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Fighting the SARS-CoV-2 pandemic requires
a global approach to understanding the
heterogeneity of vaccine responses

Jeffrey A. Tomalka"?, Mehul S. Suthar?3, Steven G. Deeks ©@* and Rafick Pierre Sekaly ©'2

Host genetic and environmental factors including age, biological sex, diet, geographical location, microbiome composi-
tion and metabolites converge to influence innate and adaptive immune responses to vaccines. Failure to understand and
account for these factors when investigating severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine effi-
cacy may impair the development of the next generation of vaccines. Most studies aimed at identifying mechanisms of
vaccine-mediated immune protection have focused on adaptive immune responses. It is well established, however, that
mobilization of the innate immune response is essential to the development of effective cellular and humoral immunity. A
comprehensive understanding of the innate immune response and environmental factors that contribute to the develop-
ment of broad and durable cellular and humoral immune responses to SARS-CoV-2 and other vaccines requires a holistic
and unbiased approach. Along with optimization of the immunogen and vectors, the development of adjuvants based on our
evolving understanding of how the innate immune system shapes vaccine responses will be essential. Defining the innate
immune mechanisms underlying the establishment of long-lived plasma cells and memory T cells could lead to a universal

vaccine for coronaviruses, a key biomedical priority.

stantial number of disease outbreaks from viral infections

including yellow fever, dengue fever, Ebola, Zika, severe
acute respiratory syndrome (SARS), Middle East respiratory syn-
drome and the ongoing novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic'. The SARS-CoV-2 pan-
demic has illuminated how disruptive sustained infectious disease
outbreaks can be on society. Given the unpredictability of when the
next pandemic will emerge, strengthening our ability to respond
rapidly to any infectious disease threat is a global priority.

In what may be one of the most impressive accomplishments
of modern medicine, multiple effective vaccines were developed
against SARS-CoV-2inless than 12 months after the initial outbreak.
As of February 2022 ten coronavirus disease 2019 (COVID-19)
vaccines are currently approved for full or emergency use autho-
rization by the World Health Organization (https://covid19.track-
vaccines.org/agency/who/). These approved vaccines span four
distinct vaccine platforms, providing an additional layer of diversity
in potential vaccine responses. The Moderna and Pfizer-BioNTech
vaccines both use modified mRNAs to produce antigen upon vac-
cination®. Both vaccines use lipid nanoparticle-encapsulated
formulations to deliver mRNA that encodes for a prefusion sta-
bilized, full-length SARS-CoV-2 spike (S) protein. The Johnson
& Johnson (Ad26 vector) and AstraZeneca AZD1222 (ChAdOx1
vector) vaccines use distinct replication-incompetent adenoviral
vectors to deliver antigen (the prefusion stabilized, full-length S
protein)*’. The Sinopharm and Sinovac-CoronaVac platforms uti-
lize p-propiolactone-inactivated virus produced in Vero E6 cells
and are formulated with the adjuvant alum to promote immunoge-
nicity®’. Protein subunit-based platforms are in advanced stages of
development, with one approved for emergency use authorization
in Indonesia (Novavax® clinical trial no. NCT04742738). Approved

O ver the past two decades, the world has experienced a sub-

vaccines have efficacy rates of ~50-95%, with Moderna and Pfizer
exhibiting the highest rates of short-term efficacy.

SARS-CoV-2 vaccines: what do we know about efficacy?
Vaccine-mediated protection has been associated with both humoral
(neutralizing antibodies) and adaptive immune (T cells) responses
to the spike (S) protein. The role of innate immunity in shaping B
cell and T cell responses and directly providing protection remains
underappreciated and is being explored through the development
of new adjuvants. Even with the highly effective mRNA vaccines,
antibody responses wane after 6 months, with binding and neu-
tralizing antibodies estimated to have a half-life of between 52 and
68d, respectively>'’. Interim results on the Ad26.COV2.S vaccine
suggested that binding and neutralizing antibody responses may be
stable through 8 months, but this study is limited by a small sample
size (n=10) and does not directly compare these responses to those
generated by other vaccine platforms''.

Durable antibody responses are mediated through memory B
cells and long-lived plasmablasts. These subsets continuously pro-
duce neutralizing antibodies and non-neutralizing antibodies that
will mobilize effector functions of innate immune cells such as
antibody-dependent cellular cytotoxicity and antibody-dependent
neutrophil phagocytosis'>’. This contributes to protection dur-
ing acute infection and perhaps reduce the risk of reinfection.
Although, on average, the vaccines induce production of sufficient
antibody titers to protect against disease (particularly in people
who are immunocompetent), the response to each vaccine is het-
erogenous, with antibody titers varying over a range of two to three
orders of magnitude in adults immunized with the same vaccine.
Similar variability is observed after boosting with the same or
different vaccines. Notably, those who showed brisk responses after
priming were also those who had the most potent responses after
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the boost, suggesting that the heterogeneity is due, in part, to the
host environment.

Mutations within the N-terminal domain and receptor-binding
domain, including a p.Glu484Lys mutation found within the
B.1.351 (beta), P.1 (gamma), B.1.617.1 (kappa) and B.1.621 (mu)
variants, reduce the neutralizing activity of vaccine-induced anti-
bodies against these variants'*""". More recent studies have iden-
tified a substantial reduction in vaccine efficacy when infected
with the B.1.617.2 (delta) variant, dropping to as low as 50%
depending on the vaccine and population studied'®. The B.1.1.529
variant (omicron) is highly infectious and appears to evade natu-
ral and perhaps vaccine-induced immunity, again raising con-
cern about a new wave of infections that may be more resistant
to vaccine-mediated protection'””. Recent preliminary reports
have suggested that the neutralizing activity of vaccine-induced
antibodies is lower against omicron”"*. There may be a consen-
sus emerging that SARS-CoV-2 is now endemic, and that we will
be dealing with the emergence of new immune-evading variants
for years.

Studies have identified substantial variability in the variant cov-
erage of vaccinees among individuals who received the same vac-
cine. Understanding the impact of biologic and environmental/
geographical factors on qualitative and quantitative features of the
host environment and their impact on the innate immune response
and subsequently on the breadth (variant coverage) and durabil-
ity of long-lived plasmablasts as well as memory B cell and T cell
responses is critical in improving our understanding and develop-
ment of next-generation SARS-CoV-2 vaccines.

The global reach of SARS-CoV-2 means that the virus spreads
in distinct geographical settings, each endowed with environmen-
tal (for example, microorganisms, endemic infection and coinfec-
tions) or cultural (diet) factors that might affect vaccine efficacy.
These features modulate immune responses to vaccination, as
has been reported for pneumococcal disease**, influenza® and
malaria®. Distinct viral variants are prevalent in different geo-
graphical settings, which raises challenges about vaccine coverage
and vaccine durability and argues for the potential develop-
ment of regional vaccines. A universal coronavirus vaccine that
protects against future variants and perhaps other coronavirus
strains may be necessary to fully control the ongoing pandemic
and prevent future ones. Targeting the development of vaccines
and their adjuvants on pathways that can trigger innate immune
mechanisms of antiviral protection is one approach that can
lead to universal protection. Studies of individuals who survived
SARS-CoV-1 or were infected by SARS-COV-2 and then received
a SARS-CoV-2 vaccine provide some proof of concept that such a
vaccine may be feasible””. Comparing the innate immune response
of SARS-CoV-2-infected convalescent individuals to the innate
immune response triggered by the different vaccines will shed
light on the innate signaling pathways that lead to long-lasting
immune protection.

The success of current vaccines needs to be taken with a word
of caution. The efficacy of these vaccines is assessed within a few
months of receiving the full vaccine regimen, when it would be
anticipated that a study participant has peak immune responses.
This contrasts with most vaccines whose efficacy is monitored for
years following vaccination. Although time and logistics dictated
measuring SARS-CoV-2 vaccine efficacy in such a short window
to prevent further uncontrolled spread and overload of healthcare
systems, we will likely learn that the approaches taken initially were
suboptimal; indeed, the spacing between the Pfizer (3 weeks) and
Moderna (4 weeks) vaccinations is now known to have been too
short®. The recent approval of booster shots for all adults in the
Unites States highlights the potential for waning immunity and that
initial efficacy rates for the vaccines may not hold up over time.
The durability of the antibody response to SARS-CoV-2 vaccines
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Table 1| Potential mechanisms of differential innate immune
sensing and activation by SARS-CoV-2 vaccine platforms

Potential innate immune sensors

mRNA: TLR7 and MDAS (refs. 3223);
lipid nanoparticle: TLR4 (refs. 343°)
TLRO (refs. 323937); cGAS/STING?*®
SARS-CoV-2: TLR7 (refs.?-*)), MDA5/

RIG-I/MAVS*~** and TLR2 (refs.*®);
alum: inflammasome?*¢*

Vaccine platform
mRNA

Adenovirus vector

Inactivated SARS-CoV-2
virus

Summary of known or potential mechanisms of innate immune recognition of SARS-CoV-2 virus
and/or vaccine components that can enhance the immunogenicity of vaccines.

is variable across platforms, with the adenovirus vaccines inducing
lower magnitude yet more stable antibody response than the mRNA
vaccines; the Moderna vaccine appears to induce more durable
humoral responses than Pfizer, presumably because a higher dose
and a longer time between prime and boost were used. Thus, the
short-term and long-term immune responses induced by vaccina-
tion can be dependent on the vaccine platform, although several
independent factors can contribute to the heterogeneity in the anti-
body and cellular responses. Hence, although the development of
effective vaccines within a year of the outbreak was an unquestioned
success, much work still needs to be done if we are to come up with a
strategy that provides durable and broad protection against current
and future variants. To reach this milestone, we need to decipher
the mechanisms which lead to long-lived and protective immune
responses in vaccination and how these are impacted by host and
environmental factors.

Innate immune activation is differentially modulated by
vaccine platform

In a canonical vaccine response, the initial immune response is
mediated by antigen-presenting cells (APCs) at the site of immuni-
zation. These APCs encounter antigen, migrate to draining lymph
nodes and present antigen to T cells and B cells. The immunologi-
cal outcome of this interaction among APCs, T cells and B cells is
shaped in part by the impact of the vaccine (vector, immunogen and
adjuvant) and host environment on the innate immune signaling
cascades (that is, toll-like receptors (TLRs), retinoic acid-inducible
gene I (RIG-I)-like receptors (RLRs), DNA sensors and nucleotide
oligomerization domain (NOD)-like receptors (NLRs)). These cas-
cades trigger distinct transcriptional networks in the APCs, mainly
dendritic cells (DCs) and macrophages®~'.

Potential and/or known sensors of SARS-CoV-2 vaccine plat-
forms are summarized in Table 1. mRNA vaccines can activate
TLR7, although current formulations used in Moderna and Pfizer
are designed to minimize this activation, and melanoma-associated
disease protein 5 (MDAS5; which sense single-stranded RNA)™>%.
The lipid nanoparticles used to deliver RNA vaccines activate
TLR4***. Adenovirus and adenoviral vector DNA are sensed
by TLR9**>**" and cyclic GMP-AMP synthase (cGAS)/stimulator
of interferon genes (STING)*, while the inactivated SARS-CoV-2
virus vaccines are sensed by TLR7*°-*!, MDAS5 and RIG-I, which sig-
nal through mitochondrial antiviral signaling protein (MAVS)*~*.
One report identified TLR2 as a possible sensor of the SARS-CoV-2
envelope®. Additionally, the adjuvant alum used in the inactivated
viral vaccines activates the NLR family pryin domain containing
3 (NLRP3) inflammasome*>*. Activation of these pathways pro-
motes the expression of distinct gene sets with immunomodulatory
functions with TLR7 and TLR9 predominantly activating NF-«xB
(nuclear factor kappa-light-chain-enhancer of activated B cells),
while TLR4, RIG-I, MDA5 and STING activate both NF-«kB and
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() Prior stimulation/vaccination can enhance
expression of innate sensors of viruses
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Fig. 1| Mechanisms of intrinsic innate antiviral immunity that function in immune cells (macrophages and dendritic cells) and tissue cells (epithelial
cells). Hematopoietic and nonhematopoietic cells utilize multiple signaling cascades to recognize the presence of viral infection and modulate host
responses. These innate pathways lead to the activation of key immune transcription factors driving the production of chemokines to promote migration,
cytokines to activate cells and intrinsic/autocrine/paracrine induction of critical viral restriction factors that directly inhibit viral infection and function.
IFITM, interferon-induced transmembrane proteins; IFIT, interferon-induced protein with tetratricopeptide repeats; APOBEC, apolipoprotein B mRNA
editing enzyme, catalytic polypeptide; OAS, 2’-5'-oligoadenylate synthetase; Mx, Mx dynamin-like GTPase.

interferon regulatory factors (IRFs). The specific transcriptional
programs that are activated in innate immune cells will determine
the quality and the magnitude of the adaptive immune response®.
The balance of these signals shapes the differentiation of effector
cells of the adaptive immune system and the degree to which any
preexisting immunity is boosted. To develop an improved vaccine
strategy, we will need to determine which of these pathways should
be targeted, and how to target them most effectively.

APCs not only present antigen to T cells and B cells but they also
express ligands for activating or inhibitory receptors present on B
cells and T cells; moreover, they produce cytokines that functionally
modulate the skewing of T cell responses, antibody class switching
in B cells and the establishment of long-lived plasma cells and mem-
ory T cell and B cell responses*~*2. The quality of the innate immune
response affects all these APC-T/B cell interactions and thus shapes
the degree to which an adaptive immune response will be protective
and durable. It has been shown that activation of the CREB tran-
scriptional program in innate immune cells results in the produc-
tion of a network of chemokines and cytokines that recruit effector
T cells and B cells producing antibody specific for the pathogen®.
It is reasonable to assume that the heterogeneity in the responses
to each individual vaccine is due in part to differences in innate
immune responses, but this remains to be determined empirically
and validated mechanistically.

Innate immunity and protective immunity: cannot have one
(protective) without the other (innate)

Sensing of viral RNA and DNA by innate immune receptors includ-
ing TLRs, RLRs and DNA sensors leads to the activation of immune
transcription factors including IRFs and NF-kB. Activation of these
transcription factors leads to production of chemokines that pro-
mote immune cell migration to the site of immunization or lymph
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nodes, the upregulation of viral restriction factors, and the pro-
duction of immunomodulatory cytokines (Fig. 1). One way that
cytokine production can directly enhance antiviral immunity and
protect from viral challenge is through the upregulation of viral
restriction factors downstream of cytokine signaling. This can hap-
pen in the cell producing the cytokine (autocrine) or in neighboring
cells (paracrine) allowing cytokines to spread antiviral immunity
to new cells. STING signaling not only mediates activation of anti-
viral immunity within a cell but also has been linked with ‘infec-
tious’ spread of this antiviral immunity to neighboring cells. In
this process, the dicyclic nucleotide cGAMP (an intracellular small
molecule that normally activates STING signaling) is transferred
from one cell to another, activating STING in the recipient cell that
occurs through gap junctions™. Accordingly, spreading of cGAMP
signaling is a critical driver of protective HIV-1 vaccine responses
in humans and nonhuman primates™. The cGAS-cGAMP-STING
axis provides another mechanism of inducing and spreading antivi-
ral immunity in response to innate immune stimuli.

Upregulation of viral restriction factors by these nucleic acid
innate sensors presumably helps by protecting immune cells from
the detrimental effects of any current or future infection events.
Indeed, vaccines and adjuvants modulate intrinsic innate anti-
viral immunity (IIAVI)*. IIAVI refers specifically to the induc-
tion of antiviral genes, and immune pathways that restrict viral
replication and render cells ‘refractory’ to viral infection and per-
sistence™~*". Antiviral genes promote this antiviral state by inhibit-
ing viral entry, transcription and translation and by degrading or
mutating viral nucleic acids (Fig. 1). Stromal cells, including lung
epithelium®’, also express such antiviral genes. In this respect, it
has been shown that the adjuvant ASO3, when used in the trivalent
influenza vaccine, induces chromatin remodeling of loci of antiviral
genes and that this renders the cells refractory to viral infection®.
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It is noteworthy that these pathways are activated by components
of SARS-CoV-2 vaccines (Table 1) suggesting that ITAVI may con-
tribute to the effectiveness of these vaccines. To move SARS-CoV-2
vaccine development forward, we need to define the mechanisms
that underlie the capacity of the different vaccine platforms to
modulate the induction and long-term maintenance of ITAVI that
will be critical for protecting individuals from future challenges.
This is especially true for the control of viral variants as the innate
immune response is not antigen specific and should not be affected
by mutations in key SARS-CoV-2 antigens that impact on adaptive
immune protection.

A recent study of the Pfizer-BioNTech vaccine showed that
inflammatory and antiviral responses were more potently induced
after the third booster dose vaccine compared to primary immu-
nization®. In fact, there was little evidence of inflammatory tran-
scriptional signatures after the initial dose of vaccine. Cells of the
innate immune response, specifically CD14*CD16" inflamma-
tory monocyte frequencies, were heightened after boosting. This
coincided with the augmented expression of inflammatory tran-
scriptional signatures, including TLR pathways, and induction of
antiviral and interferon (IFN) pathways; augmented inflamma-
tory and IFN pathway activity was observed in multiple innate
immune subsets including DCs and monocytes. The authors
compared the 7-d post-boost signature of the Pfizer-BioNTech
vaccine with signatures induced after other vaccines (including
influenza, yellow fever and HIV) and found there was minimal
overlap in the signatures expressed in participants who received
the Pfizer-BioNTech vaccine when compared with those who
received the other vaccines, although there was overlap between
the other vaccine platforms. What this means for SARS-CoV-2 vac-
cine responses remains to be determined but it does show that the
mRNA platform is inducing a different post-boost signature than
what has been reported for other vaccines. The lack of a persistently
induced signature of inflammation, which is a common feature
of efficacy identified in other vaccines®, could explain the lack of
durability of both effector arms of adaptive immunity observed
with the Pfizer-BioNTech vaccine strategy and perhaps other
SARS-CoV-2 vaccines.

Memory: it is not just for T cells and B cells anymore

The newly emerging field of trained immunity®, or the acquisi-
tion of ‘memory’ by innate immune cells such as monocytes/
macrophages and DCs®, provides new opportunities for person-
alized vaccination. Previous exposure to microorganisms and
pathogens can shape the innate immune response in a way that it
is primed to be refractory, or susceptible, to homologous and het-
erologous pathogens. Activation of pattern-recognition receptors
(PRRs) leads to transcriptional upregulation of target genes that
result in the modulation of the epigenetic landscape of the cell***.
Transcriptional and epigenetic changes to genetic loci involved in
immune responses (IFNs, viral restriction factors and inflamma-
tory cytokines) can result in these regions remaining in an ‘open’
(potentiated expression) or ‘closed’ (attenuated expression) chro-
matin state®. Accessibility of transcription factors to their cognate
gene targets results in a more rapid and potent response to future
stimulation to the same signals, essentially the innate immune
response version of T cell and B cell memory. Importantly, trained
immunity has been demonstrated to enhance immune responses in
the context of vaccination, initially with Bacillus Calmette-Guérin
(BCG)*-* and the diphtheria, tetanus and pertussis (DTP) vac-
cines® and more recently with the influenza vaccines™. Studies have
been performed to identify pre-vaccination signatures that predict
vaccine efficacy and outcome® "2 Other studies have linked micro-
biota, metabolism, epigenetics and trained immunity shedding
insight into the links of these critical pathways™~. Thus, an indi-
vidual’s unique environmental and microbial exposure will define
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the nature of their future innate immune responses, including
to vaccination, and potentially impact the efficacy of the gener-
ated immune responses. Investigating how SARS-CoV-2 vaccines
are impacted by or modulate the activation and maintenance
of trained immunity will substantially improve the develop-
ment of the next generation of vaccines. Given the intra-platform
variability in SARS-CoV-2 vaccine responses and efficacy, it is
imperative that holistic approaches are used to define how indi-
vidual variations in past and present microbial exposure modu-
late the establishment and maintenance of trained immunity
and ITAVL

Microbiome and metabolite compositions definitively
shape host immune responses during vaccination
Environmental factors that can impact on immune responses to
infection and vaccination include the microbiome. The microbial
community can modulate immune responses during vaccination
through interaction with PRRs on immune cells or indirectly via
modulation of the homeostasis of immune cell subsets by metabo-
lites (Fig. 2). This is very relevant to the vaccine efforts that are tak-
ing place to curb the SARS-CoV-2 pandemic as different vaccine
platforms are being used in different geographical areas that all have
distinct microbial environments. Theoretically, geographical differ-
ences in the microbiome may prove to be an important determinant
of the response to SARS-CoV-2 vaccines.

The gut epithelium and mucus layers provide a barrier between
host tissue and this microbial community. Immune cells in the
mucosa are constantly sampling antigens from the mucosal lumen
and loss in mucosal barrier integrity caused by pathogenic infec-
tion, physical injury or dysregulated tissue inflammation leads to
direct interaction of host immune cells in the mucosa with micro-
bial communities. Importantly, immunocompromised individuals
have ‘leaky’ gut that results from chemotherapy or opportunistic
infections, which cause higher levels of microbial translocation
that trigger pathogenic pro-inflammatory responses by immune
cells. Of note, many of these individuals mount poor responses to
SARS-CoV-2 vaccines” .

Depletion of the commensal microbiome by antibiotics impairs
the response to the influenza vaccine®. Sensing of microbial-derived
flagellin by TLR5 augmented antibody responses®' after influenza
vaccination; the mechanisms triggered by engagement of TLR5 dur-
ing the response to vaccination remain unknown. Helminths trigger
perturbations in the homeostasis of effector and memory cells of
the adaptive immune response as they skew the immune response
toward type 2 helper T (T;2) cell responses®. Microorganisms and
bacteria also impact interleukin (IL)-17-producing helper T (T17)
cell differentiation and the development of regulatory T (T,,) cells.
Exploiting or controlling microbial modulation of innate and
adaptive immune responses should be included in all strategies to
develop improved and universal SARS-CoV-2 vaccines.

Host- and microbial-derived metabolite signatures are
potent modulators of immune responses to vaccination
This systemic impact of microorganisms is also mediated by micro-
bial production of metabolites that are produced locally in the
mucosa and then taken up into systemic circulation. Many of these
metabolites are important for normal cellular and tissue function,
while others have detrimental impact on cellular function, including
immune homeostasis and effector function. For example, some gut
microorganisms (Fig. 2) produce short-chain fatty acids (SCFAs)®*
such as butyrates and propionates. SCFAs are generally inhibitors
of histone deacetylases (enzymes responsible for deacetylating his-
tones leading to closed chromatin) and can regulate gene expres-
sion via activation of G-protein-coupled receptors®. SCFAs have
been demonstrated to promote the chemotaxis and activation of the
pro-inflammatory neutrophils®>**. SCFAs, bile acids and tryptophan
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Fig. 2 | Schematic of mechanisms of homeostatic mucosal immunity and dysregulated mucosal immune responses following microbial dysbiosis, gut
barrier integrity loss and/or microbial translocation. Under normal homeostatic conditions, limited sensing of the microbiome and its derived metabolites
promotes a tolerogenic intestinal immune response. Perturbations in the microbiome, which can be associated with diet, antibiotics or barrier disruption,
lead to aberrant sensing of the microbiome and/or altered metabolite profiles that directly modulate the function of innate and adaptive immune cells
within the intestines (mucosa-associated lymphoid tissue (MALT)) and draining lymph nodes (LNs). Metabolites can directly induce inflammatory
signaling and cytokine production in innate immune cells (DCs, macrophages and innate lymphoid cells (ILCs)), which regulate interaction with and
activation of adaptive immune cells (T cells and B cells) leading to alterations in the induction, characteristics and potentially longevity of the cellular and
humoral immune responses. M@, macrophage; MLN, mesenteric lymph node; PSA, polysaccharide antigen A; SAA, serum amyloid protein A; TNF, tumor

necrosis factor.

metabolites mediate enhanced T,,, cell differentiation by augmenting
FOXP3 expression and transforming growth factor-f (TGF-B)". T,
cells are known to be associated with the production of TGF-$ and
IL-10, two anti-inflammatory cytokines that have been shown to
curb the response to vaccines.

The composition of mucosal and circulating metabolites is also
influenced by nutrition and diet. Notably, this is true for SCFAs/
butyrates®* and bile acids’~*, which have been shown to impede
the response to vaccines®”, presumably by triggering T,,, cell dif-
ferentiation and the production of the anti-inflammatory cyto-
kines IL-10° and TGF-B*-°. High glucose levels provide another
source of immune modulation. It is well established that diabetes
mellitus and elevated blood glucose are associated with poor out-
comes in COVID-19'-'; however, the impact of high glucose
levels on vaccine responses is poorly understood. Elderly individu-
als with diabetes had higher pneumococcal vaccine efficacy than
elderly participants without diabetes'”, while no differences were
observed for influenza vaccine efficacy'™. O-GlcNAcylation, the
post-translational addition of an O-GIcNAc subunit (a derivative
of glucose metabolism that rises during hyperglycemia) to serine
(Ser) and threonine residues, of NF-kB c-Rel Ser350 can disturb
CD4* T cell homeostasis by enhancing type 1 helper T (Ty1) cell
effector function (IL-2 and IFN-y) and suppressing T, cells via
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downregulation of FOXP3, the key transcription factor regulating

T, cell development and function'*>'*. These studies demonstrated
that O-GlcNAcylation of c-Rel regulated its binding to the promoter
of target genes, a mechanism that modulated increased (more bind-
ing) and decreased (less binding) gene expression. This dysregulated
balance between effector and T, cell function could have substan-
tial implications for the generation of immune responses during
vaccination. This balance has been mostly studied in the context of
tuberculosis vaccination in mice where T, cells suppress Ty1 and
vaccine response'”’~'%,

This capacity for metabolites to act on both the innate and adap-
tive arms of the immune system centrally positions them as criti-
cal modulators of systemic immune responses needed to promote
vaccine efficacy. Individual variation in the levels of microorgan-
isms and their metabolites presumably explains, in part, the mul-
tiple orders of magnitude of variation in the antibody responses
to various SARS-CoV-2 vaccines. Although several groups have
studied the impact of the microbiome and its metabolites on vac-
cine responsiveness (reviewed in refs. ''*''"), we do not have a clear
understanding of the impact on SARS-CoV-2 vaccine responses.
The pandemic nature of SARS-CoV-2 infection provides a further
impetus for considering the impact of these environmental factors
on SARS-CoV-2 vaccine responses
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How to overcome poor vaccine responses in
immunocompromised individuals

Although our understanding of the role of the microbiome and
metabolome in modulating immune function and vaccine respon-
siveness has improved substantially in the past few years®''?, these
findings have yet to be translated into the clinical setting to enhance
vaccine modalities (current studies summarized in ref. '''). With a
deeper understanding of the multitude of factors that contribute
to determining the efficacy of vaccines at an individual level, one
can then begin to devise strategies that mitigate the heterogeneity
in responses and bolster the population-level efficacy of vaccines.
Some of these are clear and potentially easy solutions, others are less
so and will require (again) the combined ingenuity of the biomedi-
cal research community.

There are at least two issues that might be prioritized in vaccine
development now: understanding why older and/or immunocom-
promised individuals often demonstrate poor responses to vaccines
and untangling how environmental factors (including the microbi-
ome and its metabolites) shape these responses. There is substantial
evidence that immunocompromised individuals exhibit diminished
vaccine responses to SARS-CoV-2. For example, individuals with
diseases such as common variable immunodeficiency'", rheumatoid
arthritis and systemic lupus erythematosus exhibit lower seroconver-
sion and antibody responses to vaccines''*"'". This is due, at least
in part, to the effects of the use of immunosuppressive drugs'®-'*.
Patients with cancer'”'”, in particular those with hematologic
malignancies'**~'’, are another group of people who show less effec-
tive vaccine responses to SARS-CoV-2. As with autoimmune dis-
eases, the reduced seroconversion rates and antibody responses are
commonly linked to the use of anticancer therapies'**'**. Following
this same theme, patients receiving organ transplants, who need to
take immunosuppressive drugs to prevent rejection, also exhibit
reduced antibody responses to SARS-CoV-2 vaccination'**'*2. In
addition to reduced antibody responses, patients receiving organ
transplants also exhibit reduced SARS-CoV-2-specific CD4* and
CD8* responses as measured by reduced/absent frequencies and
substantially diminished ex vivo cytokine production in response to
peptide stimulation'***-**!*2, Immunosuppressive drugs not only
actdirectly on T cells and B cells, but they also suppress the activity of
innate immune cells, which further dampens the induction of T and
B cell responses. The largest challenge facing all of these vulnerable
populations is that the treatments that are causing reduced efficacy
are necessary for quality of life and, in many cases, survival. Simply
removing individuals off of these therapies is not a viable option.

The most straightforward approach, which is currently being
used, is to administer booster shots that further jump-start the
immune response and boost effector and memory responses. This
approach, however, is more of a bandage that does not mitigate
the underlying causes of poor immunity and requires continuous
administration of shots. Another critical unmet need pertains to
those who are immunocompromised; such individuals are more
susceptible to severe disease in addition to reduced antibody
responses to vaccination. As the virus can persist and replicate
much longer, the immunocompromised are assumed to be a major
source for the emergence of new variants. An effective vaccine for
the immunocompromised hence would go a long way to getting us
to the goal of ending the SARS-CoV-2 pandemic. Using a compre-
hensive approach to define the immune pathways and mechanisms,
including innate immune responses, that promote long-lived B cell
and plasma cell memory responses and T stem cell responses, and
how these are perturbed by age and/or in immunocompromised
individuals, would provide the opportunity to enhance the efficacy
of normal vaccine regimens and require fewer, if any, booster shots.
Both the vaccine platform and the adjuvant used can be formulated
to potentiate memory responses. Conceptual targets include those
activating the WNT or NOTCH pathways that are associated with
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cell survival and stemness (that is, the development of long-term
memory B cells and T cells) as well as potent activators of NF-kB and
IRFs, which would prime innate immune responses and promote
epigenetic modifications that could lead to long-term cell survival
of antigen-specific T cells and B cells and resistance to infection.

For SARS-CoV-2 variants, utilizing vaccine platforms that
incorporate multiple antigens that cover common variants, like
how yearly influenza shots are handled, or using highly conserved
antigen(s) unlikely to undergo immune escape are two straight-
forward ways to expand immune protection to include current
and future variants. One critical factor to consider when address-
ing vaccine efficacy to variants is the differential distribution and
circulation levels of SARS-CoV-2 variants based on geography.
Knowing which platforms cross-neutralize which variants will be
critical for ensuring that the right vaccines get to the right popula-
tions. Another critical factor that will likely need to be considered
is ‘original antigenic sin, or the effect that prior immunization or
natural infection has in skewing the antigen-specific T cell and B
cell response toward the original antigen, thus preventing the devel-
opment of responses to new antigens and hence new variants. How
innate signaling and environmental factors influence original anti-
genic sin and/or how manipulation of the pathways they modify
might overcome this barrier is unknown and deserves to be pri-
oritized in future studies. A more contemporary approach to over-
come the issue of variant-associated reductions in vaccine efficacy
relies on the identification of vaccine platforms and/or components
that potently drive ITAVI in tissues like the lung. The mechanisms
underlying IIAVI are not antigen specific, and hence their activa-
tion is not likely to be substantially impacted by genetic variants of
SARS-CoV-2. Identifying and designing vaccines that boost IIAVI
is critical for enhancing the cross-protection potential of vaccines.
Immunomodulatory compounds that promote ITAVI will also be
critical for future pandemic preparedness as treatment with these
compounds may function as a first line of defense to limit infection/
transmission until vaccines become available.

Mitigating the impact of environment factors like the microbi-
ome and metabolome on innate and adaptive immune functions
and vaccine responses will prove much more difficult than deal-
ing with waning immunity or variants. Identifying pre-vaccination
signatures and mechanisms that are associated with potent and
durable vaccine responses and that are independent of the vaccine
platform could provide a path to the development of interventions
that can exploit or mimic such conditions. Modulation of immune
responses can be achieved by combining the vaccines with immu-
nomodulatory stimuli that are selected based on a mechanistic
rationale. For example, a high level of NF-kB has been identified
as a prerequisite for the induction of potent responses to 13 differ-
ent vaccines®'. Should these observations be confirmed, adjuvants
and PRR ligands that trigger the NF-kB pathway (that is MF59,
AS03, TLR ligands NOD1 and/or NOD2) might be studied as vac-
cine adjuvants. It has also been shown that vectors or adjuvants that
trigger the cGAS-cGAMP pathway induce (1) a cascade of innate
chemokines/cytokines that recruit T cells and B cells to APCs that
express vaccine antigens and (2) subsequent adaptive immune path-
ways. Metformin and rapamycin, inhibitors of mammalian target
of rapamycin signaling, have also been shown to reverse the spe-
cific immune dysfunction associated with aging and trigger higher
antibody responses and improved cellular immunity to several vac-
cines including influenza'*~'". Both rapamycin and metformin
are well known to impact transcriptional, functional and epigen-
etic profiles of innate immunity triggered by the microbiome and/
or metabolites'**'*2. This concept of personalized vaccination has
been suggested before (topic reviewed in ref. '**) and could be a
critical addition to vaccine strategies and public health policy to
reach the end goal of population-level vaccine-induced immunity
to SARS-CoV-2. The administration of prebiotics (nutrients which
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of adaptive (T cell and B cell) responses. In this environment of dysregulated adaptive immune activation, antigen-specific responses induced during
vaccination are functionally altered compared to those generated under homeostatic conditions. This can not only impact generating a protective vaccine
response but also directly modulates the induction of memory responses, which substantially dictates the longevity of vaccine-induced immunity. In this
way, differences in the combination of environmental factors between individuals can substantially impact on both the primary generation of a vaccine

response and how long an individual is protected from future infection. AA, amino acid; T cells, effector T cells; Ty, cells, follicular helper T cells; Ty, cells,
memory T cells; GC, germinal center.

promote a healthy microbiota), probiotics (beneficial microbiota) microbiota manipulation in augmenting vaccines are inconsistent,
and/or postbiotics (by-products of probiotic bacteria) could also  with an equivalent number of studies showing an effect as the num-
be used to help overcome dysregulated immune responses result-  ber of studies that show no effect''*'**. Differences in vaccine plat-
ing from the composition of the microbiome. Current studies of forms, trial populations and the species of prebiotics or probiotics
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used contribute to these inconsistent findings'**'**. Although such
interventions could not realistically be implemented globally in the
context of a pandemic, they could be used to help improve vaccine
responsiveness to specific populations, including the elderly, those
that are immunocompromised and those that have previously dem-
onstrated a suboptimal vaccine response.

Conclusions

The presence of comorbidities, individual differences in microbial/
metabolite composition and individual variations in the response of
the innate immune system each contribute to the heterogeneity in
vaccine responses. Multiple mechanisms account for how these fac-
tors shape vaccine effectiveness. For example, the capacity for micro-
bial products and metabolites to impact epigenetics—a long-term
regulator of gene expression—in both innate and adaptive immune
cells strongly suggests that differences in the microbiome/metabo-
lome between individuals can have long-lasting impacts on modu-
lating immune responses to vaccines. The microbiome as well as
the host-microbial metabolome can also impact on ITAVI and the
capacity of the innate immune response to impede the initial stages
of viral infection and dissemination. In the most severe of instances
(Fig. 3), altered microbiome and metabolome composition sub-
stantially impairs the induction of an innate immune response by
dysregulating antigen processing/presentation and the expression
of cytokines, preventing the acquisition of T cell and B cell effector
and memory function, and altering the magnitude and isotype class
switching of antibodies.

Targeting the innate immune system as a means to improve
SARS-CoV-2 vaccine efficacy is a promising avenue of investiga-
tion. The innate immune system functions as the foundation for the
induction of adaptive immunity: processing and presenting the vac-
cine antigen to T cells and B cells, and producing the chemokines
and cytokines required to bring lymphocytes into sites of immuni-
zation and skew appropriate T cell and B cell responses. Thus, the
innate immune system modulates the quantity (magnitude) and the
quality (that is, B cell maturation and antibody isotype switching) of
vaccine responses. Additionally, both molecular and cellular innate
immune pathways are highly conserved across the human popula-
tion, and hence easier to target therapeutically, at least as compared
to the far more heterogenous adaptive immune response, where
factors such as HLA background and prior exposures can result in
highly variable vaccine outcomes. Using different adjuvants or alter-
ing the immunogenic component(s) of vaccines (for example, the
CpG motifs in DNA vaccines) represents the best way of directly
targeting innate immunity during vaccination. Targeting conserved
innate pathways upstream of adaptive immunity might prove to
be an effective and scalable way to generate improved vaccines.
To further define the complex impact of innate signaling on adap-
tive immunity and vaccine effectiveness, well-powered controlled
clinical studies of potential vaccine adjuvants are needed. Now that
we have effective options, the field can afford to slow down and
begin the hard work of determining how host environmental fac-
tors, different adjuvants and different vaccine platforms compare
head-to-head. Recent efforts to improve such comparative research
in vaccines is moving the field forward but we are still ‘playing
catch-up. If we are to ever achieve the goal of a vaccine that protects
an overwhelming majority of the human population against existing
and yet-to-emerge variants, we need to get ahead of SARS-CoV-2
instead of chasing it.

If the factors discussed in this Perspective and specifically their
impact on innate immunity are not accounted for when evaluating
the efficacy of vaccines, it could lead to disparate healthcare out-
comes that may impact substantially on vulnerable and/or under-
served populations. Ensuring effective vaccines are administered
to all regardless of age, preexisting conditions, biological sex, race/
ethnicity or geographical locale is the only way to contain and
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potentially eliminate SARS-CoV-2. Further research and the imple-
mentation of controlled clinical studies are needed to investigate
how individual differences in innate immune function, resulting
from vaccine-associated factors as well as host and environmental
factors, mechanistically modulate cellular and humoral immune
responses to SARS-CoV-2 vaccination. Studying innate immunity
as part of a holistic approach integrating all the components that
can impact on vaccine responses is a pathway to developing a more
universal and effective vaccine to help end this deadly pandemic.
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