'® It remains to be seen
whether NiV- or HeV-based vaccines can be effective against
other classical henipaviruses, such as CedV and GhV, although
the fact that these viruses use similar Eph receptors would sug-
gest a high probability. Although both the glycoprotein (G) and
fusion protein (F) have been identified as the target of nAbs, G
is the more dominant protective antigen. Multiple vaccine candi-
dates have been developed that target the NiV and HeV G pro-
teins and have been shown to be effective in animal models,
which included vaccines based on viral vector delivery, virus-
like particle (VLP), messenger RNA (mMRNA), and protein subunits
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(for a detailed review, see Amaya and Broder'’). The most
advanced vaccine, which has been licensed for use in horses,
is a protein subunit vaccine based on the soluble G (sG) protein
of HeV (HeVgg).

When vaccines using sG of HeV and NiV were tested in a feline
infection model, it was shown that both vaccine candidates were
able to provide not only homologous but also heterologous pro-
tection against both viruses, with the HeV g showing equal or
better protection against NiV than the NiVgg.'® This initial obser-
vation was subsequently confirmed in multiple animal models
including non-human primates'®*; thus, HeV,g was chosen
to be further developed into a pan-henipavirus vaccine. The
HeVg-based vaccine has since been licensed for immunization
of horses, under the trade name Equivac HeV, with great suc-
cess.”® This represents the first licensed vaccine for any
biosafety level 4 agent.

The success of Equivac HeV as a pan-henipavirus vaccine is
most likely due to the high structure conservation of the G proteins
among different classical henipaviruses and the stringent virus-re-
ceptor (EphB2) interaction, which ensures common neutralization
targets for universal coverage.'? Currently, there are four NiV vac-
cines under development with funding from the Coalition for
Epidemic Preparedness Innovations (CEPI), which include HeV-
sG protein subunit, vesicular stomatitis virus (VSV)-vectored
NiV-G, ChAdOx-vectored NiV-G, and measles-virus-vectored
NiV-G (https://cepi.net/research_dev/priority-diseases/). Clinical
trial of a mRNA NiV vaccine is on-going as well (https://
clinicaltrials.gov/ct2/show/NCT05398796). In addition, multiva-
lent henipavirus vaccines are also in pre-clinical development,
whereby the G protein of 4 viruses (NiV, HeV, GhV, and MojV)
has been fused with Fc region of IgG1 to facilitate presentation
and uptake® to generate neutralizing pan-henipavirus Ab
(Figure 1A). Passive immunization with G-specific mAbs has pro-
gressed to phase 1 trials®® (ACTRN12615000395538). Although
vaccination against nonclassical henipaviruses will be more diffi-
cult until the virus-receptor interaction is known.

THE PATHWAY TO A PAN-INFLUENZA VIRUS VACCINE

Diversity of influenza viruses is not addressed by
current vaccines
Influenza viruses consist of 4 genera: A, B, C, and D, of which
only influenza A and B viruses are endemic in humans
(Figure 2A). Influenza A viruses (IAVs) have the greatest host
range, antigenic diversity, and cause seasonal epidemics and
pandemics, whereas influenza B viruses (IBVs) cause seasonal
epidemics but have limited host range and antigenic diversity
and thus reduced pandemic potential. Current inactivated influ-
enza vaccines (IIVs) contain representative IAV and IBV that
cause human infections, with limited coverage for zoonotic influ-
enza subtypes.

IBV is one antigenic subtype with 2 antigenic lineages, Victoria
(B/Vic) and Yamagata (B/Yam), which were split from the original
B/Lee lineage in the 1980’s, then B/Yam predominated during

(B) "Based on PubMed search criteria, “universal influenza vaccine human” and filter for clinical trial phase. *Based on WHO pandemic influenza vaccine report

(October 2022). =Based on Clinicaltrials.gov search criteria, “influenza vaccine.”

(C) ~Based on covid19.trackvaccines.org (December 2022). +Based on Clinicaltrials.gov search criteria, “variant COVID vaccine” and filter for clinical trial phase.
(D) Multivalent vaccines represent a fraction of registered clinical trials (from A-C).
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(A) Definition of influenza breadth based on HA phylogeny. The tree was built
with IQ-TREE2 (default parameters with automatic model selection) using HA
(HE) protein sequences obtained from the Influenza Virus Database. Human
influenza viruses as indicated (black: subtype endemic to humans, green: (H2,
B/Yam) previously in humans, red: spill over infections from zoonotic sources).
(B) Amino acid sequence conservation based on sequence alignment
(CLUSTALWijp) of proteins (from https://www.ncbi.nim.nih.gov/genomes/
FLU/Database/nph-select.cgi?go=genomeset) of HIN1 2009 pandemic (A/
California/04/2009) versus prototypic virus strains: for Pan (B/Vic, B/Brisbane/
60/2008), for Pan A (H3N2, A/Alaska/03/2021), for group 1 (H5N1, A/Indonesia/
5/2005), for subtype (H1N1, A/Alabama/01/2020).

the 1990’s, B/Vic lineage viruses reappeared in 2001, and they
then co-circulated until the COVID-19 pandemic. Due to the pub-
lic health measures of the COVID-19 pandemic and limited host
range of IBV to humans, B/Yam has not been detected since
March 2020.?” Elimination of IBV was suggested before the
COVID-19 pandemic with the advent of highly effective IBV vac-
cines due to its limited host range and antigenic diversity. How-
ever, B/Yam elimination may be short-lived and continues to be
recommended in current quadrivalent vaccines.

The first influenza vaccine was developed in 1936, against IAV,
and the standard IIV format in current widespread use remains
relatively the same 80 years later,?® but IIV have increased in their
valency since. IBV were first isolated in the 1940s and shortly
thereafter included in bivalent inactivated influenza vaccination,
including one representative IAV and IBV. The IV strategy was
updated again in 1978 after the reintroduction of H1N1 viruses
to a trivalent IIV formulation (TIV) containing representative vi-
ruses from 2 IAV subtypes, H1N1 and H3N2, and one IBV virus
from either B/Vic or B/Yam lineages, and since 2013 quadriva-
lent (QIV) recommendations have been made to include both
representative B/Yam and B/Vic strains. In the past 23 years of
WHO vaccine recommendations®® (http://www.influenzacentre.
org/Surveillance_Vaccine_Recommendations.html), H3N2 vi-
ruses have had 20 strain updates, versus 10 updates for
H1N1 viruses, 8 updates for B/Vic, and only 7 strain updates
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for B/Yam, with the same B/Yam strain used for the past 7 years.
Although IBV lineages share 90% hemagglutinin (HA) homology,
IBV cross-lineage protection is limited as vaccine efficacy after
trivalent vaccination can be just 50% in mismatched seasons.*°

Antigenic and genetic characterization of seasonal influenza
viruses circulating in humans, with consideration of the latest
epidemiological and clinical data from different countries and re-
gions, determine whether there is a need for updating vaccine
strain composition. However, because the vaccine composition
is decided at least 6 months ahead of influenza epidemic season,
there is a risk of mismatch between the vaccine and circulating
influenza strains, which occurred recently in 2014/2015 for
H3N2 viruses, leading to excess mortality®' and egg adaptations
in 2019/2020.%2 Greater predictive models from sequence infor-
mation on immunogenicity, better approaches in capturing latest
virus sequence information, and less time-consuming vaccine
production pipelines are needed.

Due to the wide variety animal reservoirs from mammals to
birds and antigenic variation for IAV, elimination is not possible.
IAV has wide antigenic breadth in its surface glycoproteins, re-
sulting in a variety of antigenic subtypes, with at least 18 HA
(Figure 2A) and 11 neuraminidase (NA) subtypes. Both HA and
NA can be split into distinct phylogenetic groups (e.g., group 1
HA H1/H2/H5/H6/H8/H9/H11/H13/H16/H17/H18 versus group
2 HA H3/H4/H7/H10/H14/H15, and group 1 NA N1/N4/N5/N8,
group 2 NA N2/N3/N7/N6/N9, and group 3 NA N10/N11 from
bats that lack enzymatic activity) (Figure 2A). Within IAV groups
there are further clades, such as the H1 clade, which includes
H1/H2/H5/H6, and then each HA subtype, such as H1, which
consists of many individual strains. Group 1 and 2 IAV viruses
share ~37% amino acid sequence homology for their HA and
NA proteins, and only 24%-27% with IBVs versus group 1 IAV
(Figure 2B). Although internal proteins, such as the nucleoprotein
(NP), polymerase subunits (PA, PB1, and PB2), and matrix (M),
are only 12%-60% conserved between IAV and IBV, they can
be 77%-97% conserved across different IAVs of group 1 and
2 (Figure 2B), and within groups and clades homology increases
further. Thus, influenza viruses present a challenge, with current
IV only providing short-term, strain-specific protective efficacy
that does not even reach different strains within the same
subtype.

Heterosubtypic vaccines can be either pan-influenza,
covering both IAV and IBV, group, clade, subtype, or strain spe-
cific, depending on the breadth of responses elicited and
epitope conservation that is targeted by those vaccines
(Figure 2A). Indeed, pan-influenza (IAV/IBV) monoclonal nAbs,
such as CR9114, which targets the HA-stem, have been identi-
fied with protection in lethal heterosubtypic influenza challenge
models.®®> However, cross-subtype HA-stem antibody re-
sponses between H1N1 and H3N2 are also difficult to establish
due to differences in HA-stem glycosylation sites, which hide key
residues of the H3-stem, and only 47% sequence conservation
between these subtypes. Furthermore, pan-influenza (IAV/IBV/
ICV)-conserved T cell epitopes, such as HLA-A2-restricted
PB1,413_421 have been identified; however, these are not immu-
nodominant or protective in mice.*

Although only H1N1 and H3N2 viruses cause seasonal epi-
demics, spillover IAV infections from avian, swine, equine, and
canine sources do occur with limited human to human
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transmission. H5N1 highly pathogenic avian influenza (HPAI) out-
breaks since 1997 instigated greater IAV pandemic preparedness,
changes to live animal market practices, and the call for universal
influenza vaccines.®® The H7N9 outbreaks in poultry markets of
China from 2013 t0 2017, were curbed by large-scale poultry biva-
lent H5/H7 IV vaccination and, importantly, eliminated human
infection with the H7N9 viruses.*® More recently, H5 viruses have
reassorted acquiring polymerase genes from H9N2, leading to
the greatest number of HPAI ever reported in Europe®” and the
USA (https://www.cdc.gov/flu/avianflu/avian-flu-summary.htm)
and detections of human cases of H5N6, HON2, and H3N8
infection (https://www.who.int/docs/default-source/wpro—docu
ments/emergency/surveillance/avian-influenza/ai_20230414.pdf?
sfvrsn=5f006f99_113). Infections with IAV from avian origins, H7N9
and H5N1, have followed an epidemiological pattern of age distri-
bution, which has been hypothesized to be attributable to the
phenomenon of HA imprinting and conserved epitopes of the
HA-stem.® There is largescale stockpiling of monovalent adju-
vanted H5 and H7 vaccines in some countries and preclinical
development of broadly reactive vaccines (Figure 1B), as avian
IAV remain a very real and imminent threat that we currently have
little immune defense against with current seasonal IV vaccines.
Thus, influenza vaccine approaches need to be updated to pre-
empt pandemics and be ready for HXNX viruses.

Universal influenza vaccine development

The pathway to a universal influenza vaccine is anticipated to be
an iterative process® and may also require different strategies
to immunize individuals with existing immunity compared with
naive individuals, such as infants. According to the WHO, there
are currently 800 pandemic influenza vaccines in clinical trials,
but only 8 are multivalent to provide coverage beyond strain-spe-
cific immunity (Figure 1B), and most pandemic preparedness
vaccines are taking conservative approaches using a H5 or H7
inactivated monovalent formulation (https://www.who.int/teams/
immunization-vaccines-and-biologicals/diseases/seasonal-
influenza/tables-on-clinical-evaluation-of-influenza-vaccines).

There are a vast number of universal influenza vaccine strate-
gies being tested in preclinical studies, yet only a handful will
reach clinical trials. Many preclinical studies focus on generating
broadly neutralizihg HA antibodies through mosaic®’ or
consensus sequence approaches, such as computationally opti-
mized broadly reactive antigens (COBRAs).* Recently, a 20-mer
HA mRNA lipid nanoparticle vaccine using every IAV and IBV
subtype showed protection in mice and ferrets’ via equal
breadth of antibodies across all subtypes. It is also possible to
use this approach for chimeric HA proteins to be generated,
whereby HA trimers may contain subunits of different subtypes,
which may augment the ability to generate broadly nAbs.

Novel next-generation vaccine strategies (Figure 1B), such
as chimeric HA stem vaccines, NA-based vaccines, peptide
mosaic vaccines, and viral-vectored vaccines (such as adeno-
virus- or vaccinia virus-based vectors), were designed to
target conserved IAV regions, such as the NP and M proteins,
and generate cross-reactive immune responses by targeting
different stages of the virus life cycle. For example, NA anti-
bodies can interfere with virus budding, whereas M2e and NP
specific antibodies can interfere with viral fusion and replication.
Although T cells are primed after limited replication of the vac-
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cine strains or local antigen presentation. Therefore, T cells
and antibodies directed toward the M2e, NA, and NP do not
block virus infection but act to reduce the impact of infection
and are thus disease mitigating. This non-sterile vaccine-
induced immunity may affect virus evolution rates as higher
selection pressure is placed on the virus when low-level replica-
tion can occur with stringent immune bottlenecks.®®

In human clinical influenza vaccine trials (Figure 1B), there are
nearly 1,875 active trials (recruiting, not yet recruiting, and
completed), whereas 531 trials have been withdrawn, sus-
pended, or terminated (https://clinicaltrials.gov). Various novel
strategies are being used in vaccine programs to generate
broadly reactive protection against influenza (Figure 1B). For
influenza vaccines with multivalent/broad potential, there are 3
recruiting/active phase 1 trials, which include the H2 protein in
a ferritin nanoparticle to generate broadly reactive antibodies,
especially HA-stem antibodies, as this is a novel subtype in
adults under 50 years of age’® (NCT03186781). Among the 3
active phase 2 trials, a T-cell-targeting-based approach uses
an MVA vector with NP and M1 proteins to elicit cross-reactive
T cells and NP-antibodies; however, this did not show additional
protection to seasonal influenza viruses®' (NCT03880474). A
phase 3 ftrial that also aims to elicit cross-reactive T cell re-
sponses, using conserved adjuvanted immunogenic peptides
(3 repeats of 9 peptides) that bind HLA (human leukocyte anti-
gen) supertypes that recently failed to demonstrate efficacy®
(NCT03450915). There are currently no phase 4 or approved
broadly reactive influenza vaccines; however, FluAd, an IIV
with MF59 adjuvant, does increase antibody breadth to hetero-
subtypic influenza viruses (including long drift variants and avian
influenza viruses) and provides longer duration antibodies than
other available current vaccines.*>*® Increased antibody
breadth has also been found for other adjuvanted influenza vac-
cines, such as AS03"* and combinations of TLR agonists.*
Thus, increased use of licensed adjuvanted IIVs may be our cur-
rent best solution for broader immunity until preclinical universal
vaccine candidates are approved.

VACCINES FOR CORONAVIRUSES

Over the last two decades, severe acute respiratory syndrome
coronavirus (SARS-CoV, will be labeled following as SARS-
CoV-1 to avoid confusion), SARS-CoV-2, and Middle East respi-
ratory syndrome coronavirus (MERS-CoV), have caused epi-
demics or pandemics in humans, resulting in inordinate human
and economic loses worldwide and significantly disrupted global
health in an unprecedented manner. The current COVID-19
pandemic had resulted in greater than 765 million confirmed
cases and 6.9 million deaths (as of 7 May 2023, https://
covid19.who.int/). Clearly, the real number of infection and death
is much higher than that because China alone has experienced a
massive infection wave from December 2022. Of the seven
coronaviruses known to infect humans, five are most likely
from bats,*® including SARS-CoV-1, SARS-CoV-2, and MERS-
CoV.*”"*' The unique immune status of bats allows them to
harbor a significantly higher proportion of zoonotic viruses than
all other mammals.®®>® Extensive land-use, intensive farming,
and climate changes are key contributing factors for the
increasing spillover of zoonotic viruses into the human
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Table 1. SARS-CoV-2 vaccines granted emergency use listing by WHO

Efficacy on preventing Efficacy on preventing

Vaccine Manufacturer Platform symptomatic infection severe disease

1 mRNA-1273%° Moderna mRNA 93.2% 98.2%
2 BNT162b2°" Pfizer/BioNTech mRNA 91.3% 96.7%
3 Ad26.COV2.8"® Janssen viral vector 52.4% 74.6%
4 AZD1222% AstraZeneca viral vector 74.0% 100%
5 Covishield Serum Institute of India viral vector NA* NA

6 AD5-nCoV®® CanSino Biologics viral vector 57.5% 91.7%
7 BBV152%* Bharat Biotech inactivated 77.8% 93.4%
8 BBIBP-CorV®® Sinopharm inactivated 78.1% 100%
9 CoronaVac®® Sinovac inactivated 50.7% 100%
10 NVX-CoV2372°%" Novavax subunit protein 89.7% 100%
11 COVOVAX Serum Institute of India subunit protein NA NA

2NA, not available.

population®*>%; and spillover of bat coronaviruses in Southeast

Asia are happening more frequently than previously recog-
nized.°”*® The devastating impact of viral pandemics as
evidenced by COVID-19 clearly demonstrates that our current
preparedness strategy and effort is not sufficient against disease
X. Vaccination remains the most cost-effective approach to
combat infectious disease outbreaks, but the rapid evolution of
SARS-CoV-2 taught us a lesson that the current virus- or
strain-specific vaccination strategies are not good enough, and
we need to develop more broad-spectrum vaccines preemp-
tively. In this section, we will discuss the past, current, and future
coronavirus vaccines and the effort toward making a universal
“dream” coronavirus vaccine.

The past: Effort of coronavirus vaccine development
before the COVID-19 pandemic
Although seasonal CoVs (especially 229E and OC43) have been
associated with human infection for a long time, they do not nor-
mally cause severe disease in humans, and the infection is
largely self-limiting. On the other hand, human infection with
SARS-CoV-1 or MERS-CoV not only results in severe disease
or death, but in survivors, it also induces humoral and cellular
immunity, lasting for months to decades.*®°® The majority of
the antibodies elicited during infection target the spike (S) and
nucleocapsid proteins, and the nAbs are mainly targeted at the
S-receptor-binding domain (RBD) with some minor involvement
of epitopes in the N-terminal domain (NTD) and the S2 domains,
respectively.5+5°

Before the COVID-19 pandemic, no vaccines against corona-
viruses had ever been licensed for human use. Research into
vaccines against seasonal coronaviruses was considered a
low priority, and the circulation of four different viruses also
meant the need to develop a quadrivalent vaccine to be truly
effective against all four circulating seasonal coronaviruses. In
contrast, there were multiple SARS-CoV-1 and MERS-CoV vac-
cine candidates developed, and some of them went through pre-
clinical evaluation, but none reached to the stage of regulatory
(e.g., FDA) approval for clinical application.®” Efforts into SARS
vaccine development was largely halted after the elimination of
human infection in 2003/2004, with no reemergence detected

thereafter, despite the fact that multiple SARS-related coronavi-
ruses were detected in bats, and some were shown to be able
to use human ACE2 as entry receptor.””*®°® Most of the vaccine
candidates are based on the S protein in different forms,
including trimeric whole S protein, the S1 domain, or the
RBD.?>"° There are also multiple vaccine delivery platforms
used, including protein subunit, VLPs, viral vector, and DNA vac-
cines. In addition, there were also vaccine candidates based on
whole inactivated or live-attenuated SARS-CoV-1, which were
experimented in various trials. Most of the vaccine candidates
induced high levels of nAbs.”"

Although none of the vaccine candidates for SARS-CoV-1 or
MERS-CoV reached clinical application, the vast knowledge
accumulated from the various research activities built a solid
foundation for the development of an effective vaccine for
emerging zoonotic coronaviruses. One of the most notable
achievements was the demonstration of significant enhance-
ment of immunogenicity by locking the spike protein in a pre-
fusion conformation. This was first demonstrated by substituting
the residues in the loop between first heptad repeat (HR1) and
the central helix with two proline (P) for the MERS-CoV S protein,
termed the S-2P construct.”? The same S-2P approach later
proved to be a great success in the rapid development of effec-
tive SARS-CoV-2 vaccines, including the two most used mRNA
COVID-19 vaccines.

The present: Current coronavirus vaccines focusing on
SARS-CoV-2

The emergence of SARS-CoV-2 in December 2019 provided new
opportunities for demonstration of the importance of rapid vaccine
development and deployment. The success has undoubtedly
saved millions of lives.”® In this section, we will discuss the vaccine
type and protective efficacy of the currently developed SARS-
CoV-2vaccines (summarized in Table 1). To date, there are 11 vac-
cines that have been granted emergency use listing (EUL) by the
WHO. It should be emphasized that these vaccines, or the first-
generation SARS-CoV-2 vaccines, were all based on the ancestral
Wuhan virus strain. Four major vaccine types have been rolled
out, including whole inactivated viruses (CoronaVac, Sinovac;
Covilo, Sinopharm; and Covaxin, Bharat Biotech), mRNA
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(Spikevax-mRNA-1273, Moderna; and Comirnaty-BNT162b2,
Pfizer-BioNTech), adenovirus vectored (Vaxzevria and Covishield
ChAdOx1, AstraZeneca; and Ad26.COV.2, Johnson & Johnson-
Janssen), and subunit protein (Nuvaxovid and Covovax NVX-
CoV2373, Novavax). Before the emergence of major immune
escaping variants and subvariants in the Omicron lineage, ran-
domized, placebo-controlled phase 3 clinical trials showed pro-
tective efficacy of 94%-95% against symptomatic COVID-19
infection with two doses of BNT162b2, mRNA-1273, or Ad26.
COV.2 vaccine.”*"" Single dose of adenovirus-vector-based vac-
cine, Ad26.COV.2, provided 52.9% protective efficacy against
moderate to severe-critical COVID-19 infection, and the efficacies
varied depending on types of variants.”® Two doses of whole inac-
tivated vaccine, CoronaVac, provided up to 66% protective effi-
cacy against symptomatic infection and about 86% in preventing
COVID-19 related deaths.”

In November 2021, the SARS-CoV-2 Omicron variant with
more than 30 mutations in the S protein was first detected in
South Africa and has since spread across the globe.®® In late
2022, a diversity of Omicron subvariants were detected, mostly
have convergently evolved from Omicron BA.2 and BA.5 by
acquiring amino acid substitutions at a few critical residues in
the S protein or by recombination between different Omicron
subvariants (e.g., XBB). With the emergence of nAb escaping
Omicron variants,®” the current monovalent SARS-CoV-2
vaccines are not effective in preventing infection.”®~'°° Although
neutralization antibody levels are highly predictive of immune
protection of SARS-CoV-2 symptomatic infection,'®'~'% infec-
tion or vaccination-induced CD8* T cell response provides pro-
tection against severe disease and death.'%® "% The BNT162b2
and Ad26.COV2.S vaccines provided robust protection against
severe disease (~70%-72%) during Omicron waves despite in
the absence of high titers of Omicron-specific nAbs, suggesting
that immune protection is supported by cross-reactive non-nAb
functions and cellular immunity during Omicron waves. %% To
date, SARS-CoV-2 Omicron subvariant XBB and BQ.1.1 are the
most potent in escaping nAbs directed against the ancestral
Wuhan strain,?” and these variants most likely emerged under
immune selective pressure.”®''% After breakthrough infection,
there is a significant increase in overall nAb titers and induce
mucosal immunity against SARS-CoV-2.°*'"""12 However,
nAb titers to Omicron subvariants remain low.°**” Together
with waning of SARS-CoV-2-specific nAbs,"'*"'"® individuals
might encounter multiple breakthrough infections caused by
different SARS-CoV-2 antigenic variants.

The effects of immune imprinting, or “original antigenic sin,” is
observed after Omicron breakthrough infection. Breakthrough
infection with Omicron subvariants mainly recalls cross-reactive
B cells elicited by ancestral vaccine/infection but rarely pro-
duces de novo Omicron-specific B cells or nAbs.”” """ |m-
mune imprinting has caused significant reductions of nAb
epitope diversity while causing increased proportion of non-
nAbs; thus, it increased the immune pressure on the RBD and
promoted convergent RBD evolution.®”

The future: Developing a “dream vaccine” for
coronaviruses

The current COVID-19 vaccines were proven highly effective in
curbing the pandemic in the early phase. However, the emerging
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SARS-CoV-2 Omicron variants under immune selection has
greatly dampened the effectiveness of the current vaccines in
preventing infection and/or transmission. This has created a
dilemma that, although vaccines are still effective in preventing
severe disease, the on-going infection waves raise the possibility
of a never-ending cycle of variant emergence, a scenario similar
to seasonal influenza viruses. Rapid waning of SARS-CoV-2-
specific nAbs also requires frequent boosting, which may or
may not be sustainable and may worsen the vaccine uptake in
the general population. In this context, agencies such as CEPI
and the US National Institute of Allergy and Infectious Disease
(NIAID) are calling for increased effort in developing universal
vaccine candidates that could induce durable, broad-spectrum
immunity that are not only effective for current or future SARS-
CoV-2 variants but also for pre-emergent zoonotic sarbecovi-
ruses or coronaviruses known to circulate in wildlife animals.

Emergence of nAb escaping variants have prompted the vac-
cine developers to develop second generation SARS-CoV-2
vaccines (2GCoVax) based on SARS-CoV-2 variants. Both Pfizer
and Moderna have rapidly rolled out bivalent vaccines contain-
ing ancestral SARS-CoV-2 and Omicron variants. Individuals
who had received a bivalent booster vaccine have been shown
to have higher nAb titers against Omicron variants.''®""® A
recent article has demonstrated that BA.5 bivalent vaccine pro-
duced comparable nAb titers against Omicron subvariants,
including the current circulating subvariant BQ.1.1 and
XBB.1."?° However, as with the immune imprinting effect
observed from breakthrough infection, the Omicron bivalent
vaccines also suffer from the fact that majority of recalled B cells
are targeting the ancestral SARS-CoV-2 epitopes, therefore
inducing less Omicron-specific nAbs. Further, the antigenic dif-
ference among the different Omicron subvariants is significant
(Figure 3). Naive unvaccinated individuals who had recovered
from BA.1 or BA.2 infection failed to produce cross-nAbs against
the latest circulating Omicron sub-variants, despite the fact that
these Omicron sub-variants are phylogenetically closely related,
differing by a few amino acid residues only. Other studies have
shown that the bivalent vaccine as a booster might not be able
to elicit the desired superior immune responses.’?' A recent
study based on molecular fate mapping of B cells further demon-
strated that responses to sequential homologous boosting
derive overwhelmingly from primary cohort B cells, whereas later
induction of new antibody responses from naive B cells is
strongly suppressed, further highlighting the need to explore
other vaccine strategies to combat current and future infections
by closely related SARSr-CoVs.'#*

As the current data show that 2GCoVax is unlikely to be effec-
tive for future variants or novel zoonotic CoVs, efforts are already
under the way to develop more broad-spectrum CoV vaccines,
including 3"-generation pan-sarbecovirus vaccine (3GCo-
Vax)—vaccine candidates that can protect us from all the
SARS-related coronaviruses, 4"-generation pan-betacoronavi-
rus vaccine (4GCoVax), or the ultimate 5™-generation pan-coro-
navirus vaccines (5GCoVax).

Most of the pan-sarbecovirus vaccine candidates are at pre-
clinical stages, and there are several major strategies toward
this aim (Figure 4). One of the approaches that showed prom-
ising data in preclinical studies used the mosaic nanoparticle
platform. The Mosaic-8b developed by a Caltech team is a
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further 13 multivalent candidates has

progressed to phase 3 trials, including a
IFNa cytokine-adjuvanted RBD protein

mosaic nanoparticle containing RBDs from SARS-CoV-2 and
seven animal coronaviruses (Bat CoV RaTG13, Bat CoV
SHCO014, Bat CoV Rs4081, Bat CoV RmYNO2, Pangolin CoV
Pang17, Bat CoV Rf1, and Bat CoV WIV1). This mosaic vaccine
candidate was shown to be capable of inducing broader nAb re-
sponses in mice and non-human primates. The immunized ani-
mals were protected against the Delta variant and SARS-CoV-
1 challenges.'®® A similar approach by SK Bioscience, the
GBP511 vaccine candidate, contains RBDs from SARS-CoV-2,
SARS-CoV-1, Bat CoV RaTG13, and Bat CoV WIV1 and is able
to produce broadly protective immune responses against animal
sarbecoviruses and protect the vaccinated animals from SARS-
CoV-1 infection.'* Chimeric spike mRNA vaccine candidates,
containing RBD, NTD, and S2 domains from different SARS-
related coronaviruses, have also been shown to be able to
induce pan-sarbecovirus immunity in mice and protected the
aged mice from SARS-CoV-1, SARS-CoV-2, Beta, Bat CoV
RsSHCO014, and Bat CoV WIV-1, respectively, in challenge
studies.’®® Another study, by the Walter Reed Army Medical
Center, focused more on the delivery and adjuvant function
rather than on antigen design and reported the development of
a liposomal adjuvanted SARS-CoV-2 spike protein ferritin nano-
particle that elicits broad-spectrum immunity against SARS-
CoV-2 and SARS-CoV-1 in non-human primate studies.'® Simi-
larly, an RBD-sortase-A-conjugated ferritin nanoparticle was
reported to offer broadly protective immunity against SARS-
CoV-2, variants of concern (VoCs) and Bat CoV RsSHCO014 in
mice."?” Although encouraging, these studies were mostly con-
ducted in mice with a naive immune background, whereas the
vaccine efficacies with pre-existing SARS-CoV-2 immunity
remain unknown. Because this will be the predominant immune
status in the human population due to vast vaccine efforts glob-
ally and widespread breakthrough infections, developing
(booster) vaccine strategies targeting a population with pre-ex-
isting immunity will be essential and urgently needed.

The clinical trial pipeline for multivalent SARS-CoV-2 vaccines
(Figure 1C) includes 189 phase 1 trials, but only 3 are reported as
multivalent, including a candidate vaccine for the S RBD and
DNA Nucleocapsid'®® to stimulate binding antibodies and
T cells. Although 17 multivalent SARS-CoV-2 vaccines are in
phase 2 ftrials, some candidates are already outdated, inte-
grating the S of Delta and Beta VoCs'?® (NCT05043311). A

with tags for increased antigen presenta-
tion, including Fc targeting and CD4*
T cell targeting HLA-DR epitope’*°
(NCT05096832). This vaccine was assessed in a cohort that
had previously been vaccinated with whole inactivated SARS-
CoV-2 vaccines; however, it demonstrated an efficacy of only
47.8%. Among the 59 approved vaccines, only one is multiva-
lent: the Ancestral + Omicron bivalent mRNA lipid nanoparticle
vaccine, with a 61.8% vaccine efficacy for severe infection
compared with ancestral boosters.’®' To avoid playing catch
up with further VoC and future CoV-X we need development of
pan-genus or pan-subgenus vaccines.

A study led by the Duke-NUS Medical School team
demonstrated that SARS-CoV-1 survivors who had received
BNT162b2 vaccine produced a swathe of pan-sarbecovirus-
nAbs,'®? reporting the first in-human data supporting the
concept of cross-clade boosting to broaden sarbecovirus pro-
tective immunity. Preliminary data on Omicron BA.1 and BA.2
showed better protective immunity than individuals who had
received two doses of BNT162b2% (Figure 3). Based on this
finding, a booster vaccine candidate based on consensus spike
protein sequences of all known SARS-CoV-1-related viruses has
been shown to elicit broad pan-sarbecovirus immunity in mice
that have been primed with SARS-CoV-2 vaccines (W.N. Chia,
C.W.T., and L.-F.W., unpublished data).

Although the efforts, as discussed in the preceding section,
point to the feasibility of developing successful pan-sarbecovirus
vaccines (or 3GCoVax), pan-betacoronavirus (4GCoVax), or pan-
coronavirus vaccine (5GCoVax) remain as dream vaccine candi-
dates, the path to such vaccine development is less clear or
convincing at the present time. Another approach to producing
broad-spectrum coronavirus vaccines is to develop hybrid or
multi-valent vaccines just focusing on known zoonotic viruses or
animal viruses with zoonotic potential, such as SARSr-CoV plus
MERS-CoV and SARS-CoV. DIOSynVax, a Cambridge startup,
is partnering with CEPI to establish broadly protective betacorona-
virus vaccine using mRNA platform. The antigen design was
conducted using the combination of protein structure, computa-
tional biology, and immune-optimization to maximize the protec-
tion of different viruses (https://cepi.net/news_cepi/cepi-and-
diosynvax-partner-in-quest-to-develop-broadly-protective-beta
coronavirus-vaccine/). A study by a group in Beijing has used
structural-guided universal design of Beta coronavirus vaccines
using dimeric RBD, which yielded promising mouse protection
data against MERS-CoV and SARS-CoV-2."*® It is clear that
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more studies are required to find the best path to producing a truly
effective broad-spectrum vaccine(s), whether it is at family, genus,
or sub-genus level. It is also too early to determine whether the
multi-subunit display approach, such as the 8-RBD mosaic nano-
particle vaccine candidate,'®® or the sequential immunization
approach will be more productive. It is thus interesting to note
that a recent study has conducted such a comparison using
LNP-mRNA coding the spike protein of SARS-CoV-2, SARS-
CoV-1,and MERS-CoV. The data indicated that the sequential im-
munization approach produced significantly stronger species-
specific nAbs against all three viruses than the simultaneous
vaccination approach using a mixture of the three mRNA vaccine
candidates."®*

No pan-coronavirus candidate (5GCoVax) has been reported
to date. As a first step toward such a goal, Moderna announced
an expansion of its mRNA pipeline to develop a vaccine candi-
date (MRNA-1287) against four seasonal coronaviruses (Human
Coronavirus 229E, NL63, OC43, HKU1).

UNIVERSAL ANTIBODY VACCINES

In contrast to the limited success in developing pan-virus vac-
cines, multiple broad-spectrum human-neutralizing mAbs have
been isolated and characterized for our focused viruses. It is
time to consider stockpiling broad-spectrum mAbs for anti-
body-medicated immunization or ring vaccination as an effective
early intervention.

The first pan-henipavirus mAb (m102.4) was isolated from a
naive human Fab phage display library.”®"%® Structural studies
revealed that key binding residues of the viral G proteins overlap
with the key contact points between the G proteins and their
main cellular receptor, EphB2."°® This ensures structural conser-
vation and stability among different viruses, making it a true
pan-henipavirus-neutralizing mAb. This mAb has proven to be
efficacious in both therapeutic and prophylactic applications

910 Cell Host & Microbe 317, June 14, 2023

SARS-CoV-2
spike

Sequential cross-clade

Cell Host & Microbe

Figure 4. Strategies for developing pan-
sarbecovirus vaccines

Graphical illustration of the vaccination strategy
that elicits pan-sarbecovirus immunity. This in-
cludes mosaic nanoparticle, cocktail of in-
activated virus particles, chimeric spike mRNA
vaccine, and sequential cross-clade boosting.
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in animal infection models'*"~"*° and

passed phase-1 human clinical trials.?®
Since then, there have been other pan-
henipavirus mAbs that were developed
and shown to be effective, including
those targeting the F protein.'*°

For influenza viruses, there are broadly
reactive mAbs against HA, NA, and M2
viral proteins. These antibodies target
conserved epitopes shared by different
subtypes or even types. This review
mainly focuses on the HA. For those
that are related to NA and M2, please
refer to a comprehensive review contrib-
uted by Sun et al.'' There are many
mAbs targeting the HA head and HA stem domains.'*' These
HA mAbs can inhibit virus replication via different mechanisms,
such as inhibiting sialic acid receptor binding, virus-host mem-
brane fusion, virus budding, HA, cleavage and HA trimer forma-
tion. However, clinical trials examining some of these antibodies,
mainly the stem antibodies, have reported mixed results
because some studies showed potential clinical benefits of
these antibodies,’*” whereas some did not.'*>'** Thus, the
potential use of these mAbs for therapeutic and prophylactic
purpose requires further investigation. Furthermore, some of
these broad-spectrum mAbs can play roles in mediating
other immune responses, such as antibody-dependent cellular
cytotoxicity, antibody-dependent cellular phagocytosis, and
complement-dependent cytotoxicity. This indicates that the Fc
receptor (FcR)-dependent effector functions of these antibodies
might have key roles in mediating their protective effect against
influenza virus infections. Thus, systematic analysis of broad-
spectrum HA mAbs using different Fc and Fab combinations
might further enhance the potency of these mAbs.

Within a relatively short time, many pan-variant-, pan-sarbe-
covirus-, or pan-betacoronavirus-neutralizing mAbs have been
identified and characterized. Although many target the RBD re-
gion, there are also those targeting NTD, S1, S2, or fusion pep-
tide regions.’*>'*® The most potent and broad-spectrum
mAbs were isolated from SARS-CoV-1 survivors who have
been subsequently exposed to SARS-CoV-2 through vaccina-
tion or breakthrough infections.®*°” For a more detailed review,
please refer to Cox et al.'*°

Although the cost of mAbs in passive immunization or ring
vaccination application remains a major stumbling block, it might
still be cost effective to stockpile universal neutralizing mAbs
against high-pandemic-potential viruses, including those dis-
cussed in this review, for early containment of future disease X
outbreaks caused by the known-unknown viruses, such as a
new sarbecovirus. In this context, the recent development in

vaccination
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administration route and half-life extension provides promises to
a wider use of mAbs as vaccines. First, it is now possible to pro-
vide mAbs intramuscularly rather than the traditional intravenous
route.'®"%? Second, it has been shown that mAbs given intra-
muscularly can last 6-12 months systemically. Last, there are
also promising trials in delivering potent mAbs using nasal spray
and some with effective half-life of 6 h or more.’**

In addition to cost, there are other potential limitations or chal-
lenges for prophylactic use of mAbs. Widespread use of mAbs at
the beginning of a pandemic may preclude immune imprinting
and herd immunity to be generated in the population. Another
potential downside is the hard-to-predict virus-specific immuno-
logical consequences (e.g., potential for enhancement), which
will be difficult to assess at the early stage of an outbreak.
Another challenge is the dosing and pharmacodynamics of
administering mAbs in a population-wide basis is poorly un-
derstood.

CONCLUDING REMARKS

Unlike the pathogens that are eradicated or near eradication,
diverse animal reservoir-harbored influenza viruses, coronavi-
ruses, and henipaviruses make eradication of these pathogens
not possible with our current vaccines. The lessons learned
from our past efforts in developing universal vaccines are many.

First, the efficacy of the vaccine platform varies on the basis of
the pathogen, presence of reservoirs, extent of antigenic varia-
tion, and level of immunity needed to maintain protection. Unlike
influenza and COVID-19, despite global high-level uptake for de-
cades of measles virus (MeV) vaccines, there has not been the
selection of antigenic drift capable of evading vaccine anti-
bodies. This has been attributed to the existence of numerous
co-dominant MeV antigenic sites in both the haemagglutinin
and fusion surface proteins with no substantial advantage of
any mutants in evasion of nAbs without combined mutations
and fitness costs.'** Unlike MeV, the surface HA and NA proteins
of influenza viruses so far have not formed a similar dual target.
Although the genetic and antigenic difference between SARS-
CoV-1 and SARS-CoV-2 is very similar to those between HeV
and NiV, the effectiveness of cross protection offered by their
respective vaccines is vastly different.

Second, successful development of any vaccine depends on
the knowledge accumulated from decades of multidisciplinary
basic research. The rapid deployment of successful mMRNA vac-
cines against SARS-CoV-2 was made possible by multiple basic
research efforts over the years, building on respiratory syncytial
virus vaccine development for the prefusion conformation.
Among them, the mRNA platform and the pre-fusion structure
and immunogenicity of the spike proteins play a pivotal role for
the success.

Third, success in production of universal nAbs have not
yielded a direct path to development of universal vaccines. For
all three groups of viruses, there are multiple reports of success-
ful isolation and characterization of broad-spectrum human-
nAbs. Yet, the detailed definition and structure characterization
of their corresponding epitopes has not directly translated to or
facilitated the production of vaccines targeting such epitopes.
Effective vaccines designed by structure-based reverse vacci-
nology remain to enter the clinic.

¢ CellP’ress

Lastly, clinical application of mAbs as therapy has received
mixed outcomes. With the improvement of half-life and using
the cocktail approach, it is worthy to explore that concept of anti-
body vaccine stockpiling for early intervention of future out-
breaks, as the generation of pan-genus vaccines remains in
development.
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