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1. Current problem

Early in the pandemic one of us (GAP) warned about reliance on
S-only vaccines, given the high transmissibility of the SARS-CoV-2
RNA virus [1]. While the mRNA and Ad (adenovirus)-vectored
COVID-19 vaccines have demonstrated high rates of efficacy and
safety in the short- to mid-term, the development of multiple vari-
ants of interest and variants of concern (VOC) has become appar-
ent. Some variants have demonstrated the ability to partially
evade monoclonal antibodies, convalescent plasma, and immune
responses to COVID-19 vaccines. Such variants have been charac-
terized by a significant number of mutations in the S (spike) pro-
tein – particularly in and around the receptor binding domain.
Thus, concern over future variants that might more fully evade
vaccine-induced immunity is warranted. This leads to considera-
tion of next generation, or so-called ‘‘2nd wave” SARS-CoV-2 vacci-
nes and how they might be improved over first-generation
vaccines. In particular, thoughtful awareness toward devising vac-
cines that may help avoid the analogy with influenza vaccines is
imperative. For seasonal influenza vaccines, variants (drifted
strains) arise requiring frequent change of new vaccine strains
each year, necessitating the production of new vaccines whose
strains vary each year. In large part this occurs because of muta-
tions arising in the HA protein of the virus, again, analogous to
mutations that occur in the S protein of the SARS-CoV-2 virus.
2. The immunologic rationale

SARS-CoV-2 undergoes mutation during replication within a
susceptible host, albeit at a reduced rate compared to other RNA
viruses such as influenza, due to limited proof-reading capabilities
[2]. Mutations that confer a survival or fitness advantage are
retained in the population and rapidly spread – a scenario that
we have witnessed repeatedly during the COVID-19 pandemic.
Variants are emerging that have increased infectivity/transmissi-
bility, differences in viral load, and altered disease severity. Muta-
tions in spike protein have received far more press than mutations
in other proteins, however this may reflect a reporting bias given
the importance of spike to both viral infection and antibody
responses. Nevertheless, studies examining the rate and locations
of viral mutations have confirmed that SARS-CoV-2 proteins do
mutate at different rates [3], with the S and N proteins displaying
the greatest degree of mutational variability. The immune
response to SARS-CoV-2 (from both vaccine and disease) is likely
to further increase mutational pressure on these proteins.

Protective immunity to specific pathogens is the result of a
coordinated response by the adaptive immune system. The relative
contributions of each component (B cells, antibody, CD4+ T helper
cells, CD8+ cytotoxic T cells) vary by pathogen. The immune
response to SARS-CoV-2 is similar to that of other respiratory
viruses in that antibodies target accessible regions on structural
proteins. This response can include epitopes in regions of the spike
protein (e.g., RBD and NTD) that interfere with viral infection and
confer neutralizing activity as well as the development of antibod-
ies that are non-neutralizing and may or may not be involved in
protection [4]. Neutralizing antibody is a correlate of protection
for SARS-CoV-2 in animal models and was the primary goal of
the first SARS-CoV-2 vaccines focused on spike protein [5]. In con-
trast to humoral immunity, the T cell response targets a broad set
of structural (e.g., M, N, E), non-structural, and accessory proteins
[6]. Cellular immunity has been correlated with less severe
COVID-19 disease in humans. Similarly, depletion of CD8+T cells
in naturally infected macaques diminished protection against
rechallenge [6]. Furthermore, robust, durable, and high affinity
antibody responses require T cell help.

Immunity after natural infection is associated with a signifi-
cantly reduced risk of re-infection for months afterwards, but is
also highly variable, with some patients displaying weak antibody
and/or cellular immune responses. These individuals may be at
increased risk of re-infection., and indeed, re-infections have been
documented. Spike-only vaccines create immune responses that
narrowly target the very regions most prone to mutation – an
Achilles heel already observed among SARS-CoV-2 variants. As
infection- and vaccine-induced herd immunity grows in the popu-
lation, we will continue to see new variants arise that increasingly
evade those responses [7].
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Fortunately, SARS-CoV-2 expresses multiple additional proteins
that may serve as useful vaccine candidates [8]. SARS-CoV-2 con-
tains three structural proteins (N: Nucleocapsid, M: Membrane,
and E: Envelope), 16 non-structural proteins and 9 accessory pro-
teins. The M and E proteins for coronaviruses have shown poor
humoral immunogenicity, likely due to their small size and limited
accessibility and have not proven successful as vaccine antigens in
animal challenge models [9]. Despite not generating humoral
immunity, these proteins do contain T cell epitopes, and inclusion
in vaccines may provide a greater degree of cross-protection. The
remaining structural protein, Nucleocapsid, is highly immuno-
genic, eliciting robust antibody responses and containing T cell epi-
topes [10]. N protein immunization has been found to be
protective in animal models of other coronaviruses but adoptive
transfer of sera from N-immunized animals did not protect against
viral challenge in a mouse model [9]. Furthermore, N protein-con-
taining vaccines for SARS-CoV were associated with enhanced res-
piratory disease. If the potential for immunopathology can be
overcome, the inclusion of N protein may also lead to broader
and more cross-protective immune responses.

Not all COVID-19 vaccines are limited to the spike protein. Mul-
tiple inactivated whole virus SARS-CoV-2 vaccine candidates are
being developed in China (WIBP-CorV, BBIBP-CorV, CoronaVac),
Russia (CoviVac), and India (Covaxin). Preclinical studies for sev-
eral of these vaccines did not report immune-enhanced disease
but did report poor or absent T cell responses [8]. This represents
another challenge to overcome if we wish to fully realize the
potential of inactivated vaccines.
3. The solution - next generation vaccines

Both current conventional (whole inactivated virus and protein-
based) and new (viral vector, and nucleic acid-based) vaccine plat-
forms are currently being used in COVID-19 vaccine development.
In particular, genetic (mRNA- and DNA-based) vaccine platforms
were developed and applied utilizing viral protein(s) coding
sequence information. With ongoing COVID-19 cases worldwide,
next-generation novel vaccine delivery platforms can potentially
be utilized, such as liposomes, plant-like material, emulsions, poly-
meric and inorganic particles, outer membrane vesicles, immunos-
timulating complexes (ISCOMs) and others. Vaccine development
against circulating and emerging variants also requires develop-
ment of alternative delivery approaches, including mucosal/in-
tranasal, oral, and/or transdermal skin patch microneedle
vaccination to generate mucosal immunity [8]. As discussed above,
other approaches are urgently needed that incorporate antigens
beyond the S protein. One promising approach is the development
of synthetic peptide-based candidate COVID-19 vaccines compris-
ing both HLA class I and class II immunogenic peptides derived
from SARS-CoV-2 structural and other proteins [11]. Other novel
vaccine formulations could contain S- and other viral protein-
derived B cell peptides/epitopes to induce protective high-titer
neutralizing antibodies and HLA class I and II viral-derived pep-
tides from other SARS-CoV-2 proteins to stimulate robust CD4+
and CD8+ T cell responses. A recent study by Tarke et al. [12],
demonstrated an insignificant effect of SARS-CoV-2 variants of
concern on global CD4+ and CD8+ T cell responses in convalescent
COVID-19 individuals or vaccinees, suggesting that T cell responses
could provide protection against multiple variants as they recog-
nize a broad set of more highly conserved epitopes/peptides [12].

Optimally, the development of SARS-CoV-2 vaccines containing
antigens/peptides with broad protective immunity - perhaps
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across all beta-coronaviruses or even a universal coronavirus vac-
cine – might be feasible given sufficient sequence similarity. Fail-
ing to explore novel SARS-CoV-2 vaccine formulations composed
of non-S antigens/peptides will prove to dramatically slow the rate
at which the SARS-CoV-2 pandemic can be combated by vaccines
given the potential for further viral variants.
4. Conclusion

SARS-CoV-2 vaccine development is not ‘‘solved and over”.
With the pattern of S protein (particularly in the RBD region) muta-
tions we have witnessed thus far, many which confer a selective
advantage leading to higher viral loads, as well as reluctance on
the part of many to be immunized with mRNA or Ad-vectored vac-
cines; second-generation COVID-19 vaccines are urgently needed.
Unfortunately, the very heavy financial, political, and emotional
investment in S-only vaccines, and their short- to mid-term effi-
cacy, are likely to be inhibitors to further vaccine development in
this space. And yet, vaccines with an improved ability to withstand
immune evasion by variant strains, improved safety and reduced
reactogenicity, acceptance by the public, and cost and cold chain
considerations all argue for the development of next generation
vaccines – ideally ‘‘universal coronavirus” vaccines, if possible.

We believe that further investment in a variety of research
areas geared toward the development of more broadly active
SARS-CoV-2 vaccines are critical to sustained control of SARS-
CoV-2 and future SARS-like viruses. In particular, immediate areas
of research need include:

(1) Short-term and long-term correlates of B and T cell immune
protection

(2) A closer examination of the relative roles of mucosal and
systemic immunity in protection against infection

(3) Identification of conserved and structurally important
regions of viral proteins that can serve as broadly protective
vaccine antigens

(4) Development of universal coronavirus vaccines
(5) Development of oral and nasal spray vaccines eliciting

mucosal IgA immunity and providing efficacy
(6) Identifying the role of the S1 protein N-terminal domain (S1-

NTD) to facilitate induction of a broad spectrum of neutral-
izing antibodies to diminish viral escape of host immunity

(7) A more complete understanding of the contribution of other
structural, nonstructural, and accessory proteins to SARS-
CoV-2 immunity

(8) An enhanced understanding of the role of binding but non-
neutralizing antibodies vs. neutralizing antibodies produced
by COVID-19 vaccines

(9) Development of single dose vaccine formulations that
demonstrate superior efficacy and safety, and do not require
a cold-chain

While the current COVID-19 vaccines are to be celebrated, we
are already developing booster and variant virial vaccines given
the emergence of VOC. To this end, we believe that next-generation
COVID-19 vaccines must incorporate more than one vaccine anti-
gen given the directly observed emergence of viral mutations cap-
able of partial evasion of vaccine-induced immunity and the
potential for limited protective durability. As we and others have
observed, utilizing a single protein as a vaccine antigen to protect
against highly transmissible RNA viruses, inevitably means the
emergence of variants and the eventual need for yet newer
vaccines. It has taken decades to finally commit to the idea that
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universal influenza vaccines should replace seasonal influenza vac-
cines – a mistake we dare not make with coronavirus vaccines.
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