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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has caused significant mortality, especially among
older adults whose distinct immune system reflects immunosenescence. Multiple SARS-CoV-2 vaccines have received emergency
use authorization and/or licensure from the US Food and Drug Administration and throughout the world. However, their
deployment has heighted significant limitations, such by age-dependent immunogenicity, requirements for multiple vaccine
doses, refrigeration infrastructure that is not universally available, as well as waning immunity. Thus, there was, and continues
to be a need for continued innovation during the pandemic given the desire for dose-sparing, formulations stable at more
readily achievable temperatures, need for robust immunogenicity in vulnerable populations, and development of safe and
effective pediatric vaccines. In this context, optimal SARS-CoV-2 vaccines may ultimately rely on inclusion of adjuvants as they
can potentially enhance protection of vulnerable populations and provide dose-sparing effects enabling single shot protection.
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The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) driven coronavirus disease 2019 (COVID-19)
pandemic has caused significant mortality and morbidity, espe-
cially among the immunologically distinct older adults (ie,
those .65 years of age), and those with chronic disease.
Traditional vaccine development has largely been empirical
and disregarded distinct immunity in vulnerable populations.
Emergency use authorization (EUA) and licensure of mRNA
and viral vector-based coronavirus vaccines is a major mile-
stone in meeting the challenge of the SARS-CoV-2 vaccines
pandemic [1, 2]. Although these mRNA vaccines appear safe
and show 85–95% efficacy [3–6], limitations include (1) need
for storage in costly freezer systems that do not consistently
exist in rural and/or low- and middle- income regions of the
world; (2) need for 2 dose series, which is both costly and
logistically challenging; and (3) uncertainty regarding

durability of protection, especially among the elderly who
have demonstrated more rapid decline of antibody (Ab) titers
[6]. Thus, although the newly authorized mRNA vaccines are
an important breakthrough, substantial vaccinology remains
to be done in optimizing coronavirus vaccines.
Vaccines have been traditionally developed with high reli-

ance on poorly predictive animal models in pre-clinical testing
and a presumption that they will demonstrate equivalent im-
munogenicity and protection in all individuals [7]. Indeed, ad-
juvants engage the innate immune system, which is
hyper-variable between species [8]. Accordingly, until recently
vaccine discovery and development has disregarded species
and age-specificity and has not tailored vaccine activity to vul-
nerable populations such as the young, elderly, and/or immu-
nocompromised [9]. Over the past few decades clinical and
epidemiologic studies suggests fundamental differences in im-
mune responses to vaccines based on demographic features
such as age, sex, and geographic location [10]. Highlighting dis-
tinct immunity with age, elderly individuals and those with
chronic illness such as asthma, diabetes, obesity and/or heart
disease, are more vulnerable to developing severe COVID-19
[11], with increasing age identified early in the pandemic as
the number 1 risk factor for severe COVID-19 in unvaccinated
populations (Figure 1). In general, many vaccines are less im-
munogenic and effective in the older compared to younger
adults [12–15], and early studies suggest diminished durability
of mRNA vaccine-induced antibody (Ab) responses in those
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. 65 years of age [3, 16]. As such, the discovery and develop-
ment of an adjuvanted SARS-CoV-2 vaccine optimized for vul-
nerable elders was therefore underrepresented in the early
vaccine design considerations and as such and remains an ur-
gent unmet need. This approach may be generalizable across
multiple vaccine platforms.

Although clinical and translational studies have laid the basic
rationale for targeted vaccine development, innovations in mo-
lecular biology, human in vitro modeling adjuvant discovery,
adjuvant formulation science and systems biology have enabled
new strategies to discover and develop targeted vaccines [17].
Current efforts are focused on leveraging novel approaches to
vaccine discovery and development to optimize adjuvant sys-
tems to enhance vaccine immunogenicity while maintaining
safety. Recently, alternative precision vaccine adjuvantation ap-
proaches based upon in vitro modeling that take species (hu-
man) and age-specificity into account early in the discovery
process have demonstrated potential to accelerate and de-risk
vaccine development. Supported by the US National Institutes
of Health (NIH) National Institute of Allergy and Infectious
Diseases (NIAID) Adjuvant Discovery and Development
Programs, such approaches are now being applied to discover
and develop SARS-CoV-2 vaccine candidates tailored for use

in elderly individuals. Precision vaccinology promises to identify
optimized vaccine strategies and adjuvantation systems to better
protect immunological distinct and vulnerable populations
against coronavirus (CoV) and future pandemics.

ADJUVANTS FOR INFECTIOUS DISEASES

There is a growing need to develop improved vaccine strategies
for globally prevalent and emerging respiratory infections such
as tuberculosis, pertussis, influenza and coronaviruses, includ-
ing SARS-CoV-2 and variants of concerns (VOC) [18]. For
practical, safety, and regulatory purposes, vaccine formulations
should generally be kept as simple as possible— that is, addi-
tional components such as adjuvants should only be added if
clearly necessary. Nevertheless, many antigens, as well as
antigen-encoding mRNAs and viral vectors, delivered via vac-
cination require multiple doses to achieve sufficient immuno-
genicity and protection. Furthermore, vulnerable populations
at the extremes of age and with distinct immunity often re-
spond sub-optimally vaccinal antigens. The current data avail-
able suggest lower mRNA vaccine-induced antibody durability
in adults over from 65 years of age and upwards [3, 16]. Based
upon their innate immune activating effects, adjuvants can en-
hance the quantity and quality of adaptive immune responses
and thereby vaccine immunogenicity [19–21]. Of note, immu-
nologic effect of adjuvants can vary with demographic features
such as the age of an individual [22, 23], such that adjuvants
may not be “one size fits all” [24]. The use of optimized adju-
vanted vaccine formulations targeted to a given population
may overcome barriers in vaccine development and inclusion
of adjuvantation systems can enable a vaccine to match or ex-
ceed natural infection with respect to immunogenicity [18, 25].
Classes of adjuvants that are used in currently licensed vac-

cines include aluminum salts, oil-in-water emulsions (eg,
MF59), pattern recognition receptor (PRR) agonists (eg,
TLR4 agonist MPLA), saponins (eg, QS21) and combination
adjuvantation systems such AS03 (squalene/polysorbate/
a-tocopherol) or AS04 (Alum+MPL) [25]. Over the past 2 de-
cades, greater understanding of innate immunity, including
identification of PRRs has informed discovery and develop-
ment of additional adjuvants [21, 25]. Synthetic single-stranded
oligodeoxynucleotides (ODNs) containing unmethylated cyto-
sine phosphate guanine (CpG) motifs (CpG ODNs) found in
bacterial DNA, have demonstrated adjuvanticity [26].
CpG-ODN enhances Ab responses and enhances Th1 cell re-
sponses [27]. In humans, CpG motifs are recognized by TLR9
expressed on natural killer (NK) cells, B cells, and plasmacytoid
DCs but not myeloid DCs and monocytes [28]. As compared to
3 doses of conventional alum adjuvanted hepatitis B vaccine, 2
doses of the recently licensed TLR9A CpG-adjuvanted hepatitis
B vaccine,Heplisav-B induces superior immunogenicity in older
adults and the elderly (40–70 years of age) [29, 30].

Figure 1. COVID-19 hospitalization and death by age in unvaccinated popula-
tions. Early in the COVID-19 pandemic, increasing age was identified as the number
1 risk factor for developing hospitalization and death following SARS-CoV-2 infec-
tion. Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe a-
cute respiratory syndrome coronavirus 2. Data: https://www.cdc.gov/coronavirus/
2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-age.html.
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PRECISION ADJUVANTATION APPROACHES TO
TAILOR VACCINES FOR VULNERABLE POPULATIONS

The growing realization that vaccine immunogenicity and pro-
tection can vary by demographics has prompted innovation in
adjuvant discovery and development [17]. In this context, a
major national priority, as articulated by the US NIH NIAID,
is the discovery and development of adjuvants that are tailored
to optimally enhance immune responses in distinct and vulner-
able populations such as the young and elderly [31]. A key ap-
proach in defining optimal adjuvants for a given population
with distinct immunity is human in vitro modeling. Human
in vitro systems include whole blood assays, monocyte-derived
dendritic cell arrays and 3-dimensional microphysiologic sys-
tems such as the tissue construct [22, 32–36]. These employ pri-
mary human leukocytes and autologous plasma, a rich source
of age-specific immunomodulatory factors [37, 38]. Multiple
such in vitro studies have tested adjuvants and licensed vac-
cines suggesting that these systems mirror and/or predict in
vivo responses [32, 33, 36].

Examples of age-dependent adjuvant discovery using human
in vitro modeling include TLR7/8 agonists [19], which demon-
strate robust activation of human and nonhuman primate
antigen-presenting cells in vitro and have subsequently proven
effective in greatly enhancing immunogenicity of pneumococ-
cal conjugate vaccine in neonatal nonhuman primates in vivo
[32]. Combinations of adjuvants, such as TLR and CLR ago-
nists, have demonstrated age-specificity such that adjuvant
combinations that may be synergistic with respect to activation
of Th1-poalrizing responses in 1 age group may be additive or
even antagonistic in other age groups [22, 39]. Multiple such
PRR adjuvants are now in human clinical trials [40].

PRE-PANDEMIC TO EARLY PANDEMIC: LIMITED
KNOWLEDGE OF ADJUVANTS FOR CORONAVIRUS
VACCINES

Before the COVID-19 pandemic, there were few publications
regarding adjuvantation of coronavirus vaccines. Some adju-
vants had been assessed as an approach to optimize candidate
Middle East respiratory syndrome (MERS)-CoV, SARS-CoV,
and SARS-CoV-2 vaccines [41]. Compared to the unadju-
vanted protein vaccine, administration to mice of a
MERS-CoV S 377-588-Fc protein-based vaccine containing
the oil-in-water adjuvant MF-59 demonstrated greater induc-
tion of neutralizing antibodies (NAbs) and enhanced protec-
tion against MERS-CoV challenge [42]. Adjuvantation of a
recombinant MERS-CoV S nanoparticle vaccine with a
saponin-based Matrix-M1 adjuvant enhanced production of
NAbs, conferred significant antigen-sparing, and protected
mice from MERS-CoV challenge [43].

As the pandemic unfolded, results accumulated indicating
the potential value of adjuvants to enhance immunogenicity

of SARS-CoV-2 vaccines. Alum enhanced total immunoglobu-
lin G (IgG) responses to purified inactivated SARS-CoV-2 virus
vaccine candidate SARS-CoV-2-specific NAbs in mice, rats,
and nonhuman primates [44]. Aluminum-based adjuvants
also enabled high titers of NAbs to the S protein of
SARS-CoV-2 [45] but were most effective when used in combi-
nation with other PRR agonist adjuvants, especially in design-
ing vaccines for vulnerable populations with distinct immunity
such as the young and elderly [32, 46]. As compared to single
adjuvants, a combination of CpG-1018 with Alum enhanced
Th1-polarized responses to SARS-CoV-2 S antigen correlating
with the most effective murine immunogenicity profile in vivo
in young animals [47]. Sigma adjuvant system (SAS)
(oil-in-water emulsion, TLR4 agonist (monophosphoryl lipid
A) (MPLA) and trehalose dicorynomycolate) induced IgG2a
and IgG1 subclass S-binding Abs, indicating a balanced Th1/
Th2 response in young mice [48], whereas AddaVax (a generic
version of the oil-in-water adjuvant MF59) was useful in en-
hancing immunogenicity of different spike variants in the
mouse model [49]. As of 2021, the most advanced adjuvanted
SARS-CoV-2 vaccine was the NVX-CoV2373 formulation,
which includes a recombinant SARS-CoV-2 nanoparticle vac-
cine composed of trimeric full-length SARS-CoV-2 spike gly-
coproteins and Matrix-M1 adjuvant. As of the time of writing
this article (spring 2022), this formation had completed phase
3 clinical trials and has received AUE in more than 1 country.
NVX-CoV2373 appeared safe, and induced humoral immune
responses that exceeded those measured in the sera of a cohort
of those who have recovered from COVID-19 CD4+ T-cell re-
sponses that were T helper (Th)1-biased [50]. These examples
suggested that adjuvants may enhance effectiveness of
SARS-CoV-2 vaccines. However, the growing pipeline of can-
didate adjuvants had yet to be systematically compared in the
context of SARS-CoV-2 vaccines.

PRECISION VACCINOLOGY TO MEET A PANDEMIC
CHALLENGE

In the context of the current pandemic, the rationale for iden-
tifying optimal adjuvantation systems for a precision elderly
SARS-CoV-2 vaccine is four-fold, as adjuvants may (1) broad-
en an immune response to enhance protection, (2) enable ro-
bust vaccine immunogenicity in a vulnerable population with
distinct and relatively weak immunity, (3) have dose-sparing
effects whichmay be crucial from a pharmaco-economic stand-
point to scaling a SARS-CoV-2 vaccine as hundreds of millions
to billions of vaccine doses may be required, and (4) increase
durability of an immune response, potentially enabling single
dose long-term protection. As such, among the priorities in
the field is the generation of a toolbox of adjuvants that
(a) have a well-definedmechanisms of action, (b) are applicable
to old and/or new vaccines against diverse pathogens, (c) can be
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used in combination to produce uniquely beneficial safe and ef-
fective vaccines, and (d) include agents that can, alone or in
combination, induce the desired protective immune profiles
in vulnerable populations, such as infants, elders, and/or those
with chronic illness [31].

In January 2020 and supported by NIH/NIAID’s Adjuvant
Discovery and Development Program, our PVP team initiated
an effort to discover and develop adjuvant systems to enhance
optimal SARS-CoV-2 vaccine immunogenicity in those most
vulnerable to severe COVID—- that is, older adults (those .
65 years of age). With respect to identifying optimal adjuvants
to help address the current coronavirus pandemic, innovative
approaches we choose to undertake, included a broad adjuvant
discovery pipeline and, use of age-specific animal models as
well as human in vitro modeling of vulnerable populations in-
nate and adaptive immune response [51]. These approaches are

designed to provide more precise and accurate go/no go deci-
sion points and accelerate and de-risk vaccine development tai-
lored for such vulnerable populations (Figure 2). To maximize
the likelihood that a candidate SARS-CoV-2 vaccine tailored to
be optimally effective for the most vulnerable, adjuvants were
screened for in vitro activity toward human elderly leukocytes
in order to identify leads for formulation together with an op-
timized CoV antigen (Table 1).
Specifically, we de-risked 3 adjuvanted formulations that

were shown to effectively protect mice from mouse-adapted
SARS-CoV-2. First, we undertook a study aimed to evaluate
an optimal adjuvant formulation to enhance immunogenicity
and efficacy of RBD-based subunit vaccines in older adults,
which is otherwise reduced as an effect of aging. To this end,
we performed a comprehensive comparison of PRR agonists,
including 2′3′-cGAMP, a ligand of the stimulator of interferon

Figure 2. A comprehensive multidisciplinary approach to defining precision adjuvants for a coronavirus vaccine active in older adults. Traditional vaccine development can
lead to sub-optimal vaccine efficacy outcomes, normally attributed to an overreliance on nonhuman species-models and underappreciated value of incorporating age-sp-
ecificity readout into the preclinical vaccine development pipeline. An alternative precision vaccine approach aims to accelerate development of optimal vaccine approaches,
increasing the probably the final formulations will better protect the most vulnerable by (a) defining a very broad adjuvant pipeline, (b) rapidly screening adjuvants for activity
toward human elderly PBMCs, and (c) combining lead adjuvants with multiple SARS-CoV-2 antigens. Lead adjuvanted vaccines are then advanced to age-specific animal
studies and beyond. Abbreviations: PBMC, peripheral blood mononuclear cell; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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(IFN) genes (STING), Poly (I:C) (TLR3 ligand), PHAD (syn-
thetic MPLA, TLR4 ligand), and CpG-ODN 2395 (TLR9 li-
gand). Each PRR agonist was formulated+aluminum
hydroxide (AH). We also included AS01B (liposome-based
MPLA/saponin QS-21 adjuvant) as a clinical-grade bench-
mark.We demonstrated that an AH:CpG adjuvant formulation
induces potent anti-RBD responses in both young and aged
mice and overcomes both the poor immunogenicity of the an-
tigen and impaired immune responses in the aged [52]. We dis-
covered unique immunological properties of the AH:CpG
adjuvant formulation that demonstrated in vitro synergistic en-
hancement of human leukocyte/peripheral blood mononuclear
cell (PBMC) activation and MoDC-dependent memory T cell
activation. These observations indicate that formulating RBD
with AH:CpG is a promising approach to develop a practical,
thermostable, scalable, effective, and affordable vaccine that
may be effective across multiple age groups and could poten-
tially incorporate multiple RBD proteins to achieve cross-strain
protection [52]. Indeed, this approach represents the discovery
and conceptual basis for the Corbevax vaccine (Biological E Ltd
[BioE]) recently authorized in India [52, 53]. Furthermore, the
US International Development Finance Corporation (DFC)
plans to fund the expansion of BioE’s manufacturing capabili-
ties, to support production in large scale (approximately 1 bil-
lion doses by end of 2022) [54].

Second, based on Dectin-2-binding mannans isolated from
Candida albicans admixed with alumOH (mannan-alumOH)

and formulated with pre-fusion stabilized SARS-CoV-2 spike
trimer [55]. Mannan-alumOH greatly enhanced SARS-CoV-2
spike-specific neutralizing Abs, and protected mice from viral
infection. Mannan-alumOH also elicited a robust anti-spike
type 1 immunity included spike-specific IgG2c and
IFNγ-producing T cells, via the adjuvant strategy enabled by
modulation of the physical properties of the microbial ligands.
Soluble mannans were shown to be “immunosilent” in the pe-
riphery but elicited a potent pro-inflammatory response in the
draining lymph node (dLN). By modulating the physical form
of mannans, we developed a formulation that targets both the
periphery and the dLN.When combined with viral glycoprotein
antigens, this mannan formulation broadens epitope recogni-
tion, elicits potent antigen-specific neutralizing antibodies, and
confers protection against viral infections of the lung [55].
The potential of a third adjuvated formulation was noted

with respect to RBD-nanoparticles (RBD-NPs) [56] composed
of multimeric RBD displayed on a protein scaffold of 60
subunits of the self-assembling bacterial protein lumazine syn-
thase [57]. By screening multiple adjuvant formulations with
RBD-NP we found that a squalene-based oil-in-water (O/W)
emulsion with carbohydrate fatty acid monosulphate derivative
(O/W:CMS) [58, 59], enhanced anti-RBD serum Ab titers and
SARS-CoV-2 cross-neutralizing titers in both young adult and
aged mice. OIW:CMS-adjuvanted RBD-NP vaccine elicited the
highest concentrations of anti-RBD IgG Abs amplifying both
anti-RBD IgG1 and IgG2a titers, and potent inhibition of
RBD binding to hACE2 and SARS-CoV-2 neutralization.
Immunization of aged mice resulted in lower anti-RBD Ab ti-
ters compared to young mice [56].
As the rollout of various and competing adjuvanted

SARS-CoV vaccine formulations continues, including lipid
nanoparticle–mRNA (LNP–mRNA) based vaccines, which
have inherent, if understudied adjuvanticity properties [60],
it will be become increasing important to benchmark each li-
censed and approved product against each other. Ongoing
questions to naturally arise will include: which vaccine class(es)
induces the desired long lived durability [52, 61], which sup-
port Ab affinity maturation [62], T-cell mediated immunity, in-
cluding B -cell germinal-center maturation [52], epitope
broadening for variant protection [55], immunologically dis-
tinct vulnerable populations and what can be learned from
comparing and contrasting cellular and molecular pathways
that underly effective adjuvanticity [63]. Overall, head-to-head
adjuvant comparison demonstrates that precision adjuvanta-
tion can overcome poor immunogenicity of RBD/spike pro-
teins and immunosenescence, supporting our approach for
discovery of a scalable, affordable, and safe SARS-CoV-2 vac-
cine suitable for older adults. Ultimately, the potential benefits
arising from such research and innovation can only be fully uti-
lized if they are backed by promotion of vaccine confidence
[64]. Such an effort will be augmented by thoughtful and

Table 1. Lessons Learned From Undertaking a Precision Approach to
Discovery and Development of Adjuvanted Vaccines During a Pandemic
Effecting a Vulnerable Group

Aspect of Vaccine
Discovery and
Development

Limitation of Classical
Vaccine Development

Approaches
Advantages of a Precision

Approach

Identification of
lead formulation

Large number of antigens,
adjuvants, and multiple
distinct vulnerable
populations, and
differences across
methodologies limit
meaningful comparison
across studies,
precluding actionable
conclusions.

Systematic/
multidisciplinary
approach benchmarks
candidate adjuvants vs
prior art. Prioritizes and
speeds down-selection
of most effective
formulations, over
easiest to deploy.

Species
considerations

Heavy reliance on animal
models that may not be
predictive and may
include bioethical
concerns.

Considers needs of
vulnerable populations
including by age, race,
sex, and medical
conditions.

Distinct human
populations

Traditional approach
initially disregards
species- and
age-specificity resulting
in high failure rate and
inability to predict
efficacy in vulnerable
populations such as
young and elderly.

Leverage human
population (eg, age) in
vitro immunization
models to de-risk and
accelerate selection of
antigen, adjuvant,
tailored to a given
vulnerable population
(eg, elderly).
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transparent engagement of the lay public regarding how the lat-
est vaccine science is aimed at generating safe and effective pre-
cision vaccines [65].
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