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Abstract

Immunosenescence contributes to a decreased capacity of the immune system to respond
effectively to infections or vaccines in the elderly. The full extent of the biological changes that
lead to immunosenescence are unknown, but numerous cell types involved in innate and adaptive
immunity exhibit altered phenotypes and function as a result of aging. These manifestations of
immunosenescence at the cellular level are mediated by dysregulation at the genetic level, and
changes throughout the immune system are, in turn, propagated by numerous cellular interactions.
Environmental factors, such as nutrition, also exert significant influence on the immune system
with aging. While the mechanisms that govern the onset of immunosenescence are complex,
systems biology approaches allow for the identification of individual contributions from each
component within the system as a whole. Although there is still much to learn regarding
immunosenescence, systems-level studies of vaccine responses have been highly informative and
will guide the development of new vaccine candidates, novel adjuvant formulations, and
immunotherapeutic drugs to improve vaccine responses among the aging population.

Keywords
immunosenescence; vaccinology; systems biology; aging; adjuvants; senolytics; immunity

Introduction

Advancements in living conditions and preventive healthcare have led to a concomitant
increase in human life expectancy, with the global number of individuals aged 60 years or
older expected to exceed 2 billion by 2050 [1]. This burgeoning population of elderly adults
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is predicted to place a massive burden on global healthcare resources, as aging is associated
with a number of disease conditions (i.e., cardiovascular disease, hypertension, Alzheimer’s
disease) that can result in long-term complications and significant costs [2-4]. Among these
is an increased susceptibility to infectious disease, which is caused primarily by a decreased
ability of the immune system to respond effectively to new pathogens or vaccines [5]. This
age-associated, intrinsic failure of the immune system, termed “immunosenescence,” is an
important factor in the increased morbidity and mortality associated with infectious disease
in aging populations [6-8] and in the poor immune response to vaccines designed to protect
against these diseases.

Immunosenescence is characterized by the inability to mount effective (protective) humoral
and cellular immune responses against a pathogen or vaccing, as well as a systemic low-
grade inflammatory state (termed “inflammaging), which contributes to the dysregulation
of several components of the innate and adaptive immune systems [9, 10]. Alterations in cell
population numbers, as well as defects in cellular function, have all been identified as factors
contributing to immunosenescence; yet, numerous studies (from both a reductionist and
systems-level approach) have failed to comprehensively define the factors that lead to and
govern these phenomena. The different arms of the immune system are highly
interregulated, and recent advancements in immunological research have led to an
appreciation for the role that the innate immune response plays in governing the
development of adaptive responses [11, 12]. Furthermore, evidence has also emerged that
the innate immune system has some capacity for memory-like responses that train
recognition of certain pathogenic features [13]. When considering the crosstalk that occurs
among these multiple components of a highly dynamic and complex biological system, it is
imperative that a holistic approach be applied to fully comprehend the intricate processes
that lead to immunosenescence.

Systems biology has emerged as a means to comprehensively study complex biological
processes and evaluate the behavior of each system component as it relates to others [14].
With respect to the study of immune responses, we and others have applied systems-level
approaches to understand how the immune system responds to vaccination and whether
these data could be used to develop predictive models of vaccine efficacy [15-17]. Querec et
al. pioneered the use of systems biology in a seminal study that identified molecular
signatures of immunological response in individuals vaccinated against yellow fever virus
[18]. Many studies since, including our own, have identified predictive associations between
gene polymorphisms, gene expression, and correlates of protective immunity after
vaccination [19-27].

In this review, we seek to provide a comprehensive discussion on the failure of the aging
immune system, with an emphasis on the fact that perturbations at the genetic level mediate
changes at the molecular and/or cellular level. Due to the interconnectivity of the immune
system, these alterations in cellular activity can then influence numerous additional cell
types, propagating global changes in response outcomes to infection or vaccination. By
examining these relationships, the intricacies of the entire system become apparent, and
models can be developed to predict outcomes based on changes within each component. We
provide an overview on the applications of systems biology to the study of
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immunosenescence, highlighting recent advancements with respect to vaccinology as well as
areas that require further study. In the final segment of this review, we discuss how the
knowledge gained from studies on systems biology can be used to inform the design of new
vaccine candidates that are directly engineered to stimulate robust responses in the face of
immunological aging.

Immunosenescence at the cellular and molecular level

Neutrophils

One of the primary hallmarks of immunosenescence is an age-associated shift in both the
composition and function of immune cells circulating in the periphery, which is exemplified
by alterations in surface marker expression, shifts in cell subtype populations, and defects in
cell signaling [6, 28, 29]. In addition to dysregulation among immune cells, other cell types
begin to transition toward an apoptosis-resistant, inflammatory phenotype that is incapable
of replication [30, 31]. This senescence-associated secretory phenotype (SASP) is
responsible for an increased production of specific cytokines, chemokines, miRNAs, and
other pro-inflammatory signals that mediate immune cell migration and activation [32, 33].
The SASP feeds into the chronic, low-grade inflammatory state commonly observed among
older adults, which further contributes to immune cell dysregulation. More recently, studies
have found that “inflammaging” can also be governed by a number of different
environmental and metabolic factors, suggesting that an individual’s diet, nutrition, and gut
microbiota can all influence the magnitude and persistence of chronic inflammation. [34-36]
The environmental and metabolic factors influencing “inflammaging” have been excellently
reviewed elsewhere. [34-36]

Although immunosenescence is most commonly related to failures in adaptive immunity (B-
and T-cells) [37-39], significant evidence has accrued that indicates aging also impacts
various functions of the innate immune system [40]. Furthermore, several components of the
innate immune system perform pivotal roles in priming robust adaptive responses, and
defects in innate immunity have been associated with failures in long-term humoral and
cellular immunity [41, 42]. In this section, we summarize age-associated alterations in
function that have been observed in cells of both the innate and adaptive immune system,
and we relate how these changes in cellular phenotype and the production of signaling
molecules impact overall responses to infection and vaccination.

Neutrophils are one of the predominant classes of phagocytes found in circulation, and they
are rapidly recruited to sites of infection as a result of proinflammatory cytokine and
chemokine production (i.e., IL-1, IL-8, TNF-a.) by tissue-resident macrophages and
endothelial cells [43]. Neutrophils migrate along these chemotactic gradients toward the site
of inflammation, sampling low affinity interactions with P/E-selectins on endothelial cell
surfaces [44]. Endothelial cells are also stimulated by these inflammatory cytokines to
upregulate the expression of intercellular adhesion molecule (ICAM)-1 and -2 on their
surface, which arrest migration near the site of infection through high affinity interactions
with LFA-1 on the neutrophil surface [45]. Once neutrophils have infiltrated inflamed
tissues, they mediate the clearance of pathogens through phagocytosis and the release of
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antimicrobial proteins from their intracellular granules; upon resolution of the infection,
neutrophils undergo apoptosis.

The classical functions of neutrophils described above can be dramatically altered during the
course of aging, and several studies have implicated external factors (such as nutrition and
lifestyle) as additional mediators of neutrophil function. These studies have been reviewed
elsewhere [46, 47], so the main focus of this discussion will relate to changes in neutrophil
function directly associated with aging. Defects in aged neutrophils can be primarily related
to perturbations in signal transduction, albeit in multiple pathways [48, 49]. The
dysregulation of two of these signaling pathways (JAK-STAT and PI3K) and their putative
effects on neutrophil function will be discussed herein.

The ability of neutrophils to migrate to and subsequently clear infections has been shown to
significantly decline with age [48]. Constitutive phosphatidylinositol-3 kinase (PI13K)
activity has been implicated in the dysregulation of both migration and phagocytosis, among
other cellular functions [50]. PI3K signals through the phosphorylation of
phosphatidylinositol 4,5-bisphosphate in response to the binding of chemokines to their
cognate G-protein coupled receptors on the neutrophil surface, [51, 52] and aberrant
activation of this signaling cascade has been shown to disrupt neutrophil migration along
chemotactic gradients [50]. The phagocytic capacity of aged neutrophils has also been
shown to be reduced due to decreased surface expression of the Fcry receptor CD16,[53]
although this is not the sole factor governing phagocytic activity, as neutrophils expressing
normal levels of CD16 have also been shown to display a lower phagocytic index [54]. The
ability of neutrophils to serve as primary responders to infection is further compromised by
a decreased capacity to produce reactive oxygen species in response to antigenic stimuli
[54]. The majority of these deficiencies in responses are attributed to alterations in the lipid
membrane composition rather than changes in the levels of protein expression [49]. The
concentration of phospholipid in neutrophil membranes increases with age relative to that of
cholesterol and leads to an increase in membrane fluidity, which compromises the integrity
of lipid rafts that are essential for the recruitment and assembly of signaling molecules such
as NADPH oxidase [55, 56].

Alterations in cell signaling also play a central role in maintaining homeostasis for
neutrophils. Neutrophils are naturally short-lived cells; inflammatory signals can prolong
their lifespan, but after an infection has been cleared, they undergo apoptosis. Studies /n
vitro have shown that granulocyte-macrophage colony stimulating factor (GM-CSF) has the
ability to rescue neutrophils from apoptosis in younger individuals through JAK-STAT
signaling; this protective signaling capacity is abolished in neutrophils from the elderly [57].
This phenomenon has also been linked to lipid raft function, as the negative regulator SHP-1
remains associated with the GM-CSF receptor in aged neutrophils but is excluded from
these domains in younger cells [58]. An increased susceptibility to apoptotic signaling with
aging could lead to premature clearance of neutrophils, thereby compromising the initial
responses against infections or vaccination.

While it is generally accepted that functional changes occur in neutrophils with aging, it is
much less certain what happens with regard to their overall number or if shifts in
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subpopulations occur. Most studies have reported that for elderly individuals in good health,
the number of neutrophils present in circulation does not change [59]; however, other studies
have reported decreased neutrophil counts associated with aging [60]. Increased neutrophilia
has been associated with a greater risk of overall morbidity and mortality, presumably due to
concomitant dysregulation of neutrophil function in the chronic inflammatory environment
that develops with aging [61, 62]. There is even less consensus with regard to shifts in
neutrophil subpopulations and how variations among these might mediate observed
alterations in neutrophil responses. Clearly, there is much to learn with regard to neutrophil
biology and its associated changes with aging.

Monocytes and Macrophages

Monocytes and macrophages are also phagocytic cells that are important to the innate
response against infection. Circulating monocytes are precursors to tissue-resident
macrophages; upon differentiation, these macrophages serve as one of the leading lines of
defense in innate immunity [63]. Macrophages are defined by their plasticity and
heterogeneous functionality and, depending upon the stimulus and cytokine milieu, they can
be polarized towards pro- or anti-inflammatory phenotypes. These various aspects of
macrophage polarization have been reviewed in detail elsewhere [64-66]. For this
discussion, we will focus only on age-related changes in monocyte/macrophage number and
function that relates to the immune response against infection or vaccination.

While the majority of studies identifying age-related changes in macrophage and monocyte
function have focused on rodents, there is considerable evidence suggesting that macrophage
function is altered in elderly humans as well [40, 67-69]. As with neutrophils, defects in
monocyte and macrophage function are predominantly mediated by the dysregulation of
cellular signaling with age. Decreased cytokine production (particularly IL-6 and TNF-a.)
has been observed in response to various Toll-like receptor 4 (TLR4) stimuli in murine
macrophages from aged mice, [41, 70] and similar results have been reported for human
monocytes in response to TLR1/TLR2 stimulation [71, 72]. While changes in the level of
TLR expression have been proposed as a potential mechanism for these observations, there
are conflicting reports as to whether these levels increase or decrease with age [70, 73]. The
mechanisms underlying defective cytokine production in monocytes and macrophages are
likely far more complex and may be at least partially influenced by impaired intracellular
signaling, as evidenced by the reduced activation of mitogen-activated protein kinases
(MAPK) following TLR4 stimulation in macrophages from aged mice [70].

Macrophages also exhibit declines in phagocytic function with age, which has been
associated with a global decline of autophagic functions (e.g., macroautophagy,
microautophagy, chaperone-mediated autophagy) in numerous immune cell types with age.
[74] Studies in mice have found that macrophages deficient in macroautophagy are more
susceptible to bacterial infection and mount defective inflammatory responses. [75]
Similarly, defective mitophagy (recycling of mitochondria) in phagocytes has been linked to
dysregulation of the inflammasome, resulting in increased cytokine production that likely
contributes to “inflammaging.” [76] The effects of defective autophagy in other classes of
immune cells have been excellently reviewed elsewhere. [74]
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In addition to dysregulation in TLR signaling and cytokine production, aged macrophages
and monocytes exhibit a decreased capacity to respond to other inflammatory stimuli as
well. Interferon-y (IFN-vy) is a necessary component for macrophage activation, yet studies
have shown that aged murine macrophages demonstrate decreased phosphorylation of
STAT-1a in response to IFN-y stimulation [77]. Furthermore, studies in rats have shown that
the IFN-dependent production of superoxide anion is significantly inhibited in aged
macrophages [78]. Monocytes and macrophages typically upregulate major
histocompatibility complex (MHC) class Il molecules on their surface in response to
inflammatory stimuli; however, studies in human monocytes and murine macrophages have
found levels of HLA and MHC class Il molecules to be significantly reduced with age [79-
81].

As with neutrophils, age-associated shifts in macrophage and monocyte populations are less
well-defined, with several reports detailing conflicting observations. One such study has
shown that “non-classical” monocytes (CD14*CD16") are significantly increased with age
but display lower expression of HLA class Il molecules and chemokine receptors [82].
Interestingly, macrophages derived from these monocytes do not display any functional
defects in activation or cytokine production. In contrast, a separate study identified
significant expansion of CD149MCD16P"9nt monocytes in elderly subjects and found that
these cells had an imbalanced production of cytokines in response to inflammatory stimuli
[83]. The aforementioned defects in cellular signaling would be suspected to impact
macrophage polarization with aging, but studies focused on this phenomenon are lacking.

Natural killer (NK) cells are a class of cytotoxic cells that comprise ~15% of the circulating
lymphocyte population and play an important role in innate cellular immune responses [40].
NK cells are typically classified into different subsets based on surface expression of CD56
and their associated capacity for cytotoxic effector activity (CD56%™) or immunoregulatory
functions (CD56Pr9Nty [84]. While traditionally recognized for their capacity to respond
against intracellular pathogens during the initial hours of an immune response, there is a
growing appreciation for the role that NK cells play in orchestrating adaptive responses [12,
85].

Contrary to neutrophils and monocytes, the dysregulation of NK cell function has been
primarily attributed to phenotypic shifts in cellular subpopulations rather than inherent
defects in receptor expression or signaling. During the course of aging, there is a progressive
differentiation wherein the CD56°119M population diminishes while the CD569™ population
continues to expand and begins to express CD57 [86—88]. This population of
CD569MCD57+ cells exhibits high cytolytic capacity but a decreased responsiveness to
cytokine signaling, which explains many of the functional differences observed with elderly
NK cells [89]. Loss of the CD56P119Mt subset leads to a decrease in regulatory cytokine and
chemokine production, which compromises signaling and recruitment of other immune cells
[86]. Interestingly, residual CD56P"9Mt cells compensate for the diminishing population by
increasing their output of IFN-y, but this has not been observed for other cytokines [90].
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While the majority of functional changes in aged NK cells can be associated with
phenotypic shifts in subpopulations, there is some evidence for dysregulated expression of
protein receptors. The effects of aging on surface expression of killer immunoglobulin-like
receptor (KIR) expression on NK cells have been disputed, with conflicting reports detailing
age-related increases while others demonstrate no significant changes [87, 91, 92]. The
expression level of CD16, an important receptor for initiating the release of cytotoxic
granules, does not change with age [87, 92]; however, decreased expression of the natural
cytotoxicity receptor NKp30 has been reported and has been linked to an observed decrease
in cytotoxic effector function (on a per cell basis) of NK cells in elderly individuals [87, 91].
NKp30 also plays a crucial role in regulatory signaling with dendritic cells, which could
further impact the development of effective adaptive immune responses to infection or
vaccination.

Dendritic Cells

Dendritic cells are classical antigen presenting cells (APCs) and serve as the main bridge
between innate and adaptive immune responses. Their primary function is to present
antigens and provide activation signals to T-cells, which are essential in generating robust
humoral responses as well as directly mediating cellular immunity [93]. As with other
classes of immune cells, there are distinct subsets of dendritic cells specialized for various
functions—for this discussion, we will briefly comment on age-related changes in the
function of myeloid (mDC), plasmacytoid (pDC), and follicular (fDC) dendritic cell subsets.

The pDC subset plays an important role in the early response against viral antigens, [94] and
several studies have identified age-related defects in pDC signaling and function [95-97].
Aged pDCs have a decreased capacity for the production of type I and type 111 IFNs, which
has been linked to impaired phosphorylation of the transcription factor IRF-7 following
stimulation of TLR7/TLR9 [96]. Furthermore, pDCs from aged individuals display a
reduced capacity for antigen presentation, which limits the activation of CD4* and CD8" T-
cells [96], although they retain the ability to produce some inflammatory cytokines and
activation signals [97]. These age-related defects in cell signaling mirror those observed in
other classes of immune cells.

Functional dysregulation in mDCs has been more widely studied, as alterations in both basic
cellular functions as well as cell signaling events have been observed in elderly individuals
[95, 98]. mDCs from elderly donors exhibit reduced phagocytic activity and chemotaxis in
response to inflammatory stimuli, and their ability to stimulate CD4* T-cell activation is also
impaired [95]. These global defects in mDC function have been primarily attributed to a
decrease in PI3K activity and have been implicated in the regulation of both DC migration
and TLR signaling [99]. The overall result of decreased PI3K activity results in alternative
signaling events that lead to upregulation of NF-xB, which contributes to aberrant
production of pro-inflammatory cytokines (i.e., IL-6, TNF-a) even in the absence of
stimulation [95]. This decline of normal cellular functions, combined with inflammatory
cytokine production, severely compromises the ability of mDCs to coordinate an adaptive
response in elderly individuals.
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The formation of germinal centers and the proper presentation of antigens by fDCs to B-
cells are critical for the development of robust, high-affinity antibodies in response to
infection or vaccination [93]. Defects in germinal center reactions have been documented in
elderly mice, with studies showing that the retention of antigen complexes on fDCs is
lowered and the number of memory B-cells generated is subsequently reduced [100-102].
An age-related decline in the expression of the FcyRII receptor on fDCs has been implicated
in the development of a defective network of DCs in germinal centers that retain fewer
antigens, leading to decreases in B-cell proliferation and antibody production [101].
Collectively, these defects in dendritic cell subpopulations can have dramatic influences on
the development of productive adaptive immune responses.

B- and T-Cells

While these examples have concerned defects in innate immunity, immunosenescence is
largely manifested by the effects of these deficiencies on adaptive immune responses;
furthermore, inherent defects in B- and T-cells can also develop with aging [39, 103, 104].
B-cells are responsible for the generation of long-lasting protective antibody responses and
the development of immunological memory following infection or vaccination;
consequently, dysregulation of function at numerous points throughout the B-cell lifecycle
can impact their capacity to initiate a primary or secondary response [39]. The production of
B-cells has been shown to wane with age, and this has been linked to a decreased frequency
of progenitor cell populations [105, 106]. These progenitor cells also exhibit increased
MAPK activity, which leads to turnover dysregulation of the transcription factor E47 that
affects subsequent lineage progression and repertoire establishment [107, 108]. In addition
to intrinsic changes in cell populations, stunted B-cell production has also been attributed to
changes in the cellular microenvironment [109]. Stromal cells in the bone marrow of aged
mice have been shown to produce less IL-7, which is a critical growth factor for B-cell
development, and B-cell progenitors in the same mice are concurrently less responsive to
IL-7 signaling [106, 110].

The reduced output of B-cells has a definitive impact on the function and homeostasis of the
mature circulating B-cell population. Studies in mice have found that the total number of B-
cells remains constant with age, indicating that cell turnover is slowed to account for
decreased cellular output [109, 111]. This compensatory extension of the primary B-cell
lifespan may contribute to some of the age-related defects in function observed among the
circulating population, as cellular function wanes with age and the antigen repertoire will
contract without replenishment. Spectratype analysis of CDR3 has shown that there is a
significant loss of B-cell receptor (BCR) diversity among aging subjects [112], but it is not
clear when the contraction of the repertoire occurs. Intrinsic differences in the progenitor
repertoire have been proposed as one cause, but it is likely that changes in the repertoire are
influenced by homeostatic alterations as well [113].

While the contraction of the repertoire directly affects the ability to respond to a novel
immunogen, the reduced efficacy of primary responses has also been linked to intrinsic
defects in class-switch recombination [114]. This is primarily due to the dysregulation of
E47 and subsequent expression of activation-induced cytidine deaminase (AID), which is
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critical for the recombination process [115]. Studies have shown that the rate of E47 mRNA
degradation is significantly increased in B-cells from elderly mice as a result of increased
tristetraprolin production [116]. The decrease in BCR diversity, combined with these
inherent defects in B-cell function, drastically hinders the development of protective
humoral immunity in response to infectious pathogens in the elderly.

The roles of T-cell responses in adaptive immunity are also critical for the generation and
maintenance of long-term immunological memory and protection. T-cells are responsible for
orchestrating robust humoral immunity (CD4*) as well as directly mediating cytotoxic
responses (CD8*), and defects in both arms of T-cell-mediated immunity occur with aging
[117]. The overall number of circulating T-cells remains relatively constant with age, but
there are dramatic age-related shifts in the composition of T-cell subpopulations that impact
immune response outcomes [118-120]. Thymic involution occurs with age, directly
impacting the output of naive T-cells [119, 120]; as a result, circulating naive T-cells
undergo homeostatic proliferation into virtual memory cells, and the naive compartment
contracts [120, 121]. Memory T-cells in the periphery can be classified as two
phenotypically and functionally distinct populations: central memory T-cells (T¢p), which
are enriched in CD4* T-cells and primarily reside in secondary lymphoid organs; and
effector memory T-cells (Tgp), Which are enriched in CD8* T-cells that traffick among
numerous compartments in the periphery [122].

Numerous studies implicate thymic involution as the key mediating force behind contraction
of the naive T-cell repertoire, but there is also significant evidence to suggest that persistent
latent viral infections, such as cytomegalovirus (CMV), are associated with deleterious
changes in the T-cell compartment with age [123, 124]. Studies have identified differences in
the shrinkage of the naive CD4" and CD8* T-cell pools with age that are associated with the
presence or absence of CMV infection, respectively, although the mechanisms underlying
this disproportionate effect of CMV infection on naive CD4" T-cells is unknown [123].
Chronic CMV infection has also been shown to impact the memory compartment,
stimulating the oligoclonal expansion of CMV-specific memory CD8" T-cells. [125] This
inflation of CMV-specific T-cells in the periphery disproportionately limits the ability of the
circulating T-cell repertoire to respond to other antigens. These associations clearly imply
that other mechanisms related to CMV infection are impacting contraction of the T-cell
repertoire, as thymic involution should theoretically affect both CD4* and CD8* populations
equally.

As with dysregulation of many of the immune cells discussed to this point, alterations in
protein expression levels play an important role in age-related defects of T-cells. One of the
hallmarks of T-cell immunosenescence is the loss of the costimulatory receptor CD28,
which is critical for complete T-cell activation [126]. Decreases in the expression levels of
CD28 have been associated with weakened immune responses in the context of both
infection and vaccination for elderly individuals [126-128], but this is not a result of these T-
cells becoming anergic [129]. Studies have shown that the number of CD28 molecules
expressed on the T-cell surface is inversely correlated with the time between cell cycle
divisions in T-cells from older adults, [130] suggesting that proliferation in response to
antigenic stimulation does occur but is significantly delayed in aged CD28"!! T-cells. This
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delay in proliferation may be especially relevant in the context of poor vaccine responses
among older adults. While the mechanisms underlying the loss of CD28 expression with age
are not fully understood, several studies have found that TNF-a. can significantly modulate
CD28 expression by inhibiting transcription. [131-133] These findings indicate that
increased levels of TNF-a observed in older adults with chronic “inflammaging” may
directly contribute to dysregulated T-cell function. A progressive accumulation of highly
differentiated CD8" Tgp cells also occurs with aging; these cells characteristically exhibit a
decreased capacity for proliferation and enhanced cytotoxic activity [134, 128]. This
progressive accumulation of terminally differentiated memory cells also impacts the ability
to respond to challenges from infection or vaccination, as these cells display hindered
antigen responsiveness and limit the available repertoire against novel antigens [135, 136].

Thus, it is clear that adverse changes occur at different levels across multiple cell types
involved in both innate and adaptive immunity. Moreover, these cells do not perform their
functions in isolation, and alterations in the properties of one cell population can propagate
through crosstalk with multiple other cell types, thereby leading to perturbations throughout
the entire immune response. This interconnectivity is highlighted at numerous levels, as
various cell types coordinate responses with other cell populations both within and between
the innate and adaptive arms of the immune system (see Figure 1). Neutrophils secrete
cytokines and chemokines that recruit macrophages and dendritic cells to sites of
inflammation, and these cells in turn produce cytokines that prolong the neutrophil lifespan
[40]. In addition to their interactions with neutrophils, macrophages can signal and present
antigens to T-cells in certain contexts, although dendritic cells are more commonly
associated with antigen presentation and T-cell activation [137]. NK cells have been found to
play an important role in priming dendritic cells to accomplish this function [85]. Activated
T helper-cells mediate numerous immune outcomes, most notably by providing stimulatory
signals to B-cells in order to generate robust antibody responses. The preceding discussion
clearly demonstrates how dysregulation among any of these features impacts the overall
immune response, but the mechanisms at the genetic and gene pathway levels that mediate
these alterations in cellular phenotype and function deserve further discussion.

Immunosenescence at the genetic level

While the effects of immunosenescence are most readily observed at the cellular and
molecular levels, dysregulation in biological activity during aging can often be traced to
perturbations at the genetic level. While we acknowledge that external factors may also
influence immunological activity with age, even these environmental elements— such as
nutritional abundances/deficiencies and microbiome exposure— exert their influence on an
individual’s immunome by stimulating a cellular response that ultimately manifests as a
result of altered gene expression. Epigenetic mechanisms tightly regulate all biological
processes by controlling gene transcription and translation, and disruptions in these
mechanisms can result in an aberrant increase or decrease in protein production apparent in
aging cells(see Figure 2) [138]. In this section, we will summarize changes in epigenetic
regulation (DNA methylation, histone modifications, and microRNAS) that have been
identified in aged cells from the innate and adaptive immune systems, and we will relate
how these mediate changes at the molecular level discussed in the previous section. We will
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also briefly describe the use of statistical mediation analysis as an approach for evaluating
how changes at the transcriptomic level govern immune response outcomes.

DNA Methylation

DNA methylation is recognized as one of the key epigenetic elements that control gene
expression and is primarily limited to CpG-rich sequences clustered in the promoter region
of most genes, although other methylation sites have been identified [139, 140]. Methylation
of these CpG islands has the effect of inhibiting transcription factor binding or recruiting
repressive protein complexes, thereby modulating gene expression [141]. Aging leads to
global changes in DNA methylation throughout various cell types and tissues [142-144],
and several age-related diseases are associated with changes in methylation state [145].
Alterations in DNA methylation with age have been identified in a number of different cells
from the immune system, and these changes in gene regulation have been linked to
significant changes in immune cell function.

Changes in methylation state appear to have definitive impacts on innate immune cell
function, although studies have mostly focused on the global epigenetic signatures present in
mixed populations of peripheral blood mononuclear cells (PBMCs) rather than isolated cell
subsets. Monocyte differentiation is impacted, as hypomethylation of several genes in aged
progenitor cells appears to decrease their phenotypic plasticity [146]. Promoter
demethylation has also been linked to an increased production of TNF-a in both PBMCs
and macrophages from older individuals [147], which in turn induces a low-grade
inflammatory phenotype in neutrophils that contributes to “inflammaging.” Decreased
methylation of the /L6 promoter in monocytes has been observed /n vitro as a response to
zinc deficiency, which is frequently observed among the elderly and would also likely
contribute to a chronic inflammatory state /7 vivo [148]. NK cells display lower cytotoxic
activity with aging, which is partially mediated by hypermethylation of the /FNG and /L2
promoter regions in PBMC:s that limits the transcription and expression of these cytokines
[149]. DNA methylation can clearly impact the function of innate immune cells and drive
differentiation towards both pro- and anti-inflammatory states.

Cells from the adaptive immune system also display unique changes to their methylome
with aging that can impact function, in addition to the effects exerted upon them by aging
innate cell populations. Integrated epigenetic analyses have shown the development and
function of aging T-cells to be dependent upon DNA methylation status [150]. The impaired
functionality of CD4*CD28~ T-cells has also been attributed to unique changes in DNA
methylation that affect subsequent gene expression in cytokine and receptor signaling
pathways [151]. The disproportionate population of regulatory T-cells that has been
observed in aged mice has been linked to hypomethylation in the FOXP3 promotor, leading
to expansion of this population and subsequent suppression of effector T-cell responses
[152]. B-cell development and response are governed by epigenetic mechanisms in a similar
manner, so it is likely that age-associated changes also affect their function [153, 154].
Indeed, our own work has identified methylation signatures in PBMC populations from
elderly individuals vaccinated against seasonal influenza that correlate with humoral
response outcomes [19, 155].
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Histone Modifications

MicroRNAs

In addition to the chemical modification of DNA, histone proteins can also be modified
through numerous mechanisms to modulate chromatin structure and gene expression.
Histone methylation at lysine or arginine residues can serve to regulate transcription, but
other post-translational modifications (e.g., acetylation, phosphorylation, ubiquitylation,)
can promote or repress gene expression as well. The overall impact on chromatin structure is
not dependent upon any single modification but rather the combination of all modifications
in a given region. Although studies of DNA methylation signatures in immunosenescence
are well-documented, the contributions of histone modification to the senescent state are not
well-defined.

Cellular function can be dramatically altered by coordinated changes in histone modification
for both the innate and adaptive response. Impaired antigen presentation by macrophages
has been linked to the deacetylation of histones associated with regulatory networks that
ultimately repress HLA class Il expression [156]. Inflammatory cytokine expression in
monocytes has also been associated with histone methylation and acetylation, leading to
increased production of IL-6 and TNF-a [157]; disruptions in this epigenetic program could
limit response efficacy or contribute to chronic inflammation. Age-associated shifts in
activated T-cell populations have also been related to increased histone modifications
(H3K27Ac and H3K4mel), suggesting a role in “inflammaging” and an increased risk for
autoimmune reactions [158]. Likewise, decreased histone methylation and acetylation have
been linked to altered gene expression and senescence of T-cells in the thymus and spleen of
aged rats [159].

Recent studies have identified greater than 1,000 small, non-coding RNA molecules that
have broad functionality with respect to gene regulation [160]. These microRNAs (miRNAS)
have been implicated as fundamental components of both innate and adaptive immune cell
signaling [161, 162]. In innate cell populations, signaling through TLRs and other pattern
recognition receptors is ultimately dependent upon miRNA function; in B- and T-
lymphocytes, miRNAs have been shown to regulate broad functions from transcription
factor expression to receptor signaling. Nearly all of the miRNASs involved in immune
regulation are modulated during the course of aging, and numerous studies have found this
dysregulation with aging to be associated with both the progression of immunosenescence as
well as chronic inflammation [163].

For innate cell populations, TLR expression and function is critical for initiating responses
to infection and vaccination, and perturbations in receptor signaling have been linked to
changes in the expression of several miRNAs in the elderly. For example, MiR-29 is
expressed in dendritic cells and macrophages, where it modulates the production of IL-6,
TNF-a, and CXCL9 [164, 165]; unsurprisingly, miR-29 is highly upregulated in aged mice,
indicating a potential role in “inflammaging” [166]. Alternatively, the miR-46 family plays a
key role in regulating TLR signaling through negative feedback, but aberrant NF-xB activity
has been shown to result in dysregulated expression of miR-46a in aged macrophages,
leading to the continued production of inflammatory cytokines [167]. Studies in
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macrophages and DCs have also identified miR-155 as a central regulator of both the innate
and adaptive immune systems, as its activity controls the expression of numerous other
miRNAs [168, 169].

Expression of miR-155 is upregulated in B-cells from elderly individuals and leads to a
subsequent decrease in the expression of AID; simultaneously, miR-16 is also expressed and
negatively regulates expression of the transcription factor E47 [169]. This combination of
miRNA regulation greatly inhibits class-switch recombination and contributes to the
senescent state of elderly B-cells. MiRNA expression is also critical in the regulation of T-
cell function. An age-related decrease in miR-92a expression has been shown to correlate
with the contraction of the naive CD8* T-cell pool, possibly as a result of repeated antigen
exposure which leads to terminal differentiation and exhaustion [170]. Furthermore, a
decline in miR-181a levels was correlated with increased DUSP6 activity in elderly CD4* T-
cells, which impairs TCR signaling and further diminishes adaptive responses in the elderly
[171].

Taken together, these studies demonstrate that perturbations at the genetic level are causative
of the functional changes that manifest at the cellular level during immunosenescence.
Alterations in regulation of a single gene can affect numerous pathways within a cell,
ultimately impacting cellular function. Changes in the function of any one class of cells,
particularly with respect to the immune system, can have far-reaching effects due to the level
of cross-talk between the arms of innate and adaptive immunity. This becomes an even more
complex area of study if one considers that, instead of a single gene, numerous genes across
multiple cell types are being affected simultaneously as a result of aging. Mediation analysis
is a comprehensive, data-driven approach that uses statistical models to evaluate how these
changes at the transcriptomic level mediate the link between biological variables (e.g.,
vaccine type, sex, promoter methylation) and immune response outcomes. [172, 173, 26,
174] These statistical models are able to identify specific genes (or genesets) associated with
a variable of interest and determine whether these genes are directly involved in mediating
the downstream effects of this variable on a particular aspect of protective immunity. [175,
176] In this manner, one can begin to mechanistically examine how changes in gene
expression may affect the outcome of an immune response with aging. Given the large
number of interrelated components that are interacting concurrently, a systems-level
approach provides for the most complete analysis to identify all of the factors contributing to
immunosenescence.

Systems biology studies of immunosenescence and vaccine responses

While most vaccination strategies have been focused on children, older adults (> 60 years of
age) represent a critical at-risk population for whom effective vaccination strategies are
sorely lacking. The development of immunosenescence not only places these individuals at
greater risk for infection but also compromises their ability to develop protective immune
responses following vaccination. In order to fully understand the mechanisms that mediate
immunosenescence, a fundamental understanding of the behavior of each component in the
system must be established. Systems biology seeks to characterize each part in a biological
system and utilize computational models to predict the behavior of the entire system. We
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and others have applied systems biology approaches in studying the mechanisms governing
vaccine responses across different populations. We detail several of those studies herein to
demonstrate this approach’s power to identify causative relationships with respect to
immune responses and how findings from these studies might be applied in the development
of next-generation vaccines.

Systems biology was first applied in the study of immune responses to vaccines against
yellow fever by Querec ef al. [18]; since this pioneering work, numerous other groups have
implemented high-dimensional approaches to the study of vaccine responses and immune
function. One such study identified a neutrophil-mediated IFN gene signature in the blood
transcriptome that was associated with tuberculosis susceptibility and exacerbated infection
[177]. Many others have also focused on tuberculosis immunity, which substantially
contributed to the development of novel therapeutics and vaccines [178-180]. Pneumococcal
vaccines have also been investigated using a systems-level approach, which identified early
innate inflammatory gene expression signatures that correlated with peak plasmablast
responses [181].

Influenza vaccination has been a major focus of systems-level studies, as it remains an
important pathogen among high-risk older populations due to high morbidity and mortality
rates. Pulendran and colleagues carried out a series of clinical studies over a three-year
period to evaluate the innate and adaptive responses to influenza vaccination in healthy
young adults [26]. From this work, they were able to identify an association between the gut
microbiome and TLR5-depenedent signaling that served to prime peripheral immune cells
for optimal antibody responses [25]. In an independent trial, Tan et a/. employed geneset
enrichment analysis to identify genes related to B-cell proliferation, and these signatures
were able to accurately predict high and low responders to influenza vaccination [182].
Another group identified polymorphisms in genes related to membrane trafficking and
antigen processing that were important determinants of influenza vaccine immunogenicity
[183]. While much of our own work has focused on the genetic factors underlying
interindividual variability of immune responses against measles, mumps, and rubella [21, 22,
27, 184-186], we have also been one of the few groups to investigate influenza vaccine
responses in the elderly using systems biology [19, 155, 187-192].

Our studies of influenza vaccination in the elderly have allowed for the identification of
several genesets and transcriptomic signatures that may better characterize
immunosenescence. An analysis of system-wide methylation levels identified groups of CpG
islands that affected the expression of several genes with established roles in humoral
immunity (e.g., HLA-Band HLA-DQB2) [19]. Transcriptome-wide profiling of PBMCs
following vaccination further identified several gene signatures associated with memory B-
cell responses against influenza, including significant changes in pathways for lipid and
cholesterol metabolism [187]. Further analysis of the transcriptome following vaccination
identified several enriched genesets associated with cellular and humoral immune responses,
including genes not previously associated with vaccine responses (e.g., SPONZ, MATK,
CST7) [191]. Extensive analysis of these elderly cohorts suggested that humoral responses
to influenza vaccination were significantly associated with age-related changes in T-cell
populations and function [188]. Moreover, integrated network analysis of pathways and
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genesets involved in chemokine signaling and T-cell activity identified several changes in
gene expression that were associated with differences in DNA methylation and miRNA
production and implicated in immunosenescence [155].

While it is apparent that systems-level analysis has great power in identifying causative
relationships between gene regulation and global immune outcomes, there is still much we
do not understand with regard to the genetic mechanisms underlying immunosenescence and
vaccine responses. The studies discussed in this section serve to illustrate both of these
aspects. While several studies highlighted genesets that are known to be involved in immune
responses, many also identified genesets not canonically associated with immunity [187,
191]. Still others identified interrelations, such as the association of the gut microbiome with
humoral influenza response [25], which would not have been readily apparent without a
systems-level approach. Although it may not yet be possible to fully define all of the
mechanisms contributing to immunosenescence and their subsequent effects on vaccine
responses, many causative elements have been identified that could inform the development
of novel vaccines to address inadequate protection in older adults.

Improving vaccination among older adults

Adjuvants

The aging immune system limits the efficacy of current vaccines that are capable of eliciting
protective responses in children and younger adults, emphasizing the need for novel vaccine
formulations tailored for the growing older population [193]. The most common approach
for improving immune responses in the aging population has been increasing the dose of
antigen or the addition of adjuvants into vaccine formulations [194]. Recent studies have
also highlighted the potential benefit of senolytic and other immunomodulatory drugs for
improving vaccine responses [195]. Systems biology can serve to identify target pathways or
proteins that are associated with diminished immune responses, and thus can inform the
molecular design of adjuvants [196]. Once a target has been identified, molecules/
formulations can be synthesized that specifically stimulate activity in these pathways (or
others) in order to improve immune responses, thereby compensating for age-related
deficiencies. Alternatively, senolytics selectively induce apoptosis of senescent cells and
may serve to boost immune responses by the removal of inhibitory cell populations [195].
Other classes of immunomodulatory drugs have shown similar potential for remodeling
cellular activity to influence immune responses. Numerous adjuvants and
immunomodulatory drug formulations have already been employed in both preclinical and
clinical studies in an effort to bolster immune responses in older adults (see Table 1), and we
will conclude this review with a discussion on how these approaches might lead to improved
vaccines for the elderly population.

It is apparent that failure of the immune system can occur in different capacities with aging;
in order to combat immunosenescence effectively, adjuvants must be designed to stimulate
robust responses that overcome these deficiencies. Most studies of novel adjuvants have
focused on stimulating higher antibody responses and/or robust T-cell activation in order to
achieve protection against disease. The mechanism by which these adjuvants function is
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critical to their efficacy, and we will briefly discuss both licensed formulations as well as
those in preclinical development that have been applied against diseases disparately
impacting older adults.

Influenza causes a disproportionate number of hospitalizations and deaths among the elderly
population each year due to lower vaccine efficacy [197-199]. One strategy to overcome
these diminished responses has been to simply increase the amount of hemagglutinin
administered per dose [200]. Another mechanism has been to add adjuvants, such as the
emulsion-based adjuvant MF59®, which has been shown to elicit substantially higher
antibody responses in seasonal influenza vaccines that are cross-reactive with heterologous
viral strains, substantially increasing its clinical efficacy [201, 202]. While the exact
mechanisms of MF59® are not fully understood, it is known to induce the production of
proinflammatory cytokines and chemokines involved in the innate response [203], and it has
also been implicated in driving germinal center B-cell differentiation [204]. Another
emulsion-based adjuvant (AS03) has been clinically evaluated for use with pandemic
influenza A strains (HIN1, H7N1, and HON2) and was found to induce significantly higher
antibody responses compared to higher doses of the standard vaccine in elderly subjects,
presumably due to enhanced antigen uptake and presentation in the draining lymph nodes
[205-208]. Phase I clinical trials using the oil-in-water emulsion Montanide™ (ISA 51),
together with influenza peptide epitopes, generated virus-specific CD8" T-cell responses in
healthy young adults [209], but this vaccine has not yet been tested in older adults. In
addition to these emulsion-based adjuvants, charged liposomal formulations (CAFO1,
JVRS-100) have also been evaluated in preclinical animal studies and demonstrated higher
immunogenicity along with the induction of broader cross-protective antibodies against
heterologous influenza strains [210, 211]. These liposomal and emulsion-based adjuvant
systems presumably establish an antigen depot, which slowly releases antigen and stimulates
APC recruitment to the site of injection to enhance both cellular and humoral immune
responses [212, 213]. While the chemotaxis and responsiveness of immune cells in older
adults is compromised, enhanced antigen uptake and presentation stimulated by these
adjuvant systems serve to overcome these failures of the immune system.

TLR agonists are a promising class of adjuvants that can be implemented effectively from
the knowledge gained in systems biology studies [214, 215]. TLR agonists directly stimulate
pathways critical for early immune responses, and signaling through these pathways has
been shown to decline significantly with aging in certain cell populations. Stimulating TLR
pathways may serve not only to boost waning immune responses, but also may be used to
directly initiate signaling that influences specific immune response outcomes. The
identification of TLR5-mediated priming of the immune system for effective influenza
vaccine responses stands as a primary example [25]; if signaling through a particular
pathway is a known requirement for robust immune responses, a specific TLR agonist (i.e.,
flagellin) can be formulated with a vaccine. Glucopyranosyl lipid A in a squalene-based
emulsion (GLA-SE) has been investigated as a TLR4 agonist in combination with influenza
vaccines and was shown to enhance cytokine production and T-cell responses in older adults
[216, 217]. While the effects of GLA-SE on antibody titer are unclear, there is consensus
that the adjuvant induces a broader antibody repertoire [218, 219]. Imiquimod is another
synthetic TLR7/8 agonist that has been employed in preclinical studies to enhance the
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immunogenicity of influenza vaccines [220]. A clinical trial found that topical
administration of imiquimod prior to intradermal injection greatly increased the
immunogenicity of the influenza vaccine, but it had no effect on the vaccine when it was
delivered intramuscularly [221]. Unmethylated CpG-rich oligonucleotides have also been
administered with vaccine formulations to stimulate innate immune responses through TLR9
activation [222, 223]. The newly developed adjuvant 1018 is a short, 22-base
oligonucleotide sequence that contains immunostimulatory CpG maotifs and has been shown
to induce rapid antibody responses in older adults, presumably by overcoming
immunosenescence through robust activation of TLR9 signaling [224-226]. The recently
approved hepatitis B vaccine (HEPLISAV-B®) is a mixture of recombinant surface antigen
from hepatitis B virus and CpG 1018, and this formulation has shown tremendous
immunogenicity in both healthy and hyporesponsive individuals [227, 228, 225, 226].
Clinical studies have shown that individuals administered a 4-week, two-dose regimen of
HEPLISAV-B® developed higher protective antibody titers compared to those on a 24-week,
three-dose regimen for the approved alum-containing Engerix-B® vaccine [229, 227, 225,
226].

Among older adults, infection with Streptococcus pneumoniae is another common cause of
upper respiratory disease that can lead to several debilitating conditions, including
bacteremia and meningitis [230]. A carbohydrate vaccine that is protective against 23
different pneumococcal serotypes has been licensed for use in elderly adults [231], and a 13-
valent conjugate vaccine that elicits more robust T cell-dependent responses has also been
introduced [232]. A randomized clinical trial demonstrated that elderly patients receiving the
conjugate vaccine suffered significantly fewer episodes (75%) of pneumococcal disease
compared to subjects receiving a placebo [233]. Due to the low immunogenicity of
carbohydrate vaccines, antigenic peptides from pneumococcal surface protein (PspA) have
been explored as candidates for intranasal vaccination in combination with nucleic acid-
based adjuvants. Dual delivery of CpG oligodeoxynucleotides and plasmid DNA encoding
for the dendritic cell ligand FIt3 stimulated increased recruitment and activation of DCs in
aged mice, which conferred protection against S. pneumoniae infection [234]. Trials have
also explored other pneumococcal proteins (pneumococcal histidine triad D and
pneumolysin) as potential vaccine candidates in combination with an emulsion (AS02y/) of
monophosphoryl lipid A and the saponin QS-21; these formulations exhibited acceptable
safety profiles and gave rise to enhanced immune responses in a cohort of elderly adults
[235].

Herpes zoster (shingles) is another disease that disproportionately affects elderly populations
due to the reactivation of latent varicella zoster virus (VZV) in the dorsal root ganglia, which
can lead to long-term complications such as post-herpetic neuralgia (PHN) [236]. Virus-
specific T-cell responses typically prevent reactivation of the virus early in the life, but the
onset of immunosenescence limits the functional capacity of T-cells [237]. A live-attenuated
zoster vaccine was developed and licensed for use in older adults to protect against the
incidence of PHN, but vaccine efficacy was markedly limited in subjects over 60 years of
age. [238] Furthermore, long-term studies have shown that immune responses induced by
this vaccine wane over time [239]. More recently, a vaccine containing recombinant VZV
glycoprotein E (gE) and the liposomal adjuvant AS01g (Shingrix™) was licensed,
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whichdemonstrated markedly superior seroconversion rates in older adults compared to the
live attenuated vaccine. [240] The efficacy of Shingrix™ has been shown to be significantly
higher than that of the live attenuated vaccine, especially among adults older than 70 years
of age. [241, 242] The protective responses elicited by the recombinant vaccine in older
adultsalso exhibit significant durability, with longitudinal studies showing persistence for at
least 9 years following vaccination [243, 242]. Recent evidence has indicated that gE-
specific CD4* and CD8* memory T-cell responses are stronger in subjects receiving the
adjuvanted vaccine, suggesting that these cells mediate these durable immune responses
[244]. The resounding clinical success of Shingrix™ highlights the important role of
adjuvants in vaccine formulations designed for use in older adults.

While several adjuvant systems have been licensed for clinical use in order to improve
vaccine responses among the elderly, the knowledge gaps that remain in our understanding
of immunosenescence limit our ability to tailor adjuvant formulations with precision.
Furthermore, the mechanism of action for many of the adjuvant systems currently employed
in the clinic or undergoing preclinical studies are not well understood. In order to develop
the most effective vaccine formulations for use in the elderly, comprehensive studies directly
comparing adjuvants with the same vaccine are warranted. While a few systems-level studies
have undertaken comparative evaluations of adjuvant formulations [245, 246, 224], this area
of research remains largely unexplored. High-dimensional studies focused on the
mechanisms of action for adjuvants currently in clinical and preclinical use will allow us to
better understand how these vaccines function to stimulate robust immune responses in older
individuals, and may also provide a general mechanistic understanding for how certain
classes of adjuvants engage the immune system. Similarly, systems-level studies of
immunosenescence— both in animal models of aging and human subjects— will allow for
elucidation of the biological mechanisms underlying declines in immune cell function with
age, and with specific pathways or proteins identified, novel adjuvants can be designed at the
molecular level to engage specific receptors in signaling pathways that compensate for
failures in other cellular functions and overcome immunosenescence.

Senolytics and Immunomodulatory Drugs

In addition to adjuvants, several other pharmacological strategies that involve modulation of
the immune system or elimination of senescent cell populations are currently being explored
to improve immune responses in older adults. Senolytic drugs selectively induce apoptosis in
senescent cells without harming healthy cell populations and have shown promise for
treating chronic age-related conditions in preclinical studies. The tyrosine kinase inhibitor
dasatinib, along with the flavonoid quercetin, have both demonstrated the capacity to
eliminate senescent adipocyte progenitors and endothelial cells, respectively [247].
Administration of the drugs to aged mice reduced the senescent cell burden and mitigated
the onset of age-related pathologies, demonstrating their potential for clinical application;
however, these and many other senolytics remain untested in the field of vaccinology. A
limited number of studies have reported on the beneficial effects of small molecule
administration in combination with influenza vaccination. Treatment of an elderly cohort
with the mTOR inhibitor RADOO1 led to enhanced vaccine responses, possibly due to
changes in cellular metabolism and increased expression of an IFN-dependent geneset [248].
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Administration of the histamine receptor agonist nizatidine enhanced both humoral and
cellular vaccine responses in a mouse model of influenza [249], providing further evidence
for the use of small molecule immunomodulators in vaccine development.

There are numerous other classes of immunomodulatory drugs that have been evaluated for
the treatment of cancers and autoimmune disorders, yet have the potential for manipulation
of immune cell populations and signaling events in order to bolster vaccine responses. Low-
dose administration of cyclophosphamide was shown to deplete regulatory T-cells and led to
an expansion of tumor-specific effector T-cells in a clinical trial for colorectal cancer [250];
it is possible that the same treatment may improve vaccine responses in older adults. Similar
to the application of mTOR inhibitors, inhibitors of vascular endothelial growth factor
(VEGF) signaling, have also been evaluated for their effect on immunological responses.
Inhibition of VEGF was associated with an increase in DCs and effector T-cells, which were
shown to mediate vaccine efficacy in a murine melanoma model [251], and it is possible this
effect may extend beyond tumor-infiltrating cells. Small molecule modulators of cytokine
function have also been explored in the context of inflammatory autoimmune disease,
providing even more examples of molecular targets that could be harnessed for improving
vaccine responses in older adults [252].

Conclusion

Defects in the immune system develop with age and contribute to the reduced
immunogenicity and efficacy of vaccines in the elderly population. Changes in gene
regulation or gene expression mediate phenotypic changes in numerous cell types, leading to
altered cellular function and dysregulation of cell signaling. As the innate and adaptive
immune systems are comprised of an intricately connected network of different cell types,
changes in even a single cell subset can result in a domino effect throughout the entire
biological system; however, immunosenescence typically develops in parallel across
numerous cell types, leading to even more complex outcomes. The basic biological changes
that accompany an aging immune system are still not fully understood, and further studies
are necessary in order to develop more effective vaccine formulations. In particular, systems
biology allows for the study of high-dimensional datasets /in fofo in order to fully understand
multicomponent processes and their interactions, such as those governing
immunosenescence and vaccine responses in older adults. Such studies of these underlying
genetic and epigenetic mechanisms are needed and have the potential to inform the rational
design of novel candidate vaccines, adjuvants, or immunomodulatory therapeutuics that can
stimulate robust immune responses in the elderly. Systems-level studies focused on vaccine
formulations that have been largely effective in older adults (e.g. Shingrix™, HEPLISAV-
B®, FLUAD™) are lacking and will be instrumental for informing novel vaccine design, as
any immune signatures that are identified will inform upon the mechanism by which these
vaccines stimulate robust immunity and may prove to be more broadly informative of
pathways or cell subsets that should be targeted in the development of vaccines for the
elderly.
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Figure 1. Immune cell populations and the effects of immunosenescence on cellular function.
Arrows denote crosstalk/signaling between cell populations, illustrating the potential for

dysfunction in a single population to affect the function of numerous other cell subsets.
Innate immune cells (neutrophils, macrophages/monocytes, dendritic cells, NK cells) are all
involved with signaling and recruitment of other innate cell populations during the early
phases of an immune response. Macrophages and dendritic cells bridge the gap from innate
to adaptive immunity via antigen presentation and stimulatory signaling to cognate T-cells,
and disruption in either of these functions can drastically compromise adaptive responses.
Helper T-cells are critical for subsequent development of robust B-cell antibody responses,
further illustrating how dysfunction among cells at both the innate and adaptive level can
affect the overall outcomes of an immune response.
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Figure 2. Genetic regulatory mechanisms affected by immunosenescence.
Regulation of cellular function is often mediated by changes at the genetic level. Covalent

modifications on histone tails modulate the accessibility of DNA for transcription,
methylation of CpG sequences in promoter regions can affect transcription factor binding,
and miRNA expression can modulate gene silencing through a number of different
mechanisms at the post-transcriptional level. All of these have been shown to be
differentially regulated to some capacity with aging and associated with changes in immune
cell function.

Exp Gerontol. Author manuscript; available in PMC 2020 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Crooke et al.

Table 1.

Adjuvants currently in clinical or preclinical use for the elderly population.
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Name Adjuvant Class Components Clinical Stage References
MF59® Oil-in-water emulsion Squalene, Tween 80, Span85 Licensed [185-188]
AS03 Oii-in-water emulsion Squalene, polysorbate 80, a-tocopherol Phase I1 (licensed [189-192]
during pandemic)
Montanide™ Oil-in-water emulsion Mineral oil, mannide monooleale Phase | [193, 196]
surfactant
CAF01 Cationic liposomes Dimethyl dioctadecylammonium, Preclinical [194, 197]
trehalose dibehenate
JVRS-100 Cationic liposomes + DNA DOTIM, cholesterol, plasmid DNA Preclinical [195]
Flagellin TLR agonist Flagellin Preclinical [25]
GLA-SE Oil-in-water emulsion + TLR GLA, squalene Preclinical [200-203]
agonist
Imiquimod TLR agonist Imiquimod Phase 11/111 [204, 205]
CpG ODN + FIt3 TLR-agonist + DC stimulant Plasmid DNA encoding for CpG ODN + Preclinical [218]
ligand FIt3 ligand
CpG1018 TLR agonist CpG ODN Licensed [208-213]
AS02y Oil-in-water emulsion + TLR Squalene, MPL, QS-21 Phase 11 [219]
agonist + saponin
AS01g Liposomes + TLR agonist + Liposomes, MPL, QS-21 Licensed [223-225]

saponin

DOTIM: 1-[2-(oleoyloxy)ethyl]-2-oleyl-3-(2-hydroxyethyl)imidazolinium chloride

FIt-3: Fms-like tyrosine kinase 3

GLA: glucopyranosyl lipid A

MPL: 3- O-desacyl-4’-monophosphoryl lipid A

ODN: oligodeoxynucleotide

QS-21: Quillaja saponaria Molina, fraction 21
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Senolytic and immunomodulatory agents currently in clinical or preclinical use.

Table 2.

Name Drug Class Clinical Stage | References
Dasatinib Tyrosine kinase inhibitor Preclinical [229]
Quercetin Flavonoid Preclinical [229]
RADO001 mTOR inhibitor Phase Il [230]
Nizatidine Histamine receptor agonist Preclinical [231]

Cyclophosphamide Immunosuppressant Phase I/11 [232]
sVEGFR1/R2 VEGF inhibitor Preclinical [233]

mTOR: mammalian target of rapamycin

VEGF: vascular endothelial growth factor
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