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Abstract
The age-related dysregulation and decline of the immune system—collectively termed “immunosenescence”—has
been generally associated with an increased susceptibility to infectious pathogens and poor vaccine responses in
older adults. While numerous studies have reported on the clinical outcomes of infected or vaccinated individuals,
our understanding of the mechanisms governing the onset of immunosenescence and its effects on adaptive
immunity remains incomplete. Age-dependent differences in T and B lymphocyte populations and functions have
been well-defined, yet studies that demonstrate direct associations between immune cell function and clinical
outcomes in older individuals are lacking. Despite these knowledge gaps, research has progressed in the development
of vaccine and adjuvant formulations tailored for older adults in order to boost protective immunity and overcome
immunosenescence. In this review, we will discuss the development of vaccines for older adults in light of our current
understanding—or lack thereof—of the aging immune system. We highlight the functional changes that are known to
occur in the adaptive immune system with age, followed by a discussion of current, clinically relevant pathogens that
disproportionately affect older adults and are the central focus of vaccine research efforts for the aging population. We
conclude with an outlook on personalized vaccine development for older adults and areas in need of further study in
order to improve our fundamental understanding of adaptive immunosenescence.
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Introduction
Aging is associated with the decline of various biological
systems and the development of numerous co-morbidities,
such as diabetes mellitus, cancer, and various autoimmune
and neurological disorders [1]. The immune system suffers
equally from the effects of biological aging, exhibiting a progressive decline in function—referred to as immunosenescence—that collectively results in diminished humoral and
cellular immune responses [2–4]. (Figure 1) Mechanistic
analyses of immunosenescence are complicated by the integrated nature of the immune system, as it is difficult to discern if immune cell dysregulation is a result of inherent
cellular changes or a reactionary mechanism to changes
elsewhere in the body. Regardless of origin, functional differences in the aging immune system are well-documented
[5, 6], and several studies have attributed negative clinical
outcomes in populations of older adults (i.e., 65 years and
older) to immunosenescence. The severity of viral and
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bacterial infections (e.g., influenza, respiratory syncytial
virus [RSV], herpes zoster, pneumococcal disease) is notably increased among older adults compared to younger individuals, and more acute and long-term sequelae often
develop as a result [7–10]. Vaccination serves as the main
strategy for preventing such infections, yet primary vaccine
responses are often lower in older adults, frequently failing
to induce long-term protective immunity and placing these
individuals at further risk for subsequent disease [11–14].
These findings have been predominantly linked to the function and perceived failure of the adaptive immune response
in older adults.
Vaccination has been the crowning achievement of
modern preventive medicine, establishing protective immunity among the population to prevent and, in some
cases, eradicate infectious disease [15]. Durable protective immunity is mediated by the adaptive immune system through the induction of antigen-specific T cell and
B cell responses, which establish immunological memory
against offending pathogens and prevent subsequent infections. The success of vaccination among older adults
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Fig. 1 Immunological changes associated with aging and adaptive immunosenescence. Specific changes in the T and B cell compartments are
known to occur with aging and the onset of immunosenescence. Naïve lymphocyte production, lymphocyte repertoire diversity, and the
proliferative and functional capacity of effector lymphocytes all decline with age; similarly, increases in differentiated memory cell populations,
lymph node fibrosis, and altered cytokine production all occur. These phenomena have been collectively associated with diminished vaccine
responses and an increased susceptibility to viral infectious diseases in older adults. The mechanisms by which immunosenescence operates are
not fully understood, and systems biology approaches are currently focused on elucidating these mechanisms in order to inform the rational
design of vaccines for older adults

is decidedly limited, and adaptive immunosenescence
has been implicated as a key determinant by numerous
studies investigating vaccine responses in aging populations. Diminished antibody titers have been observed
among older adults [16, 17], and, in many cases, the
quality of these antibody responses is markedly inferior
compared to those in their younger counterparts [18–20].
It should be noted that declining antibody quality is not a
universal age-associated phenomenon, as studies evaluating influenza and tick-borne encephalitis virus vaccines
have found no differences in antigen-specific antibody
affinity or avidity between age groups [21, 22]. The T cell
compartment is also affected during aging, exhibiting contraction of the naïve T cell repertoire [23] and accumulation of terminally differentiated cell subsets with altered
effector functions [24, 25]. Additionally, an underappreciated restructuring of lymph node architecture occurs with
aging [26, 27], which could further alter critical processes
in the development of adaptive immune responses. Despite these observations of age-related changes in adaptive
cell function, few studies have definitively shown that
these age-related phenomena are causal to diminished
immune responses against infection or vaccination.
The need for improved clinical outcomes among older
adults has driven research efforts in vaccine and
adjuvant design despite our limited mechanistic understanding of immunosenescence or its effects on adaptive
immunity. Several vaccine formulations have already been
developed and licensed for diseases that disproportionately

affect older adults, including influenza [28, 29] and herpes
zoster (i.e., shingles) [30], and several others are currently
undergoing preclinical and clinical testing. Many of these
vaccines have resulted in significantly improved immune
responses, yet more research is needed to determine the
mechanisms by which these vaccines act to bolster the
immune response. As the field of vaccinology races to keep
pace with the aging global population, it is imperative that
we fully understand the mechanistic changes that occur in
the immune system during aging in order to develop effective vaccines that can overcome these changes.
In this review, we outline the changes that occur in
the adaptive immune system during aging—specifically
in T and B cells—with a focus toward understanding the
mechanisms of immunosenescence that might govern
clinical outcomes following vaccination. Although the
contributions of innate immunity to adaptive immune
responses have become more appreciated in recent years
[31], we limit our discussion to age-related changes in
the adaptive immune system, as the effects of immunosenescence on innate immunity and advancements in
adjuvant research to overcome these changes have been
reviewed elsewhere [32–35]. This review is largely focused on diseases that are major public health concerns
for older adults, and we also highlight how studies of
adaptive immunosenescence can guide vaccine research
efforts in this population. We also provide an outlook on
personalized vaccine development (i.e., vaccines developed
specifically for older adults), emphasizing the gaps that
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remain in our current understanding of the aging immune
system and highlighting promising approaches to further
vaccine research efforts in support of healthy aging.

Dysregulation and decline of adaptive immunity
with aging
Our current understanding of immunosenescence implicates changes in the adaptive immune system—particularly within T cell and B cell populations—as the
primary determinants of declining immune function
with age. While compelling evidence has been presented
toward understanding the mechanisms governing adaptive immunosenescence, one must carefully consider the
nature of these studies when interpreting their clinical
relevance. Herein, we provide an overview of the changes
that have been observed in the adaptive immune system
during aging, with a focus on alterations that might
impact immune responses to infection or vaccination.
While we appreciate that a multitude of anatomical and
physiological changes occur during aging that may also
increase the risk of infection, a discussion of these are
beyond the scope of this review. These topics have been
reviewed elsewhere [36–39].
Alterations in cellular immunity

While the overall number of T cells in circulation remains relatively constant during life, multifaceted
changes are known to occur among the T cell populations of older adults; these alterations have been largely
implicated in the decline of adaptive immune responses
with aging. Perhaps the most striking change that occurs
within the aging T cell compartment is the diminished
output of new naïve T cells (e.g., CD45RA+CD45RO−CD62L+CCR7+) as a result of thymic involution
[40]. The thymus, which is the specialized lymphoid
organ where thymocytes develop into mature naïve T
cells, begins to functionally decline as early as the first
year of life, and this process definitively accelerates following the onset of puberty [41]. This decline is thought
to originate with defects in the stroma, which is consistent with histological analyses that show progressive
disorganization of epithelial cell structure in the thymus
with age [5]. Defects in the production of cytokines and
growth factors by thymic epithelial cells have also been
implicated as causal mediators of declining thymic function [5, 42]. As a result, the number of naïve T cells
entering the periphery declines proportionally with age,
as evidenced by fewer cells expressing markers of recent
thymic emigration (e.g., CD31+ for CD4+ T cells/
CD103+ for CD8+ T cells) [43].
Maintenance of the naïve T cell repertoire in humans has
been found to be notably independent of thymic output,
with the decline in thymic productivity counterbalanced by
homeostatic proliferation of existing naïve T cells in the
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periphery [44]. This process relies upon subthreshold T cell
receptor (TCR) stimulation or low-grade cytokine signaling
necessary for cellular survival (IL-7) and maintenance (IL15) [45], and is generally more effective at maintaining the
CD4+ T cell compartment compared to CD8+ T cells [46].
While the reason for this discrepancy is unknown, it is
generally well-accepted that CD8+ T cells undergo higher
rates of turnover and longer rounds of proliferation compared to CD4+ T cells [47, 48]. These processes result in
depletion of the naïve CD8+ pool through either increased
rates of apoptosis or differentiation into “virtual” memory T
cells (TVM; CD44hiCD122hiCD49dlo in mice and CD45RA+PanKIR+ and/or NKG2A+ in humans), which are antigenspecific despite no prior antigenic encounters [25, 49–51].
TVM cells from both mice and humans exhibit reduced proliferative capacity despite maintaining the ability to secrete
cytokines, although their prolonged life cycles lead to
gradual crowding of the T cell compartment [25]. Eventually, homeostatic proliferation succumbs to age-related dysregulation and results in the increased differentiation of
naïve T cells from both compartments into TVM-like cells
[50, 52, 53]. This gradual decline in the production of new
T cells, combined with the accumulation of terminally
differentiated memory-like cells in the periphery, contributes to an overall contraction of the naïve T cell repertoire
and limits the ability of the immune system to effectively
respond to encounters with novel antigens.
Prior antigen exposure can significantly alter TCR
diversity among the expanded pool of aged memory T
cells, particularly in the case of chronic infections that
can repeatedly antagonize the immune system throughout life. Cytomegalovirus (CMV) is a herpesvirus that
commonly infects 60–90% of older adults, and persistent
infection with CMV has been associated with deficits in
cellular immune responses and increased health risks
with aging [54, 55]. Repeated response to CMV infection
leads to inflation of the memory compartment with
CMV-specific clones and may place considerable limitations on the responsiveness of the CD8+ repertoire toward other antigens, as this oligoclonal expansion
minimizes the space and resources necessary to maintain
T cells with other specificities [56]. Studies in mice have
found that immune responses against novel antigens are
significantly suppressed by existing CMV infection that
correlates with impaired mobilization of naïve CD8+ T
cells into the lymph nodes [57], and negative associations have also been made between CMV seropositivity
and vaccine responses in older adults [58]. The mechanistic effects of CMV infection on humoral immune
responses are far less understood [59, 60], and the lower
antibody responses associated with CMV infections may
likely be a result of compromised CD4+ T cell activity.
Interestingly, one study did note a significant overall decline of naïve CD4+ T cells in CMV-infected individuals
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[46]. Furthermore, CMV-specific T cells develop a
phenotype consistent with replicative senescence (e.g.,
CD45RA+CD57+CD28−CCR7−) and exhibit limited cytokine expression in response to antigenic stimuli [24, 61].
It is clear that memory repertoire responses are negatively impacted by persistent CMV infection, although
the mechanisms governing these phenomena have yet to
be elucidated.
Dysregulation within the T cell compartment during
aging extends well beyond changes in cell numbers and
shifts in population frequencies; fundamental alterations
in cellular effector functions also play a key role. Memory T cells from older adults generally exhibit diminished proliferative capacity and produce lower levels of
cytokines in response to antigenic challenges. The ageassociated decline in expression of the costimulatory
receptor CD28 has been correlated with decreased cellular proliferation and incomplete T cell activation following influenza vaccination in older adults [62–64], and
responsiveness to TCR signaling has also been shown to
be attenuated in aged CD4+ and CD8+ memory T cells
[65, 66]. Cytokine responses are also highly dysregulated
among the T cell compartment with increasing age, with
a shift toward a Th2-type cytokine profile that may
explain some of the observed deficiencies in Th1-type
responses among older adults [67]. Effector memory cell
subsets from aged mice and humans have also shown
diminished cytokine production in response to antigen
stimulation [68, 69], while terminally differentiated
senescent CD4+ T cells exhibit increased production of
proinflammatory cytokines in aged mice and may potentially contribute to the state of chronic inflammation
that is commonly observed with aging [70]. Collectively,
these changes in T cell function demonstrate a diminished ability to effectively respond to antigens along with
shifts in cytokine production that may further contribute
to age-related immune dysfunction.
Dendritic cells (DCs) serve as the bridge between
innate and adaptive immunity by presenting antigenic
and “self” peptides and costimulatory signals to T cells
in the draining lymph nodes. While the age-associated
changes in DC function have been reviewed elsewhere
[71, 72], it is important to consider those changes that
may impact DC-T cell cross-talk and the establishment
of robust adaptive immune responses. Circulating DC
numbers remain approximately stable with age, with
only plasmacytoid DCs (pDCs) exhibiting significant
declines in number [73, 74]; however, cytokine-secretion
profiles differ significantly among all DC subsets. pDCs
from older adults exhibit a marked decrease in IFN
secretion in response to influenza and other stimuli
[73–76], and the production of pro-inflammatory cytokines (e.g., IL-6, TNF-α, IL-12p40) in response to a variety
of Toll-like receptor (TLR) agonists is significantly
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decreased in myeloid DCs (mDCs) from older adults [73].
Further studies are required to elucidate if dysregulation
in cytokine signaling among DCs is causally associated
with declining T cell responses in older adults, as several
DC subsets—particularly tissue-resident subsets—have
not been thoroughly investigated.
Changes in the expression levels of co-stimulatory
molecules on aging DCs are even less well-defined.
Human monocyte-derived DCs (MoDCs) from older
adults maintain the ability to upregulate HLA class I and
II molecules, as well as co-stimulatory proteins (e.g.,
CD40, CD80, CD86), in response to TLR stimulation
[77, 78], whereas these responses are notably diminished
in aged murine DCs responding to infection [79, 80].
Studies in humans have been primarily limited to MoDCs,
while the expression of co-stimulatory molecules in DC
subsets from the circulation and other tissues remains
poorly understood. Despite maintaining their ability to
express stimulatory molecules, current evidence suggests
that MoDCs from older adults are less efficient at stimulating naïve CD4+ and CD8+ T cell proliferation and cytokine responses compared to MoDCs from younger
subjects [69, 75, 81]. This has been attributed to the state
of chronic inflammation observed among older adults,
which could disrupt DC signaling and inhibit T cell activation. Clearly, further studies are warranted to fully understand the functional changes occurring in DC subsets with
age and address the discrepancies observed between human and murine DC function.
Alterations in humoral immunity

While changes within the T cell compartment and DC
subsets certainly have the potential to impact the development of humoral immune responses, there have also
been several observations of age-related defects occurring directly within the B cell compartment. Interestingly, these changes appear to closely mirror those
affecting T cells. Analogous to T cell output in the wake
of thymic involution, the production of naïve B cells
(e.g., IgD+IgM+CD19+CD27−) in mice has also been
shown to decline due to age-related changes to the bone
marrow (BM) [82, 83]. Studies in aged mice have identified chronic inflammation in the BM microenvironment—as well as decreased IL-7 production by BM
stromal cells—as correlates of poor fitness for B cell progenitors [84, 85]. Additionally, intrinsic changes to
hematopoietic stem cells within the BM result in developmental biases that exclude commitment to the lymphoid lineage [86, 87]. While analogous studies in humans
are limited, numerous reports have noted a similar decline
in naïve B cell numbers among older adults [82, 88]. Interestingly, decreased serum levels of B-cell activating factor
(BAFF) and a proliferation-inducing ligand (APRIL),
which are critical survival factors for B cells, have been
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correlated with poor B cell survival in older individuals
[89]. Regardless of mechanism, replenishment of the circulating B cell repertoire with new B cell clones is significantly diminished with age in both mouse and human
studies, impairing one’s ability to recognize and respond
to new antigens.
Dysregulation of B cell homeostasis has also been
found to have a noted impact on the composition and
functionality of mature B cells in the periphery. As with
the T cell compartment, there is a progressive accumulation of peripheral memory cells (e.g., IgD−CD19+CD27+)
with age [82, 90, 91], although there are conflicting
reports showing that these numbers remain unchanged
in some cases [88]. A selective shift toward the production of IgG/IgA, along with observations of diminished
antibody responses against novel antigens, suggests that
the periphery does become inflated with class-switched
memory B cells during aging [92]. This increase in the
memory B cell population, along with the putative decrease in naïve B cell output from the BM, results in an
overall contraction of the B cell repertoire that limits the
number of clones available to respond to new antigens.
In addition to these changes in repertoire composition,
B cells also experience inherent functional defects with
age that compromise their ability to effectively respond
to antigens. Aged memory B cells exhibit a diminished
capacity for differentiation into plasma cells postchallenge [93], and antigen-specific antibody production
has been subsequently noted to decline with age [94].
Concurrently, an increase in the percentage of late memory B cells (e.g., IgD−CD95hiCD27−) spontaneously secreting TNF-α has been identified in elderly individuals,
with this contribution to the inflammatory state implicated in further dysregulation of immune homeostasis
and B cell function [95, 96]. Collectively, these changes
to B cell subset populations and their functional capacity
lead to diminished antibody production, with the quality
of these antibody responses directly impacted by inherent changes within B cells.
Protective humoral immune responses are dependent
upon the generation of isotype-switched, high-affinity
antibodies within germinal centers, yet intrinsic defects
in the mechanisms for class-switch recombination (CSR)
and somatic hypermutation (SHM) adversely impact the
quality of these responses with age. Studies have found
that CSR and the production of effector isotypes are significantly impaired in senescent mice, and these outcomes are directly associated with reduced expression of
activation-induced cytidine deaminase (AID) [97, 98].
AID is essential for CSR and SHM, and its expression is
directly regulated by the transcription factor E47 [99].
The stability of E47 mRNA transcripts is significantly
reduced in aged B cells from both humans and mice,
which results in reduced E47 protein production and a
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subsequent decline in AID expression [100–102]. AID
activity has also been shown to correlate with antibody
affinity following influenza vaccination [103], further
indicating the importance of these transcriptional mechanisms for proper B cell function.
The diversity of the B cell repertoire has also been
found to significantly diminish with age, at least partially
as a result of declining naïve B cell output combined
with reduced germinal center activity [104, 105]. V(D) J
recombination during initial B cell maturation introduces diverse changes within the third complementaritydetermining region (CDR3) of immunoglobulin binding
sites [106]. Spectratype analysis of the CDR3 region in
older adults has indicated that a collapse of B cell diversity along with oligoclonal expansion within the repertoire occurs, and these phenomena have been shown to
correlate with poor health outcomes [91, 107]. Interestingly, significant increases in the size of the CDR-H3
region for both IgA and IgM isotypes have been observed in older individuals following influenza vaccination, with these changes to the CDR3 region altering
the antigen-binding sites and presumably diminishing
antigen recognition [108]. Age-associated changes in
follicular dendritic cells (FDCs) have also been shown to
impact the development of robust humoral responses
and the maturation of high-affinity antibodies due to the
critical role that FDCs play in germinal center reactions
[109]. Antigen trapping and presentation are compromised in FDCs from aged mice due to reduced expression of Fc receptors, which severely limits the number
and size of germinal centers that develop in the lymph
nodes [110].
Alterations in lymph node architecture

While the discussion thus far has focused largely on
inherent changes in cellular mechanisms, it is worth noting that architectural changes within lymphoid tissues—
specifically, lymph nodes (LNs)—may play a previously
underappreciated role in shaping immune responses
with age. LN size has been shown to decline with age
[26], and decreased LN swelling has also been noted in
older mice following subcutaneous viral infection, indicative of a reduced influx of immune cells to the LN
[111, 112]. Structural collapse has also been observed
within the LNs of aged mice, with T cell and B cell zone
boundaries becoming less well-defined [27]. Signs of
fibrosis have been noted in aging LNs, and these architectural shifts have the potential to impair both lymphocyte homeostasis and the migration of immune cells
during the course of an immune response [26, 112].
Fibroblastic reticular cells (FRCs) comprise a large
portion of the LN stromal network, creating channels
for chemokine transport and promoting DC and T cell
migration [113]. The number of FRCs has been noted to
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decline with age, resulting in subsequent disorganization
of this transport network in the LN [27]. Similar degrees
of fibrosis and disorganization in the LN have been observed in the context of human immunodeficiency virus
(HIV) and other viral infections, and reduced yellow
fever vaccine responses have been correlated with levels
of fibrosis and T cell depletion in the LNs [114]. As with
many other aspects of aging, these changes within the
LNs and their impact on immune response outcomes
are an area that warrants more intensive study. This is
also further evidence that immunosenescence is the net
effect of an integrated network of changes occurring
throughout the body and across multiple cell types. This
complexity has hampered our ability to fully understand
immunosenescence and its effects on vaccine immune
responses.

Senescence-associated pathologies
Changes to the adaptive immune system with age have a
clear impact on immune cell function, and it is welldocumented that older adults are more susceptible to
infections and suffer more long-term complications as a
result [9, 10]. Furthermore, vaccine responses are typically diminished in older individuals, resulting in lower
antibody titers and reduced efficacy [11–14]. Multiple
studies have established correlations between dysregulation in the adaptive immune system and negative clinical
outcomes, but a detailed mechanistic understanding of
how these changes in adaptive immune cell function
affect responses to disease and/or vaccination is lacking.
We focus our subsequent discussion on the relationship
between observed differences in immune cell function
and the pathology of infectious diseases that disproportionately affect the elderly, as well as research efforts in
vaccinology that have been aimed at improving immune
responses in older adults.
Influenza virus

Influenza virus is one of the leading causes of respiratory
infections among older adults. An estimated 50–70% of
influenza-related hospitalizations impact adults over the
age of 65 each year, with 70–90% of deaths related to
influenza occurring among this same age group [115].
Numerous studies have reported influenza vaccine efficacy to be significantly lower in older adults compared
to younger subjects, although there is some debate regarding how these statistics are reported [116, 117].
Nevertheless, the documented burden of influenza infection on the elderly population, combined with known
deficiencies in vaccine-induced immune responses,
emphasizes the need to understand the mechanisms
governing adaptive immunosenescence as they relate to
influenza-specific immune outcomes.
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Humoral immunity is known to play an important role
in preventing influenza virus transmission and infection,
yet antibody responses have been shown to decline with
age. A greater number of older adults fail to seroconvert
(i.e., fourfold increase in post-vaccination antibody titer)
relative to their younger counterparts, with seroconversion
rates ranging from 10 to 30% in older adults compared to
50–75% in younger individuals [16, 118]. Recent evidence
has suggested this decline in vaccine-induced humoral
immunity is due to reduced neutralizing antibody production rather than a decline in total IgG output [21], and
multiple studies have demonstrated that older adults fail
to generate protective hemagglutination inhibition (HAI)
antibody titers compared to younger adults following vaccination [16, 119]. Furthermore, older adults exhibit reduced diversity in their antibody repertoire following
influenza vaccination, although a subset of elderly vaccine
responders generate broadly cross-reactive antibodies that
recognize multiple influenza strains [120]. The route of
exposure may also be a key mediator of antibody responses, as differences have been observed between subjects naturally infected through the mucosal surfaces of
the respiratory tract and those receiving intramuscular
vaccinations [121]. Collectively, these findings are consistent with declining B cell function, but none have been
mechanistically linked with negative clinical outcomes.
Cellular immunity is also strongly associated with protection against influenza, as some older adults have been
shown to remain protected against infection even in the
absence of robust antibody responses [122]. Declining T
cell responses to influenza have been observed in both
murine and human studies, suggesting age-related dysregulation in the T cell compartment may play a role in
disease susceptibility. Studies have shown that older subjects experience altered frequencies of influenza-specific
memory CD4+ T cell subsets post-vaccination relative to
younger subjects [123], and these population shifts may
alter the ability of memory T cells to effectively traffick
to the lung in response to infection. Interestingly, studies
in aged mice revealed that, although the total number of
CD4+ T cells responding to infection in the lung did not
differ from those in younger mice, there was a distinctive
reduction in Th1 cells secreting inflammatory cytokines
[124]. While deficiencies in CD4+ T cell responses could
certainly impact the development of protective immunity, alterations in CD8+ T cells are equally important.
Aged mice exhibit limited diversity in their TCR repertoire compared to younger mice, which decreases the
magnitude of their response to the immunodominant
influenza nucleoprotein epitope NP366–374 [125]. Although difficult to examine in humans due to the
heterogeneity of responses [119], clonal expansion of
CD45RA+CD28−CD8+ effector T cells has been implicated in causing Th1/Th2 cytokine imbalances that
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inhibit productive antibody responses [62]. Evidence
from human studies also indicates that CD8+ T cell
effector function is decreased following vaccination
[126], although studies in mice indicate that decreased
numbers of influenza-specific CD8+ T cells rather than
functional changes are responsible for declining responses [127]. Collective differences between these reports suggest that CD4+ and CD8+ T cells may be
differentially affected by immunosenescence, and further
study is warranted in order to fully understand the
effects of adaptive immunosenescence on cellular immunity to influenza.
Despite an incomplete mechanistic understanding,
older adults are clearly at greater risk of influenza infection, and current evidence suggests this is due to dysregulation of the adaptive immune system. In an effort to
improve clinical outcomes following influenza vaccination, vaccine formulations have been licensed specifically for use in the elderly. Fluzone® High-Dose, which
contains 60 μg hemagglutinin per viral strain as opposed
to 15 μg per strain in the standard dose vaccine, has
been widely utilized in older adults and significantly
increases humoral responses and efficacy [29]. More recently, the emulsion-based adjuvant MF59® has been
added to influenza vaccines (Fluad™) and approved for
use [28]. While the mechanisms of action are not completely understood, MF59® is believed to enhance innate
immune responses and stimulate germinal center reactions [128, 129]. It should be noted that these two formulations have been globally employed to different
degrees. Vaccines containing MF59® have been licensed
for use in Europe since 1997 [130] but did not gain
approval for use in the US until 2015. Alternatively,
Fluzone® High-Dose has been licensed for use in the US
since 2009 [29] but only received its first approval for
use in Europe (UK) in 2019. Furthermore, these vaccines
were not directly engineered to address any known
mechanistic deficiencies in aging B cells; rather, these
formulations advanced through clinical studies due to
their overall improvement in vaccine efficacy. Despite
their ability to generate higher protective antibody titers
in the elderly, the mechanisms by which these two vaccines elicit such robust responses are poorly understood.
Respiratory syncytial virus

Similar to influenza, respiratory syncytial virus (RSV) is
another viral respiratory disease that has a disproportionate impact on older adults. Although RSV infection
is usually mild in healthy young adults, serious complications can arise in older patients—particularly those
with existing co-morbidities, such as chronic obstructive
pulmonary disease and cardiovascular disease [131–134].
RSV infections often result in prolonged hospitalization
and are associated with significant mortality rates (12–
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18%) in the elderly [135, 136]. Despite the impact of
RSV on the aging population, the correlates of immunological protection remain poorly understood, although
studies have indicated that adaptive immunosenescence
may underlie the increased risk of severe disease among
the elderly.
T cell responses have been shown to correlate with
protection from RSV infection, and dysregulation of cellular immunity has been implicated in disease pathogenesis. Animal studies have shown that memory T cells
mediate protection from disease and accelerate viral
clearance but can contribute to tissue pathology if there
is an imbalance in cytokine signaling [137–140]. Bias in
cytokine production toward a Th2-type response has
been noted to occur with age [67, 141], and studies have
found that the number of circulating memory CD4+ and
CD8+ T cells are also reduced in older adults [142, 143].
Specifically, RSV F protein-specific T cell responses were
shown to be deficient in older adults compared to younger individuals [142]. These findings collectively suggest
that cellular immunity may play a significant role in RSV
pathogenesis, as both diminished and hyperactive responses can promote enhanced disease pathology in the
elderly.
Although cellular immunity is predominantly associated
with protection from RSV, correlations with humoral
immune responses have also been demonstrated. Neutralizing antibody titers, as well as total IgG and mucosal IgA
titers, have been associated with protection from RSV
infection in adults [144–146]; however, some studies have
reported equivalent neutralizing antibody titers between
older and younger subjects, indicating cellular immunity
as a stronger determinant of protection with age [140]. In
experimental challenge models, mucosal IgA responses
have been found to confer greater protection than serum
neutralizing antibodies in adults, and deficits in IgA
production have also been associated with an increased
risk of recurrent RSV infection [147]. In contrast, one
study has reported a stronger correlation between neutralizing antibody titer and disease susceptibility in the elderly
[146]. While the precise role humoral immunity plays in
protection from RSV remains unclear, it is apparent that
age-related changes in both humoral and cellular immune
responses may impact the progression of RSV infections
in older adults.
Despite the apparent burden that RSV places on
healthy aging, no vaccine is currently licensed for preventive use against RSV infection. This is an active area
of research, as more than 60 vaccine candidates are
currently in various stages of development; however,
those few that have advanced to clinical testing have not
demonstrated convincing efficacy [148]. The majority of
vaccines in development for older adults are either nanoparticle or subunit-based formulations that primarily target
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the RSV F protein [148]. Clinical studies have failed to
demonstrate improved vaccine efficacy despite showing
robust immunogenicity, and insight into structural changes
of the F protein may inform the design of new vaccine
candidates. Studies have shown that vaccines using
stabilized pre-fusion F protein generate higher neutralizing
antibody titers compared to formulations containing postfusion F protein [149, 150]. Furthermore, as described
above, immunosenescence has been demonstrated to affect
many of the factors directly associated with protection
(memory T cell number and cytokine secretion patterns).
This suggests that older adults may benefit from RSV
vaccines specifically engineered to maximize immune responses despite immunosenescence – much like has been
done with influenza. Consequently, research efforts to gain
a fundamental understanding of RSV immunology in older
adults are undoubtedly needed and will serve to inform the
design of next-generation vaccines tailored for use in the
elderly.
Pneumococcal disease

Bacterial pneumonia is another common respiratory
disease that is often deadly among older adults. Disease
results from infection with Streptococcus pneumoniae, a
common bacterial commensal that frequently (albeit transiently) colonizes the upper respiratory tract [151, 152].
While colonization is usually benign, migration or
aspiration of S. pneumonia into the lower respiratory
tract often results in pronounced disease progression
[151, 152]. Mortality rates associated with pneumococcal disease range from 15 to 30% among the
elderly [151], and with the increasing population of
older adults, the number of hospital admissions
related to pneumococcal pneumonia among adults >
65 years of age has been projected to increase by 87%
[7]. Despite the growing disease burden, relatively few
mechanistic studies of immunosenescence and pneumococcal immune responses have been conducted, although
there has been significant progress made in the development of pneumococcal vaccines for older adults [153–155].
Humoral immunity is thought to play a key role in
limiting the severity of pneumococcal disease, as deficiencies in either mucosal or systemic antibody production have been associated with poor medical outcomes
[156, 157]. Serum IgG antibodies against S. pneumoniae
have been identified as critical for preventing invasive
bacteremia, while secretory IgA serves to mediate
clearance of bacteria from the lung mucosa. Studies
investigating the effects of aging on IgA responses in
humans are scarce, but studies in mice have found
IgA production following intranasal vaccination to be
severely limited with age [158, 159]. Human studies
have found that older adults (> 65 years of age) have
significantly lower IgG antibody titers against many of
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the common pneumococcal serotypes compared to
younger adults, suggesting that antibody titers wane
over time [160–162]. Additionally, several studies
have shown that antibodies from older adults have diminished opsonization activity against S. pneumoniae
compared to those from younger adults, indicating
there may also be functional deficiencies in antibody
responses against pneumococcal antigens [17, 18].
While humoral immunity is primarily thought to mediate protection from disease, there are also important
aspects of cellular immunity to consider. CD4+ T cells
secreting IL-17 have been identified as key mediators of
adaptive immune responses against S. pneumoniae [163],
yet there are conflicting reports regarding age-related
changes of T cell responses against pneumococcal infection. A study by Meyer and coworkers identified a significant increase in the percentage of CD4+ T cells in
the lungs of older adults [164], while a separate study
found no significant differences in the percentage of
cytokine-secreting cells following stimulation with
pneumococcal protein antigens [161]. Studies in mice
have shown that CD4+ T cell responses can be generated
by mucosal vaccination, but substantially more antigen
is required to elicit responses in aged mice [159]. More
studies are clearly needed in order to inform our understanding of mucosal immunology and aid the design of
next generation vaccines against pneumococcal disease.
Two vaccine formulations have been currently licensed
for clinical use against pneumococcal disease in older
adults: a 23-valent carbohydrate vaccine (Pneumovax®
23) and a 13-valent glycoconjugate vaccine (Prevnar 13®)
[165, 166]. Carbohydrate vaccines are poorly immunogenic as they do not inherently stimulate T cell responses, but Prevnar 13® overcomes this limitation via
conjugation of the pneumococcal glycans to diphtheria
toxoid [167]. In a randomized clinical trial, adults receiving the conjugate vaccine were found to suffer significantly fewer incidences of pneumococcal pneumonia
(45% efficacy against non-invasive community-acquired
pneumonia; ~ 75% efficacy against invasive pneumococcal disease) compared to subjects receiving a placebo
[153]. Current evidence suggests an initial immunization
with Prevnar 13® followed by subsequent immunizations
with either vaccine provides the strongest antibody response [168], although there are still limitations to this
approach. Serotypes excluded from the vaccine formulations can still lead to natural infections, leading to disease despite immunity against other serotypes. Further,
comparative studies of the two vaccine formulations in
older adults are lacking. Systems immunology studies
comparing the responses to these two vaccines will serve
to greatly increase our understanding of carbohydrate
immunology and the immune response against pneumococcal disease.
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Herpes zoster

Although distinct from respiratory infections, herpes
zoster (HZ) is another viral disease that manifests with
age, and its pathology is strongly associated with declining cellular immunity. Nearly 100% of the adult population is exposed to varicella zoster virus (VZV) during
their lifetime, which establishes latent infection within
the dorsal root ganglia [169]. Reactivation of VZV infection is believed to be controlled by cellular immunity,
but failure of the T cell compartment to maintain control of the infection with increasing age has been associated with the onset of HZ [12, 170]. This leads to an
estimated 1 million cases of HZ in the United States annually that can severely impact the quality of life for
older adults often due to complications with postherpetic neuralgia (PHN) [171]. Vaccine development efforts
have proven effective in combating HZ in older adults,
and efficacy studies have begun to simultaneously provide insight into the immunological mechanisms governing protection against HZ [172–174].
Two vaccine formulations have been licensed for clinical use against HZ, but the immunological responses
between the two vaccines have been shown to differ significantly. The live attenuated zoster vaccine (Zostavax®)
was the first to be approved for use in older adults, and
early clinical studies demonstrated improved VZVspecific cellular immune responses despite limited efficacy (~ 51%) in adults over 60 years of age [175, 176].
Unfortunately, efficacy was found to significantly decline
as age at the time of vaccination increased, decreasing to
41% in adults > 70 years of age and 18% in individuals >
80 years of age [175]. Protective immunity has also been
shown to wane in the 6–8 years following receipt of the
vaccine [12, 13]. As an alternative, a recombinant subunit vaccine (Shingrix™), consisting of recombinant
glycoprotein E (gE) and the AS01B adjuvant, was recently approved for use in older adults [177]. Following
a two-dose schedule, the recombinant vaccine was found
to have markedly improved efficacy (97%) in adults irrespective of age [172, 173]. Furthermore, protective immunity has been found to persist for close to a decade
following the initial immunizations [30, 178]. The superior performance of the recombinant vaccine has been attributed to the development of robust gE-specific
memory Th1-type responses, which are significantly
lower in subjects receiving the live attenuated vaccine
[174, 179]. Although the mechanisms governing these
differences are not well understood, studies in mice have
shown that the AS01B adjuvant stimulates activation of
antigen-presenting cells and macrophages in the draining LN [180].
Contributions from humoral immunity toward protection from HZ have been less well-defined, although a
four-fold increase in VZV-specific antibody titers has
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been proposed as a correlate of protection for Zostavax®
[181, 182]. Few studies have investigated specific aspects
of humoral immunity against VZV, as evidence from the
aforementioned clinical studies clearly implicates cellular
immunity as a key determinant of disease protection. A
recent study analyzing the functionality of antibodies
following immunization with the live attenuated vaccine
found that gE-specific memory B cell responses dominated, but these antibodies were unable to neutralize
VZV in the absence of complement proteins or prevent
the spread of the virus between cells in vitro [183].
These observations continue to suggest that antibody
responses do not play a significant role in protective
immunity against HZ, but studies investigating humoral
immune response following administration of the
recombinant vaccine are still lacking. Further studies of
these two vaccines are warranted in order to fully elucidate the immunological mechanisms that govern durable
protection against HZ.

Future perspectives
Study design considerations

There is no doubt that functional changes occur within
the adaptive immune system during aging, but the need
remains to better understand the mechanisms governing
these adverse changes with age. Our current understanding is based upon findings suggesting that these changes
are deleterious and correlate with negative clinical outcomes, yet it is important to understand the limitations
of these studies when interpreting their results. Much of
the work toward understanding the underlying mechanisms of adaptive immunosenescence has been carried
out in rodent models, and discrepancies between rodent
and human biology must be considered [184]. For
example: 1) aging in mice occurs on a fundamentally
different timescale; and 2) regulation of immune cell
homeostasis is notably different from that in humans
[44, 184]. Furthermore, immune cell subsets identified in
mice may not perform the same function—or even
exist—in humans; only recently have analogous TVM-like
cell populations been identified [25]. Similarly, memory
cell surface markers are known to differ between mice
and humans; for example, CD27 is a well-established
marker of memory B cells in humans, whereas murine
memory cell populations lack expression of CD27 or an
analogous phenotypic marker [185, 186]. A decline in
murine DC function has been shown to occur with age
[79, 80], but a similar change has not been observed in the
human DC subsets studied to-date [77, 78]. Further studies of DC subsets are warranted in order to determine the
full extent of age-associated dysregulation in human DCs,
although there are technical and ethical limitations on this
front. The rarity of certain DC subsets in circulation precludes isolation and mechanistic analyses, although
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advanced methodologies, such as single-cell RNA sequencing (scRNA-Seq) and mass cytometry (CyTOF), represent promising platforms that enable the analyses of rare
cell populations in biological samples [187, 188]. Mechanistic studies of aging DC function should be carried out in
humanized mouse models, as the isolation of tissueresident DCs from human subjects remains too invasive
for clinical implementation. While humanized mouse
models are not perfect representations of human biology,
they would allow for more detailed study and
characterization of the biological mechanisms underlying
immunosenescence in human DC subsets.
In addition to studying the mechanisms of aging, animal models are equally important for the study of
disease and vaccine efficacy, yet limitations exist. Ferrets
have been routinely used to evaluate influenza transmission, yet this model remains limited by continued variability in virus transmission as well as the significant
costs and infrastructure necessary to house larger animal
species [189]. The development of candidate vaccines for
RSV is complicated by inconsistencies between rodent
and primate models, as vaccine formulations that are
highly effective in rodents often provide limited protection in chimpanzees and other primate species [190].
Studies of VZV outside of human hosts are even more
limited, as there is currently no animal model that fully
recapitulates disease pathogenesis for effective study
[191]. Efforts have been made to establish safe and
effective human challenge models for the study of influenza and RSV, but these studies have obviously
remained limited to healthy young volunteers [192].
Despite these limitations, we must continue to rely upon
carefully designed studies in animal models to investigate the molecular mechanisms of immunosenescence
and disease, as ethical standards prohibit such invasive
studies in high-risk human populations (e.g., older
adults). Furthermore, we must review data from these
studies critically, as fundamental differences in biology
between the model species and humans may preclude
further trials.
Studies that have addressed mechanistic questions in
humans have done so largely in cells isolated from
peripheral blood (PBMCs) and cultured in vitro, which
are incomplete representations of the more complex
biology occurring in vivo. In addition, alterations to cells
in the periphery may not necessarily be characteristic of
changes taking place within tissues and other isolated
compartments of the immune system. Indeed, distinct
aging profiles have been identified for immune cells in
mucosal tissues [193], underscoring the importance of
further investigations into mucosal immunology and
aging. Another factor limiting our understanding of
immunosenescence in humans is the paucity of longitudinal studies that have been conducted to date. Aside
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from some early studies evaluating immune risk profiles
in Swedish octo- and nonagenarians [194, 195], the majority of studies have been cross-sectional by design.
While these studies certainly allow for the identification
of differences between young and old adult cohorts, they
do not allow for the direct monitoring of sequential agerelated changes within the same group of individuals.
Longitudinal studies are inherently expensive due to
their extended duration, and maintaining compliance
and retention within a large cohort over the course of
such a study is a daunting task. Despite these obstacles,
longitudinal studies are on the rise [196–198] and may
yield useful information regarding the aging immune
system.
Personalized vaccines for older adults

Despite the challenges facing research and development
efforts, there is a critical need for personalized vaccines
that can bolster immune responses in older adults and
improve clinical outcomes [199–202]. In response to this
demand for improved treatments among the aging
population, vaccine formulations against influenza and
HZ have been licensed for use despite an incomplete understanding of their mechanisms of action [28, 29, 177].
In order to develop the best possible treatments and
advance our understanding of how adaptive immunosenescence truly affects vaccine response outcomes, a
systems-level approach should be employed when evaluating vaccine responses. High-dimensional studies have
proven informative in evaluating immunological responses due to the complex interconnectivity of the
immune system [199, 203, 204]. Our own work in evaluating influenza vaccine responses in older adults has
allowed for the identification of numerous immune signatures at the genetic and transcriptomic level that
could inform on the mechanisms by which immunosenescence influences vaccine response outcomes. Transcriptomic analysis of PBMCs following influenza
vaccination identified changes in the expression of several genes related to memory B cell responses and cellular metabolism [205], and further analysis of the
transcriptome identified the enrichment of several genes
(e.g., SPON2, MATK, CST7) that have not been previously associated with cellular or humoral vaccine responses [206]. Furthermore, integrated data analysis
identified several epigenetic methylation signatures that
were associated with the expression of genesets involved
in humoral and cellular immune responses [207, 208].
The results from these studies highlight the potential for
systems biology to identify and define the mechanisms
underlying adaptive immunosenescence and to further
understand how changes in the aging immune system
might impact responses to infection and vaccination.
Moreover, this type of mechanistic insight could allow
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for the rational design of adjuvants and/or vaccine
formulations to address specific cells, pathways, or interactions that fail or are dysregulated during aging and
result in sub-optimal adaptive immune responses.
Given the improvements in clinical efficacy that licensed vaccines for older adults have already demonstrated, it is imperative that we understand their
mechanisms of action. Understanding how these vaccines and adjuvants are stimulating robust immune
responses in the elderly may inform the rational design
of new vaccine formulations for other diseases that exhibit similar biology. Our own research efforts are
actively focused on deciphering transcriptomic differences between immune responses to the high-dose and
MF59-adjuvanted influenza vaccines in a population of
older adults, with the hopes of providing insight into the
mechanism of action for these two vaccines [209]. Similar studies by others have also begun to identify immune
response signatures that differentiate the recombinant
and live attenuated HZ vaccines [174]. A combination of
improved longitudinal study designs with high-dimensional
systems analyses will likely allow for great strides to be
made in addressing the impact of adaptive immunosenescence on vaccine responses in older adults.

Conclusions
Although there are certainly distinct differences between
the adaptive immune systems of older and younger
adults, there is still much debate regarding how these
changes impact responses to infection or vaccination. It
is clear that at least some of these changes are detrimental, as evidenced by the decline in vaccine efficacy and
increase in susceptibility to disease with age. In order to
decipher the contributions of adaptive immunosenescence to these phenomena, systems-level analyses and
longitudinal studies will be paramount. A more
complete mechanistic understanding of changes in the
immune system over time will provide essential insights
into the biology of immunosenescence and greatly facilitate the rational design of personalized vaccines for older
adults.
Acknowledgments
We thank Caroline L. Vitse for editorial assistance with the manuscript.
Authors’ contributions
SNC performed the literature search and wrote the initial draft of the
manuscript; RBK, IGO, and GAP critically reviewed and edited the manuscript.
GAP and RBK acquired funding to support the research that informed the
manuscript. All authors approved the final version of the manuscript.
Funding
Research for this publication was supported by the National Institute of
Allergy And Infectious Diseases of the National Institutes of Health under
award numbers U01AI089859 and R01AI132348. This research has been
reviewed by the Mayo Clinic Conflict of Interest Review Board and was
conducted in compliance with Mayo Clinic Conflict of Interest policies.

Page 11 of 16

Availability of data and materials
Not applicable.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
Dr. Poland is the chair of a Safety Evaluation Committee for novel
investigational vaccine trials being conducted by Merck Research
Laboratories. Dr. Poland offers consultative advice on vaccine development
to Merck & Co. Inc., Avianax, Adjuvance, Valneva, Medicago, Sanofi Pasteur,
GlaxoSmithKline, Dynavax, and Emergent Biosolutions. Drs. Poland and
Ovsyannikova hold three patents related to vaccinia and measles peptide
vaccines. Dr. Kennedy holds a patent related to vaccinia peptide vaccines. Dr.
Kennedy has received research funding from Merck Research Laboratories to
study waning immune responses to mumps vaccine. These activities have
been reviewed by the Mayo Clinic Conflict of Interest Review Board and are
conducted in compliance with Mayo Clinic Conflict of Interest policies. All
other authors declare no competing interests.
Received: 14 December 2018 Accepted: 27 August 2019

References
1. Fulop T, Dupuis G, Witkowski JM, Larbi A. The role of
Immunosenescence in the development of age-related diseases. Rev
Investig Clin. 2016;68(2):84–91.
2. Fuentes E, Fuentes M, Alarcon M, Palomo I. Immune system dysfunction in
the elderly. An Acad Bras Cienc. 2017;89(1):285–99. https://doi.org/10.1590/
0001-3765201720160487.
3. Pera A, Campos C, Lopez N, Hassouneh F, Alonso C, Tarazona R, et al.
Immunosenescence: implications for response to infection and
vaccination in older people. Maturitas. 2015. https://doi.org/10.1016/j.
maturitas.2015.05.004.
4. Nikolich-Zugich J. The twilight of immunity: emerging concepts in aging of
the immune system. Nat Immunol. 2018;19(1):10–9. https://doi.org/10.1038/
s41590-017-0006-x.
5. Nikolich-Zugich J. Aging of the T cell compartment in mice and humans:
from no naive expectations to foggy memories. J Immunol. 2014;193(6):
2622–9. https://doi.org/10.4049/jimmunol.1401174.
6. Scholz JL, Diaz A, Riley RL, Cancro MP, Frasca D. A comparative review of
aging and B cell function in mice and humans. Curr Opin Immunol. 2013;
25(4):504–10. https://doi.org/10.1016/j.coi.2013.07.006.
7. Wroe PC, Finkelstein JA, Ray GT, Linder JA, Johnson KM, Rifas-Shiman S,
et al. Aging population and future burden of pneumococcal
pneumonia in the United States. J Infect Dis. 2012;205(10):1589–92.
https://doi.org/10.1093/infdis/jis240.
8. Gordon A, Reingold A. The burden of influenza: a complex problem. Curr
Epidemiol Rep. 2018;5(1):1–9. https://doi.org/10.1007/s40471-018-0136-1.
9. Gozalo PL, Pop-Vicas A, Feng Z, Gravenstein S, Mor V. Effect of influenza on
functional decline. J Am Geriatr Soc. 2012;60(7):1260–7. https://doi.org/1
0.1111/j.1532-5415.2012.04048.x.
10. Johnson RW, Bouhassira D, Kassianos G, Leplege A, Schmader KE, Weinke T.
The impact of herpes zoster and post-herpetic neuralgia on quality-of-life.
BMC Med. 2010;8:37. https://doi.org/10.1186/1741-7015-8-37.
11. Rondy M, El Omeiri N, Thompson MG, Leveque A, Moren A, Sullivan SG.
Effectiveness of influenza vaccines in preventing severe influenza illness
among adults: a systematic review and meta-analysis of test-negative
design case-control studies. J Infect. 2017;75(5):381–94. https://doi.org/1
0.1016/j.jinf.2017.09.010.
12. Morrison VA, Johnson GR, Schmader KE, Levin MJ, Zhang JH, Looney DJ, et
al. Long-term persistence of zoster vaccine efficacy. Clin Infect Dis. 2015;
60(6):900–9. https://doi.org/10.1093/cid/ciu918.
13. Tseng HF, Harpaz R, Luo Y, Hales CM, Sy LS, Tartof SY, et al. Declining
effectiveness of herpes zoster vaccine in adults aged >/=60 years. J Infect
Dis. 2016;213(12):1872–5. https://doi.org/10.1093/infdis/jiw047.
14. Wagner A, Garner-Spitzer E, Jasinska J, Kollaritsch H, Stiasny K, Kundi M, et al.
Age-related differences in humoral and cellular immune responses after

Crooke et al. Immunity & Ageing

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.
36.
37.

(2019) 16:25

primary immunisation: indications for stratified vaccination schedules. Sci
Rep. 2018;8(1):9825. https://doi.org/10.1038/s41598-018-28111-8.
Rappuoli R, Pizza M, Del Giudice G, De Gregorio E. Vaccines, new
opportunities for a new society. Proc Natl Acad Sci U S A. 2014;111(34):
12288–93. https://doi.org/10.1073/pnas.1402981111.
Goodwin K, Viboud C, Simonsen L. Antibody response to influenza vaccination
in the elderly: a quantitative review. Vaccine. 2006;24(8):1159–69.
Park S, Nahm MH. Older adults have a low capacity to opsonize pneumococci
due to low IgM antibody response to pneumococcal vaccinations. Infect
Immun. 2011;79(1):314–20. https://doi.org/10.1128/IAI.00768-10.
Schenkein JG, Park S, Nahm MH. Pneumococcal vaccination in older adults
induces antibodies with low opsonic capacity and reduced antibody potency.
Vaccine. 2008;26(43):5521–6. https://doi.org/10.1016/j.vaccine.2008.07.071.
Kolibab K, Smithson SL, Shriner AK, Khuder S, Romero-Steiner S, Carlone GM,
et al. Immune response to pneumococcal polysaccharides 4 and 14 in
elderly and young adults. I. Antibody concentrations, avidity and functional
activity. Immun Ageing. 2005;2:10. https://doi.org/10.1186/1742-4933-2-10.
Siegrist CA, Aspinall R. B-cell responses to vaccination at the extremes of
age. Nat Rev Immunol. 2009;9(3):185–94.
Sasaki S, Sullivan M, Narvaez CF, Holmes TH, Furman D, Zheng NY, et al.
Limited efficacy of inactivated influenza vaccine in elderly individuals is
associated with decreased production of vaccine-specific antibodies. J Clin
Invest. 2011;121(8):3109–19.
Stiasny K, Aberle JH, Keller M, Grubeck-Loebenstein B, Heinz FX. Age affects
quantity but not quality of antibody responses after vaccination with an
inactivated flavivirus vaccine against tick-borne encephalitis. PLoS One.
2012;7(3):e34145. https://doi.org/10.1371/journal.pone.0034145.
Britanova OV, Putintseva EV, Shugay M, Merzlyak EM, Turchaninova MA,
Staroverov DB, et al. Age-related decrease in TCR repertoire diversity
measured with deep and normalized sequence profiling. J Immunol. 2014;
192(6):2689–98. https://doi.org/10.4049/jimmunol.1302064.
Ouyang Q, Wagner WM, Wikby A, Walter S, Aubert G, Dodi AI, et al. Large
numbers of dysfunctional CD8+ T lymphocytes bearing receptors for a single
dominant CMV epitope in the very old. J Clin Immunol. 2003;23(4):247–57.
Quinn KM, Fox A, Harland KL, Russ BE, Li J, Nguyen THO, et al. Age-related
decline in primary CD8(+) T cell responses is associated with the
development of senescence in virtual memory CD8(+) T cells. Cell Rep.
2018;23(12):3512–24. https://doi.org/10.1016/j.celrep.2018.05.057.
Thompson HL, Smithey MJ, Surh CD, Nikolich-Zugich J. Functional and
homeostatic impact of age-related changes in lymph node stroma. Front
Immunol. 2017;8:706. https://doi.org/10.3389/fimmu.2017.00706.
Becklund BR, Purton JF, Ramsey C, Favre S, Vogt TK, Martin CE, et al. The
aged lymphoid tissue environment fails to support naive T cell homeostasis.
Sci Rep. 2016;6:30842. https://doi.org/10.1038/srep30842.
Domnich A, Arata L, Amicizia D, Puig-Barbera J, Gasparini R, Panatto D.
Effectiveness of MF59-adjuvanted seasonal influenza vaccine in the elderly:
a systematic review and meta-analysis. Vaccine. 2017;35(4):513–20. https://
doi.org/10.1016/j.vaccine.2016.12.011.
Robertson CA, DiazGranados CA, Decker MD, Chit A, Mercer M, Greenberg
DP. Fluzone(R) High-Dose Influenza Vaccine. Expert Rev Vaccines. 2016;
15(12):1495–505. https://doi.org/10.1080/14760584.2016.1254044.
Schwarz TF, Volpe S, Catteau G, Chlibek R, David MP, Richardus JH, et al.
Persistence of immune response to an adjuvanted varicella-zoster virus subunit
vaccine for up to year nine in older adults. Hum Vaccin Immunother. 2018;
14(6):1370–7. https://doi.org/10.1080/21645515.2018.1442162.
Iwasaki A, Medzhitov R. Control of adaptive immunity by the innate immune
system. Nat Immunol. 2015;16(4):343–53. https://doi.org/10.1038/ni.3123.
Mahbub S, Brubaker AL, Kovacs EJ. Aging of the innate immune
system: an update. Curr Immunol Rev. 2011;7(1):104–15. https://doi.org/1
0.2174/157339511794474181.
Shaw AC, Joshi S, Greenwood H, Panda A, Lord JM. Aging of the innate
immune system. Curr Opin Immunol. 2010;22(4):507–13.
Del Giudice G, Rappuoli R, Didierlaurent AM. Correlates of adjuvanticity: a
review on adjuvants in licensed vaccines. Semin Immunol. 2018;39:14–21.
https://doi.org/10.1016/j.smim.2018.05.001.
McKee AS, Marrack P. Old and new adjuvants. Curr Opin Immunol. 2017;47:
44–51. https://doi.org/10.1016/j.coi.2017.06.005.
Boss GR, Seegmiller JE. Age-related physiological changes and their clinical
significance. West J Med. 1981;135(6):434–40.
Lowery EM, Brubaker AL, Kuhlmann E, Kovacs EJ. The aging lung. Clin Interv
Aging. 2013;8:1489–96. https://doi.org/10.2147/CIA.S51152.

Page 12 of 16

38. Al-Sofiani ME, Ganji SS, Kalyani RR. Body composition changes in diabetes
and aging. J Diabetes Complicat. 2019;33(6):451–9. https://doi.org/10.1016/j.
jdiacomp.2019.03.007.
39. Bender BS. Infectious disease risk in the elderly. Immunol Allergy Clin N Am.
2003;23(1):57–64 vi.
40. Lazuardi L, Jenewein B, Wolf AM, Pfister G, Tzankov A, Grubeck-Loebenstein
B. Age-related loss of naive T cells and dysregulation of T-cell/B-cell
interactions in human lymph nodes. Immunology. 2005;114(1):37–43.
https://doi.org/10.1111/j.1365-2567.2004.02006.x.
41. Haynes BF, Sempowski GD, Wells AF, Hale LP. The human thymus during
aging. Immunol Res. 2000;22(2–3):253–61. https://doi.org/10.1385/IR:22:2-3:253.
42. Yu Q, Erman B, Bhandoola A, Sharrow SO, Singer A. In vitro evidence
that cytokine receptor signals are required for differentiation of double
positive thymocytes into functionally mature CD8+ T cells. J Exp Med.
2003;197(4):475–87.
43. Fink PJ. The biology of recent thymic emigrants. Annu Rev Immunol. 2013;
31:31–50. https://doi.org/10.1146/annurev-immunol-032712-100010.
44. den Braber I, Mugwagwa T, Vrisekoop N, Westera L, Mogling R, de Boer AB,
et al. Maintenance of peripheral naive T cells is sustained by thymus output
in mice but not humans. Immunity. 2012;36(2):288–97. https://doi.org/10.1
016/j.immuni.2012.02.006.
45. Sprent J, Surh CD. Normal T cell homeostasis: the conversion of naive cells
into memory-phenotype cells. Nat Immunol. 2011;12(6):478–84.
46. Wertheimer AM, Bennett MS, Park B, Uhrlaub JL, Martinez C, Pulko V, et al.
Aging and cytomegalovirus infection differentially and jointly affect distinct
circulating T cell subsets in humans. J Immunol. 2014;192(5):2143–55.
https://doi.org/10.4049/jimmunol.1301721.
47. Cicin-Sain L, Messaoudi I, Park B, Currier N, Planer S, Fischer M, et al.
Dramatic increase in naive T cell turnover is linked to loss of naive T cells
from old primates. Proc Natl Acad Sci U S A. 2007;104(50):19960–5. https://
doi.org/10.1073/pnas.0705905104.
48. Kaech SM, Wherry EJ, Ahmed R. Effector and memory T-cell differentiation:
implications for vaccine development. Nat Rev Immunol. 2002;2(4):251–62.
https://doi.org/10.1038/nri778.
49. Rudd BD, Venturi V, Li G, Samadder P, Ertelt JM, Way SS, et al. Nonrandom
attrition of the naive CD8+ T-cell pool with aging governed by T-cell
receptor:pMHC interactions. Proc Natl Acad Sci U S A. 2011;108(33):13694–9.
https://doi.org/10.1073/pnas.1107594108.
50. Goronzy JJ, Fang F, Cavanagh MM, Qi Q, Weyand CM. Naive T cell
maintenance and function in human aging. J Immunol. 2015;194(9):4073
–80. https://doi.org/10.4049/jimmunol.1500046.
51. Chiu BC, Martin BE, Stolberg VR, Chensue SW. Cutting edge: central memory
CD8 T cells in aged mice are virtual memory cells. J Immunol. 2013;191(12):
5793–6. https://doi.org/10.4049/jimmunol.1302509.
52. Renkema KR, Li G, Wu A, Smithey MJ, Nikolich-Zugich J. Two separate
defects affecting true naive or virtual memory T cell precursors combine to
reduce naive T cell responses with aging. J Immunol. 2014;192(1):151–9.
https://doi.org/10.4049/jimmunol.1301453.
53. Kawabe T, Jankovic D, Kawabe S, Huang Y, Lee PH, Yamane H, et al.
Memory-phenotype CD4(+) T cells spontaneously generated under steady
-state conditions exert innate TH1-like effector function. Sci Immunol. 2017;
2(12). https://doi.org/10.1126/sciimmunol.aam9304.
54. Hadrup SR, Strindhall J, Kollgaard T, Seremet T, Johansson B, Pawelec G, et
al. Longitudinal studies of clonally expanded CD8 T cells reveal a repertoire
shrinkage predicting mortality and an increased number of dysfunctional
cytomegalovirus-specific T cells in the very elderly. J Immunol. 2006;176(4):
2645–53.
55. Looney RJ, Falsey A, Campbell D, Torres A, Kolassa J, Brower C, et al. Role of
cytomegalovirus in the T cell changes seen in elderly individuals. Clin
Immunol. 1999;90(2):213–9. https://doi.org/10.1006/clim.1998.4638.
56. Kim J, Kim AR, Shin EC. Cytomegalovirus infection and memory T cell
inflation. Immune Netw. 2015;15(4):186–90. https://doi.org/10.4110/in.2
015.15.4.186.
57. Cicin-Sain L, Brien JD, Uhrlaub JL, Drabig A, Marandu TF, Nikolich-Zugich J.
Cytomegalovirus infection impairs immune responses and accentuates T
-cell pool changes observed in mice with aging. PLoS Pathog. 2012;8(8):
e1002849. https://doi.org/10.1371/journal.ppat.1002849.
58. Derhovanessian E, Theeten H, Hahnel K, Van Damme P, Cools N, Pawelec G.
Cytomegalovirus-associated accumulation of late-differentiated CD4 T-cells
correlates with poor humoral response to influenza vaccination. Vaccine.
2013;31(4):685–90. https://doi.org/10.1016/j.vaccine.2012.11.041.

Crooke et al. Immunity & Ageing

(2019) 16:25

59. van den Berg SPH, Warmink K, Borghans JAM, Knol MJ, van Baarle D. Effect
of latent cytomegalovirus infection on the antibody response to influenza
vaccination: a systematic review and meta-analysis. Med Microbiol Immunol.
2019. https://doi.org/10.1007/s00430-019-00602-z.
60. van den Berg SPH, Wong A, Hendriks M, Jacobi RHJ, van Baarle D, van Beek
J. Negative effect of age, but not of latent Cytomegalovirus infection on the
antibody response to a novel influenza vaccine strain in healthy adults.
Front Immunol. 2018;9:82. https://doi.org/10.3389/fimmu.2018.00082.
61. Tu W, Rao S. Mechanisms underlying T cell Immunosenescence: aging and
Cytomegalovirus infection. Front Microbiol. 2016;7:2111. https://doi.org/1
0.3389/fmicb.2016.02111.
62. Saurwein-Teissl M, Lung TL, Marx F, Gschosser C, Asch E, Blasko I, et al. Lack
of antibody production following immunization in old age: association with
CD8(+)CD28(−) T cell clonal expansions and an imbalance in the
production of Th1 and Th2 cytokines. J Immunol. 2002;168(11):5893–9.
63. Moro-Garcia MA, Alonso-Arias R, Lopez-Larrea C. When aging reaches CD4+
T-cells: phenotypic and functional changes. Front Immunol. 2013;4:107.
https://doi.org/10.3389/fimmu.2013.00107.
64. Goronzy JJ, Fulbright JW, Crowson CS, Poland GA, O’Fallon WM, Weyand
CM. Value of immunological markers in predicting responsiveness to
influenza vaccination in elderly individuals. J Virol. 2001;75(24):12182–7.
65. Li G, Yu M, Lee WW, Tsang M, Krishnan E, Weyand CM, et al. Decline in miR
-181a expression with age impairs T cell receptor sensitivity by increasing
DUSP6 activity. Nat Med. 2012;18(10):1518–24. https://doi.org/10.1038/nm.2963.
66. Le Page A, Dupuis G, Larbi A, Witkowski JM, Fulop T. Signal transduction
changes in CD4(+) and CD8(+) T cell subpopulations with aging. Exp
Gerontol. 2018;105:128–39. https://doi.org/10.1016/j.exger.2018.01.005.
67. Bektas A, Schurman SH, Sen R, Ferrucci L. Human T cell immunosenescence
and inflammation in aging. J Leukoc Biol. 2017;102(4):977–88. https://doi.
org/10.1189/jlb.3RI0716-335R.
68. Decman V, Laidlaw BJ, Dimenna LJ, Abdulla S, Mozdzanowska K, Erikson J,
et al. Cell-intrinsic defects in the proliferative response of antiviral memory
CD8 T cells in aged mice upon secondary infection. J Immunol. 2010;184(9):
5151–9. https://doi.org/10.4049/jimmunol.0902063.
69. Briceno O, Lissina A, Wanke K, Afonso G, von Braun A, Ragon K, et al.
Reduced naive CD8(+) T-cell priming efficacy in elderly adults. Aging Cell.
2016;15(1):14–21. https://doi.org/10.1111/acel.12384.
70. Tahir S, Fukushima Y, Sakamoto K, Sato K, Fujita H, Inoue J, et al. A CD153+
CD4+ T follicular cell population with cell-senescence features plays a
crucial role in lupus pathogenesis via osteopontin production. J Immunol.
2015;194(12):5725–35. https://doi.org/10.4049/jimmunol.1500319.
71. Agrawal A, Agrawal S, Gupta S. Role of dendritic cells in inflammation and
loss of tolerance in the elderly. Front Immunol. 2017;8:896. https://doi.org/1
0.3389/fimmu.2017.00896.
72. Gardner JK, Mamotte CDS, Jackaman C, Nelson DJ. Modulation of dendritic
cell and T cell cross-talk during aging: the potential role of checkpoint
inhibitory molecules. Ageing Res Rev. 2017;38:40–51. https://doi.org/10.1
016/j.arr.2017.07.002.
73. Panda A, Qian F, Mohanty S, van Duin D, Newman FK, Zhang L, et al. Age
-associated decrease in TLR function in primary human dendritic cells
predicts influenza vaccine response. J Immunol. 2010;184(5):2518–27.
74. Jing Y, Shaheen E, Drake RR, Chen N, Gravenstein S, Deng Y. Aging is
associated with a numerical and functional decline in plasmacytoid
dendritic cells, whereas myeloid dendritic cells are relatively unaltered in
human peripheral blood. Hum Immunol. 2009;70(10):777–84. https://doi.
org/10.1016/j.humimm.2009.07.005.
75. Sridharan A, Esposo M, Kaushal K, Tay J, Osann K, Agrawal S, et al. Age
-associated impaired plasmacytoid dendritic cell functions lead to
decreased CD4 and CD8 T cell immunity. Age (Dordr). 2011;33(3):363–76.
76. Qian F, Wang X, Zhang L, Lin A, Zhao H, Fikrig E, et al. Impaired interferon
signaling in dendritic cells from older donors infected in vitro with West Nile
virus. J Infect Dis. 2011;203(10):1415–24. https://doi.org/10.1093/infdis/jir048.
77. Agrawal A, Agrawal S, Cao JN, Su H, Osann K, Gupta S. Altered innate immune
functioning of dendritic cells in elderly humans: a role of phosphoinositide 3
-kinase-signaling pathway. J Immunol. 2007;178(11):6912–22.
78. Steger MM, Maczek C, Grubeck-Loebenstein B. Morphologically and
functionally intact dendritic cells can be derived from the peripheral blood
of aged individuals. Clin Exp Immunol. 1996;105(3):544–50. https://doi.org/1
0.1046/j.1365-2249.1996.d01-790.x.
79. Li G, Smithey MJ, Rudd BD, Nikolich-Zugich J. Age-associated alterations in
CD8alpha+ dendritic cells impair CD8 T-cell expansion in response to an

Page 13 of 16

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.
99.

100.

intracellular bacterium. Aging Cell. 2012;11(6):968–77. https://doi.org/1
0.1111/j.1474-9726.2012.00867.x.
Paula C, Motta A, Schmitz C, Nunes CP, Souza AP, Bonorino C. Alterations in
dendritic cell function in aged mice: potential implications for
immunotherapy design. Biogerontology. 2009;10(1):13–25. https://doi.org/1
0.1007/s10522-008-9150-x.
Prakash S, Agrawal S, Ma D, Gupta S, Peterson EM, Agrawal A. Dendritic cells
from aged subjects display enhanced inflammatory responses to
Chlamydophila pneumoniae. Mediat Inflamm. 2014;2014:436438. https://doi.
org/10.1155/2014/436438.
Bulati M, Buffa S, Candore G, Caruso C, Dunn-Walters DK, Pellicano M, et al. B cells
and immunosenescence: a focus on IgG+IgD-CD27- (DN) B cells in aged humans.
Ageing Res Rev. 2011;10(2):274–84. https://doi.org/10.1016/j.arr.2010.12.002.
Lin Y, Kim J, Metter EJ, Nguyen H, Truong T, Lustig A, et al. Changes in
blood lymphocyte numbers with age in vivo and their association with the
levels of cytokines/cytokine receptors. Immun Ageing. 2016;13:24. https://
doi.org/10.1186/s12979-016-0079-7.
Henry CJ, Casas-Selves M, Kim J, Zaberezhnyy V, Aghili L, Daniel AE, et al.
Aging-associated inflammation promotes selection for adaptive oncogenic
events in B cell progenitors. J Clin Invest. 2015;125(12):4666–80. https://doi.
org/10.1172/JCI83024.
Stephan RP, Sanders VM, Witte PL. Stage-specific alterations in murine B
lymphopoiesis with age. Int Immunol. 1996;8(4):509–18.
Beerman I, Bhattacharya D, Zandi S, Sigvardsson M, Weissman IL, Bryder D,
et al. Functionally distinct hematopoietic stem cells modulate
hematopoietic lineage potential during aging by a mechanism of clonal
expansion. Proc Natl Acad Sci U S A. 2010;107(12):5465–70. https://doi.org/1
0.1073/pnas.1000834107.
Pang WW, Price EA, Sahoo D, Beerman I, Maloney WJ, Rossi DJ, et al.
Human bone marrow hematopoietic stem cells are increased in frequency
and myeloid-biased with age. Proc Natl Acad Sci U S A. 2011;108(50):20012
–7. https://doi.org/10.1073/pnas.1116110108.
Colonna-Romano G, Bulati M, Aquino A, Pellicano M, Vitello S, Lio D, et al. A
double-negative (IgD-CD27-) B cell population is increased in the peripheral
blood of elderly people. Mech Ageing Dev. 2009;130(10):681–90. https://doi.
org/10.1016/j.mad.2009.08.003.
Jin R, Kaneko H, Suzuki H, Arai T, Teramoto T, Fukao T, et al. Age-related
changes in BAFF and APRIL profiles and upregulation of BAFF and APRIL
expression in patients with primary antibody deficiency. Int J Mol Med.
2008;21(2):233–8.
Colonna-Romano G, Aquino A, Bulati M, Di Lorenzo G, Listi F, Vitello S, et al.
Memory B cell subpopulations in the aged. Rejuvenation Res. 2006;9(1):149
–52. https://doi.org/10.1089/rej.2006.9.149.
Gibson KL, Wu YC, Barnett Y, Duggan O, Vaughan R, Kondeatis E, et al. B-cell
diversity decreases in old age and is correlated with poor health status.
Aging Cell. 2009;8(1):18–25. https://doi.org/10.1111/j.1474-9726.2008.00443.x.
Listi F, Candore G, Modica MA, Russo M, Di Lorenzo G, Esposito-Pellitteri M,
et al. A study of serum immunoglobulin levels in elderly persons that
provides new insights into B cell immunosenescence. Ann N Y Acad Sci.
2006;1089:487–95. https://doi.org/10.1196/annals.1386.013.
Pritz T, Lair J, Ban M, Keller M, Weinberger B, Krismer M, et al. Plasma cell
numbers decrease in bone marrow of old patients. Eur J Immunol. 2015;
45(3):738–46. https://doi.org/10.1002/eji.201444878.
Howard WA, Gibson KL, Dunn-Walters DK. Antibody quality in old age.
Rejuvenation Res. 2006;9(1):117–25. https://doi.org/10.1089/rej.2006.9.117.
Frasca D, Diaz A, Romero M, Landin AM, Blomberg BB. High TNF-alpha
levels in resting B cells negatively correlate with their response. Exp
Gerontol. 2014;54:116–22. https://doi.org/10.1016/j.exger.2014.01.004.
Frasca D. Senescent B cells in aging and age-related diseases: Their role in
the regulation of antibody responses. Exp Gerontol. 2018;107:55–8. https://
doi.org/10.1016/j.exger.2017.07.002.
Frasca D, Van der Put E, Riley RL, Blomberg BB. Reduced Ig class switch in
aged mice correlates with decreased E47 and activation-induced cytidine
deaminase. J Immunol. 2004;172(4):2155–62.
Blomberg BB, Frasca D. Age effects on mouse and human B cells. Immunol
Res. 2013;57(1–3):354–60. https://doi.org/10.1007/s12026-013-8440-9.
Sayegh CE, Quong MW, Agata Y, Murre C. E-proteins directly regulate
expression of activation-induced deaminase in mature B cells. Nat Immunol.
2003;4(6):586–93. https://doi.org/10.1038/ni923.
Frasca D, Landin AM, Alvarez JP, Blackshear PJ, Riley RL, Blomberg BB.
Tristetraprolin, a negative regulator of mRNA stability, is increased in old B

Crooke et al. Immunity & Ageing

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

(2019) 16:25

cells and is involved in the degradation of E47 mRNA. J Immunol. 2007;
179(2):918–27.
Frasca D, Landin AM, Lechner SC, Ryan JG, Schwartz R, Riley RL, et al. Aging
down-regulates the transcription factor E2A, activation-induced cytidine
deaminase, and Ig class switch in human B cells. J Immunol. 2008;180(8):5283–90.
Frasca D, Diaz A, Romero M, Ferracci F, Blomberg BB. MicroRNAs miR-155
and miR-16 decrease AID and E47 in B cells from elderly individuals. J
Immunol. 2015;195(5):2134–40. https://doi.org/10.4049/jimmunol.1500520.
Khurana S, Frasca D, Blomberg B, Golding H. AID activity in B cells strongly
correlates with polyclonal antibody affinity maturation in-vivo following
pandemic 2009-H1N1 vaccination in humans. PLoS Pathog. 2012;8(9):
e1002920. https://doi.org/10.1371/journal.ppat.1002920.
Dunn-Walters DK. The ageing human B cell repertoire: a failure of selection?
Clin Exp Immunol. 2016;183(1):50–6. https://doi.org/10.1111/cei.12700.
Davydov AN, Obraztsova AS, Lebedin MY, Turchaninova MA, Staroverov DB,
Merzlyak EM, et al. Comparative analysis of B-cell receptor repertoires
induced by live yellow fever vaccine in young and middle-age donors.
Front Immunol. 2018;9:2309. https://doi.org/10.3389/fimmu.2018.02309.
D'Angelo S, Ferrara F, Naranjo L, Erasmus MF, Hraber P, Bradbury ARM.
Many routes to an antibody heavy-chain CDR3: necessary, yet insufficient,
for specific binding. Front Immunol. 2018;9:395. https://doi.org/10.3389/
fimmu.2018.00395.
Jiang N, He J, Weinstein JA, Penland L, Sasaki S, He XS, et al. Lineage
structure of the human antibody repertoire in response to influenza
vaccination. Sci Transl Med. 2013;5(171):171ra19. https://doi.org/10.1126/
scitranslmed.3004794.
Wu YC, Kipling D, Dunn-Walters DK. Age-Related Changes in Human
Peripheral Blood IGH Repertoire Following Vaccination. Front Immunol.
2012;3:193. https://doi.org/10.3389/fimmu.2012.00193.
Vinuesa CG, Linterman MA, Goodnow CC, Randall KL. T cells and follicular
dendritic cells in germinal center B-cell formation and selection. Immunol
Rev. 2010;237(1):72–89. https://doi.org/10.1111/j.1600-065X.2010.00937.x.
Aydar Y, Balogh P, Tew JG, Szakal AK. Altered regulation of fc gamma RII on
aged follicular dendritic cells correlates with immunoreceptor tyrosinebased inhibition motif signaling in B cells and reduced germinal center
formation. J Immunol. 2003;171(11):5975–87.
Uhrlaub JL, Pulko V, DeFilippis VR, Broeckel R, Streblow DN, Coleman GD, et
al. Dysregulated TGF-beta production underlies the age-related vulnerability
to chikungunya virus. PLoS Pathog. 2016;12(10):e1005891. https://doi.org/1
0.1371/journal.ppat.1005891.
Richner JM, Gmyrek GB, Govero J, Tu Y, van der Windt GJ, Metcalf TU, et al.
Age-dependent cell trafficking defects in draining lymph nodes impair
adaptive immunity and control of West Nile virus infection. PLoS Pathog.
2015;11(7):e1005027. https://doi.org/10.1371/journal.ppat.1005027.
Bajenoff M, Egen JG, Koo LY, Laugier JP, Brau F, Glaichenhaus N, et al.
Stromal cell networks regulate lymphocyte entry, migration, and territoriality
in lymph nodes. Immunity. 2006;25(6):989–1001. https://doi.org/10.1016/j.
immuni.2006.10.011.
Kityo C, Makamdop KN, Rothenberger M, Chipman JG, Hoskuldsson T,
Beilman GJ, et al. Lymphoid tissue fibrosis is associated with impaired
vaccine responses. J Clin Invest. 2018;128(7):2763–73. https://doi.org/10.11
72/JCI97377.
Kostova D, Reed C, Finelli L, Cheng PY, Gargiullo PM, Shay DK, et al.
Influenza illness and hospitalizations averted by influenza vaccination in the
United States, 2005-2011. PLoS One. 2013;8(6):e66312. https://doi.org/10.13
71/journal.pone.0066312.
Osterholm MT, Kelley NS, Sommer A, Belongia EA. Efficacy and effectiveness
of influenza vaccines: a systematic review and meta-analysis. Lancet Infect
Dis. 2011;12(1):36–44.
Russell K, Chung JR, Monto AS, Martin ET, Belongia EA, McLean HQ, et al.
Influenza vaccine effectiveness in older adults compared with younger
adults over five seasons. Vaccine. 2018;36(10):1272–8. https://doi.org/10.1
016/j.vaccine.2018.01.045.
Nunez IA, Carlock MA, Allen JD, Owino SO, Moehling KK, Nowalk P, et al.
Impact of age and pre-existing influenza immune responses in humans
receiving split inactivated influenza vaccine on the induction of the breadth
of antibodies to influenza a strains. PLoS One. 2017;12(11):e0185666. https://
doi.org/10.1371/journal.pone.0185666.
Fulton RB, Varga SM. Effects of aging on the adaptive immune response to
respiratory virus infections. Aging Health. 2009;5(6):775. https://doi.org/1
0.2217/ahe.09.69.

Page 14 of 16

120. Ju CH, Blum LK, Kongpachith S, Lingampalli N, Mao R, Brodin P, et al.
Plasmablast antibody repertoires in elderly influenza vaccine responders
exhibit restricted diversity but increased breadth of binding across influenza
strains. Clin Immunol. 2018;193:70–9. https://doi.org/10.1016/j.clim.2018.01.011.
121. Chan KH, To KK, Hung IF, Zhang AJ, Chan JF, Cheng VC, et al. Differences in
antibody responses of individuals with natural infection and those
vaccinated against pandemic H1N1 2009 influenza. ClinVaccine Immunol.
2011;18(5):867–73.
122. McElhaney JE, Kuchel GA, Zhou X, Swain SL, Haynes L. T-cell immunity to
influenza in older adults: a pathophysiological framework for development
of more effective vaccines. Front Immunol. 2016;7:41. https://doi.org/10.33
89/fimmu.2016.00041.
123. Kang I, Hong MS, Nolasco H, Park SH, Dan JM, Choi JY, et al. Age-associated
change in the frequency of memory CD4+ T cells impairs long term CD4+
T cell responses to influenza vaccine. J Immunol. 2004;173(1):673–81.
124. Lefebvre JS, Masters AR, Hopkins JW, Haynes L. Age-related impairment of
humoral response to influenza is associated with changes in antigen
specific T follicular helper cell responses. Sci Rep. 2016;6:25051. https://doi.
org/10.1038/srep25051.
125. Yager EJ, Ahmed M, Lanzer K, Randall TD, Woodland DL, Blackman MA. Age
-associated decline in T cell repertoire diversity leads to holes in the repertoire
and impaired immunity to influenza virus. J Exp Med. 2008;205(3):711–23.
126. Deng Y, Jing Y, Campbell AE, Gravenstein S. Age-related impaired type 1 T
cell responses to influenza: reduced activation ex vivo, decreased expansion
in CTL culture in vitro, and blunted response to influenza vaccination in
vivo in the elderly. J Immunol. 2004;172(6):3437–46.
127. Zheng B, Zhang Y, He H, Marinova E, Switzer K, Wansley D, et al.
Rectification of age-associated deficiency in cytotoxic T cell response to
influenza a virus by immunization with immune complexes. J Immunol.
2007;179(9):6153–9.
128. O’Hagan DT, Ott GS, De Gregorio E, Seubert A. The mechanism of action of
MF59 - an innately attractive adjuvant formulation. Vaccine. 2012;30(29):
4341–8. https://doi.org/10.1016/j.vaccine.2011.09.061.
129. Cioncada R, Maddaluno M, Vo HTM, Woodruff M, Tavarini S, Sammicheli C,
et al. Vaccine adjuvant MF59 promotes the intranodal differentiation of
antigen-loaded and activated monocyte-derived dendritic cells. PLoS One.
2017;12(10):e0185843. https://doi.org/10.1371/journal.pone.0185843.
130. Tsai TF. Fluad(R)-MF59(R)-Adjuvanted influenza vaccine in older adults. Infect
Chemother. 2013;45(2):159–74. https://doi.org/10.3947/ic.2013.45.2.159.
131. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE. Respiratory syncytial
virus infection in elderly and high-risk adults. N Engl J Med. 2005;352(17):
1749–59. https://doi.org/10.1056/NEJMoa043951.
132. Falsey AR, Walsh EE. Respiratory syncytial virus infection in elderly adults.
Drugs Aging. 2005;22(7):577–87. https://doi.org/10.2165/00002512-200522
070-00004.
133. Ivey KS, Edwards KM, Talbot HK. Respiratory syncytial virus and associations
with cardiovascular disease in adults. J Am Coll Cardiol. 2018;71(14):1574–83.
https://doi.org/10.1016/j.jacc.2018.02.013.
134. Ackerson B, Tseng HF, Sy LS, Solano Z, Slezak J, Luo Y, et al. Severe
morbidity and mortality associated with respiratory syncytial virus versus
influenza infection in hospitalized older adults. Clin Infect Dis. 2018. https://
doi.org/10.1093/cid/ciy991.
135. Kwon YS, Park SH, Kim MA, Kim HJ, Park JS, Lee MY, et al. Risk of mortality
associated with respiratory syncytial virus and influenza infection in adults.
BMC Infect Dis. 2017;17(1):785. https://doi.org/10.1186/s12879-017-2897-4.
136. Lee N, Lui GC, Wong KT, Li TC, Tse EC, Chan JY, et al. High morbidity and
mortality in adults hospitalized for respiratory syncytial virus infections. Clin
Infect Dis. 2013;57(8):1069–77. https://doi.org/10.1093/cid/cit471.
137. Openshaw PJ. The mouse model of respiratory syncytial virus disease. Curr
Top Microbiol Immunol. 2013;372:359–69. https://doi.org/10.1007/
978-3-642-38919-1_18.
138. Cannon MJ, Openshaw PJ, Askonas BA. Cytotoxic T cells clear virus but
augment lung pathology in mice infected with respiratory syncytial virus. J
Exp Med. 1988;168(3):1163–8.
139. Legg JP, Hussain IR, Warner JA, Johnston SL, Warner JO. Type 1 and
type 2 cytokine imbalance in acute respiratory syncytial virus
bronchiolitis. Am J Respir Crit Care Med. 2003;168(6):633–9. https://doi.
org/10.1164/rccm.200210-1148OC.
140. Roumanes D, Falsey AR, Quataert S, Secor-Socha S, Lee FE, Yang H, et al. T
-cell responses in adults during natural respiratory syncytial virus infection. J
Infect Dis. 2018;218(3):418–28. https://doi.org/10.1093/infdis/jiy016.

Crooke et al. Immunity & Ageing

(2019) 16:25

141. de Bree GJ, Heidema J, van Leeuwen EM, van Bleek GM, Jonkers RE,
Jansen HM, et al. Respiratory syncytial virus-specific CD8+ memory T
cell responses in elderly persons. J Infect Dis. 2005;191(10):1710–8.
https://doi.org/10.1086/429695.
142. Cherukuri A, Patton K, Gasser RA Jr, Zuo F, Woo J, Esser MT, et al. Adults 65
years old and older have reduced numbers of functional memory T cells to
respiratory syncytial virus fusion protein. Clin Vaccine Immunol. 2013;20(2):
239–47. https://doi.org/10.1128/CVI.00580-12.
143. Cusi MG, Martorelli B, Di Genova G, Terrosi C, Campoccia G, Correale P. Age
related changes in T cell mediated immune response and effector memory
to respiratory syncytial virus (RSV) in healthy subjects. Immun Ageing. 2010;
7:14. https://doi.org/10.1186/1742-4933-7-14.
144. Bagga B, Cehelsky JE, Vaishnaw A, Wilkinson T, Meyers R, Harrison LM, et al.
Effect of preexisting serum and mucosal antibody on experimental
respiratory syncytial virus (RSV) challenge and infection of adults. J Infect
Dis. 2015;212(11):1719–25. https://doi.org/10.1093/infdis/jiv281.
145. Walsh EE, Falsey AR. Humoral and mucosal immunity in protection from
natural respiratory syncytial virus infection in adults. J Infect Dis. 2004;190(2):
373–8. https://doi.org/10.1086/421524.
146. Falsey AR, Walsh EE. Relationship of serum antibody to risk of respiratory
syncytial virus infection in elderly adults. J Infect Dis. 1998;177(2):463–6.
147. Habibi MS, Jozwik A, Makris S, Dunning J, Paras A, DeVincenzo JP, et al.
Impaired antibody-mediated protection and defective IgA B-cell
memory in experimental infection of adults with respiratory syncytial
virus. Am J Respir Crit Care Med. 2015;191(9):1040–9. https://doi.org/1
0.1164/rccm.201412-2256OC.
148. Higgins D, Trujillo C, Keech C. Advances in RSV vaccine research and
development - a global agenda. Vaccine. 2016;34(26):2870–5. https://doi.
org/10.1016/j.vaccine.2016.03.109.
149. Falloon J, Yu J, Esser MT, Villafana T, Yu L, Dubovsky F, et al. An Adjuvanted,
Postfusion F protein-based vaccine did not prevent respiratory syncytial
virus illness in older adults. J Infect Dis. 2017;216(11):1362–70. https://doi.
org/10.1093/infdis/jix503.
150. Cullen LM, Schmidt MR, Morrison TG. The importance of RSV F protein
conformation in VLPs in stimulation of neutralizing antibody titers in mice
previously infected with RSV. Hum Vaccin Immunother. 2017;13(12):2814–23.
https://doi.org/10.1080/21645515.2017.1329069.
151. Chong CP, Street PR. Pneumonia in the elderly: a review of the
epidemiology, pathogenesis, microbiology, and clinical features. South
Med J. 2008;101(11):1141–5; quiz 32, 79. https://doi.org/10.1097/SMJ.
0b013e318181d5b5.
152. Krone CL, van de Groep K, Trzcinski K, Sanders EA, Bogaert D.
Immunosenescence and pneumococcal disease: an imbalance in host
-pathogen interactions. Lancet Respir Med. 2014;2(2):141–53. https://doi.
org/10.1016/S2213-2600(13)70165-6.
153. Bonten MJ, Huijts SM, Bolkenbaas M, Webber C, Patterson S, Gault S, et al.
Polysaccharide conjugate vaccine against pneumococcal pneumonia in
adults. N Engl J Med. 2015;372(12):1114–25. https://doi.org/10.1056/
NEJMoa1408544.
154. Pilishvili T, Bennett NM. Pneumococcal disease prevention among adults:
strategies for the use of pneumococcal vaccines. Vaccine. 2015;33(Suppl 4):
D60–5. https://doi.org/10.1016/j.vaccine.2015.05.102.
155. Kraicer-Melamed H, O’Donnell S, Quach C. The effectiveness of
pneumococcal polysaccharide vaccine 23 (PPV23) in the general population
of 50 years of age and older: a systematic review and meta-analysis.
Vaccine. 2016;34(13):1540–50. https://doi.org/10.1016/j.vaccine.2016.02.024.
156. Malley R. Antibody and cell-mediated immunity to Streptococcus
pneumoniae: implications for vaccine development. J Mol Med (Berl). 2010;
88(2):135–42. https://doi.org/10.1007/s00109-009-0579-4.
157. Moberley S, Holden J, Tatham DP, Andrews RM. Vaccines for preventing
pneumococcal infection in adults. Cochrane Database Syst Rev. 2013;1:
CD000422. https://doi.org/10.1002/14651858.CD000422.pub3.
158. Hagiwara Y, McGhee JR, Fujihashi K, Kobayashi R, Yoshino N, Kataoka K, et
al. Protective mucosal immunity in aging is associated with functional CD4+
T cells in nasopharyngeal-associated lymphoreticular tissue. J Immunol.
2003;170(4):1754–62. https://doi.org/10.4049/jimmunol.170.4.1754.
159. Fukuyama Y, King JD, Kataoka K, Kobayashi R, Gilbert RS, Hollingshead SK, et
al. A combination of Flt3 ligand cDNA and CpG oligodeoxynucleotide as
nasal adjuvant elicits protective secretory-IgA immunity to Streptococcus
pneumoniae in aged mice. J Immunol. 2011;186(4):2454–61. https://doi.
org/10.4049/jimmunol.1002837.

Page 15 of 16

160. Simell B, Vuorela A, Ekstrom N, Palmu A, Reunanen A, Meri S, et al. Aging
reduces the functionality of anti-pneumococcal antibodies and the killing of
Streptococcus pneumoniae by neutrophil phagocytosis. Vaccine. 2011;
29(10):1929–34. https://doi.org/10.1016/j.vaccine.2010.12.121.
161. Schmid P, Selak S, Keller M, Luhan B, Magyarics Z, Seidel S, et al. Th17/Th1
biased immunity to the pneumococcal proteins PcsB, StkP and PsaA in
adults of different age. Vaccine. 2011;29(23):3982–9. https://doi.org/10.1016/
j.vaccine.2011.03.081.
162. Simell B, Lahdenkari M, Reunanen A, Kayhty H, Vakevainen M. Effects of
ageing and gender on naturally acquired antibodies to pneumococcal
capsular polysaccharides and virulence-associated proteins. Clin Vaccine
Immunol. 2008;15(9):1391–7. https://doi.org/10.1128/CVI.00110-08.
163. Lu YJ, Gross J, Bogaert D, Finn A, Bagrade L, Zhang Q, et al. Interleukin-17A
mediates acquired immunity to pneumococcal colonization. PLoS Pathog.
2008;4(9):e1000159. https://doi.org/10.1371/journal.ppat.1000159.
164. Meyer KC, Ershler W, Rosenthal NS, Lu XG, Peterson K. Immune
dysregulation in the aging human lung. Am J Respir Crit Care Med. 1996;
153(3):1072–9. https://doi.org/10.1164/ajrccm.153.3.8630547.
165. Falkenhorst G, Remschmidt C, Harder T, Hummers-Pradier E, Wichmann O,
Bogdan C. Effectiveness of the 23-valent pneumococcal polysaccharide
vaccine (PPV23) against pneumococcal disease in the elderly: systematic
review and meta-analysis. PLoS One. 2017;12(1):e0169368. https://doi.org/1
0.1371/journal.pone.0169368.
166. Gruber WC, Scott DA, Emini EA. Development and clinical evaluation
of Prevnar 13, a 13-valent pneumocococcal CRM197 conjugate
vaccine. Ann N Y Acad Sci. 2012;1263:15–26. https://doi.org/10.1111/
j.1749-6632.2012.06673.x.
167. Musher DM, Sampath R, Rodriguez-Barradas MC. The potential role for protein
-conjugate pneumococcal vaccine in adults: what is the supporting evidence?
Clin Infect Dis. 2011;52(5):633–40. https://doi.org/10.1093/cid/ciq207.
168. Metersky ML, Dransfield MT, Jackson LA. Determining the optimal
pneumococcal vaccination strategy for adults: is there a role for the
pneumococcal conjugate vaccine? Chest. 2010;138(3):486–90. https://doi.
org/10.1378/chest.10-0738.
169. Gershon AA, Gershon MD. Pathogenesis and current approaches to control
of varicella-zoster virus infections. Clin Microbiol Rev. 2013;26(4):728–43.
https://doi.org/10.1128/CMR.00052-13.
170. Weinberg A, Levin MJ. VZV T cell-mediated immunity. Curr Top Microbiol
Immunol. 2010;342:341–57. https://doi.org/10.1007/82_2010_31.
171. Centers for Disease Control and Prevention. Shingles (Herpes Zoster)
Overview. https://www.cdc.gov/shingles/about/overview.html.
172. Cunningham AL, Lal H, Kovac M, Chlibek R, Hwang SJ, Diez-Domingo J, et
al. Efficacy of the herpes zoster subunit vaccine in adults 70 years of age or
older. N Engl J Med. 2016;375(11):1019–32. https://doi.org/10.1056/
NEJMoa1603800.
173. Lal H, Cunningham AL, Godeaux O, Chlibek R, Diez-Domingo J, Hwang SJ,
et al. Efficacy of an adjuvanted herpes zoster subunit vaccine in older
adults. N Engl J Med. 2015;372(22):2087–96. https://doi.org/10.1056/
NEJMoa1501184.
174. Levin MJ, Kroehl ME, Johnson MJ, Hammes A, Reinhold D, Lang N, et al. Th1
memory differentiates recombinant from live herpes zoster vaccines. J Clin
Invest. 2018. https://doi.org/10.1172/JCI121484.
175. Oxman MN, Levin MJ, Johnson GR, Schmader KE, Straus SE, Gelb LD, et al. A
vaccine to prevent herpes zoster and postherpetic neuralgia in older adults.
N Engl J Med. 2005;352(22):2271–84.
176. Schmader KE, Johnson GR, Saddier P, Ciarleglio M, Wang WW, Zhang
JH, et al. Effect of a zoster vaccine on herpes zoster-related interference
with functional status and health-related quality-of-life measures in
older adults. J Am Geriatr Soc. 2010;58(9):1634–41. https://doi.org/1
0.1111/j.1532-5415.2010.03021.x.
177. James SF, Chahine EB, Sucher AJ, Hanna C. Shingrix: the new Adjuvanted
recombinant herpes zoster vaccine. Ann Pharmacother. 2018;52(7):673–80.
https://doi.org/10.1177/1060028018758431.
178. Chlibek R, Pauksens K, Rombo L, van Rijckevorsel G, Richardus JH, Plassmann
G, et al. Long-term immunogenicity and safety of an investigational herpes
zoster subunit vaccine in older adults. Vaccine. 2016;34(6):863–8. https://doi.
org/10.1016/j.vaccine.2015.09.073.
179. Cunningham AL, Heineman TC, Lal H, Godeaux O, Chlibek R, Hwang SJ, et
al. Immune responses to a recombinant glycoprotein E herpes zoster
vaccine in adults aged 50 years or older. J Infect Dis. 2018;217(11):1750–60.
https://doi.org/10.1093/infdis/jiy095.

Crooke et al. Immunity & Ageing

(2019) 16:25

180. Didierlaurent AM, Laupeze B, Di Pasquale A, Hergli N, Collignon C, Garcon
N. Adjuvant system AS01: helping to overcome the challenges of modern
vaccines. Expert Rev Vaccines. 2017;16(1):55–63. https://doi.org/10.1080/1476
0584.2016.1213632.
181. Baxter R, Ray P, Tran TN, Black S, Shinefield HR, Coplan PM, et al. Long-term
effectiveness of varicella vaccine: a 14-year, prospective cohort study.
Pediatrics. 2013;131(5):e1389–96. https://doi.org/10.1542/peds.2012-3303.
182. Cunningham AL, Levin MJ. Herpes Zoster Vaccines. J Infect Dis. 2018;
218(suppl_2):S127–33. https://doi.org/10.1093/infdis/jiy382.
183. Sullivan NL, Reuter-Monslow MA, Sei J, Durr E, Davis CW, Chang C, et al.
Breadth and Functionality of Varicella-Zoster Virus Glycoprotein-Specific
Antibodies Identified after Zostavax Vaccination in Humans. J Virol. 2018;
92(14). https://doi.org/10.1128/JVI.00269-18.
184. Dutta S, Sengupta P. Men and mice: relating their ages. Life Sci. 2016;152:
244–8. https://doi.org/10.1016/j.lfs.2015.10.025.
185. Xiao Y, Hendriks J, Langerak P, Jacobs H, Borst J. CD27 is acquired by
primed B cells at the centroblast stage and promotes germinal center
formation. J Immunol. 2004;172(12):7432–41.
186. Bleesing JJ, Fleisher TA. Human B cells express a CD45 isoform that is
similar to murine B220 and is downregulated with acquisition of the
memory B-cell marker CD27. Cytometry B Clin Cytom. 2003;51(1):1–8.
https://doi.org/10.1002/cyto.b.10007.
187. Nguyen A, Khoo WH, Moran I, Croucher PI, Phan TG. Single cell RNA
sequencing of rare immune cell populations. Front Immunol. 2018;9:1553.
https://doi.org/10.3389/fimmu.2018.01553.
188. Yao Y, Liu R, Shin MS, Trentalange M, Allore H, Nassar A, et al. CyTOF
supports efficient detection of immune cell subsets from small samples. J
Immunol Methods. 2014;415:1–5. https://doi.org/10.1016/j.jim.2014.10.010.
189. Belser JA, Barclay W, Barr I, Fouchier RAM, Matsuyama R, Nishiura H, et
al. Ferrets as models for influenza virus transmission studies and
pandemic risk assessments. Emerg Infect Dis. 2018;24(6):965–71. https://
doi.org/10.3201/eid2406.172114.
190. Taylor G. Animal models of respiratory syncytial virus infection. Vaccine.
2017;35(3):469–80. https://doi.org/10.1016/j.vaccine.2016.11.054.
191. Haberthur K, Messaoudi I. Animal models of varicella zoster virus infection.
Pathogens. 2013;2(2):364–82. https://doi.org/10.3390/pathogens2020364.
192. Lambkin-Williams R, Noulin N, Mann A, Catchpole A, Gilbert AS. The human
viral challenge model: accelerating the evaluation of respiratory antivirals,
vaccines and novel diagnostics. Respir Res. 2018;19(1):123. https://doi.org/1
0.1186/s12931-018-0784-1.
193. Dock J, Ramirez CM, Hultin L, Hausner MA, Hultin P, Elliott J, et al. Distinct aging
profiles of CD8+ T cells in blood versus gastrointestinal mucosal compartments.
PLoS One. 2017;12(8):e0182498. https://doi.org/10.1371/journal.pone.0182498.
194. Pawelec G, Ferguson FG, Wikby A. The SENIEUR protocol after 16 years.
Mech Ageing Dev. 2001;122(2):132–4.
195. Olsson J, Wikby A, Johansson B, Lofgren S, Nilsson BO, Ferguson FG. Age
-related change in peripheral blood T-lymphocyte subpopulations and
cytomegalovirus infection in the very old: the Swedish longitudinal OCTO
immune study. Mech Ageing Dev. 2000;121(1–3):187–201.
196. Spyridopoulos I, Martin-Ruiz C, Hilkens C, Yadegarfar ME, Isaacs J, Jagger C,
et al. CMV seropositivity and T-cell senescence predict increased
cardiovascular mortality in octogenarians: results from the Newcastle 85+
study. Aging Cell. 2016;15(2):389–92. https://doi.org/10.1111/acel.12430.
197. Li H, Weng P, Najarro K, Xue QL, Semba RD, Margolick JB, et al. Chronic
CMV infection in older women: longitudinal comparisons of CMV DNA in
peripheral monocytes, anti-CMV IgG titers, serum IL-6 levels, and CMV pp65
(NLV)-specific CD8(+) T-cell frequencies with twelve year follow-up. Exp
Gerontol. 2014;54:84–9. https://doi.org/10.1016/j.exger.2014.01.010.
198. Ferrando-Martinez S, Ruiz-Mateos E, Casazza JP, de Pablo-Bernal RS,
Dominguez-Molina B, Munoz-Fernandez MA, et al.
IFNgamma(−)TNFalpha(−)IL2(−)MIP1alpha(−)CD107a(+)PRF1(+) CD8 pp65
-Specific T-Cell Response Is Independently Associated With Time to Death
in Elderly Humans. J Gerontol A Biol Sci Med Sci. 2015;70(10):1210–8.
https://doi.org/10.1093/gerona/glu171.
199. Hagan T, Nakaya HI, Subramaniam S, Pulendran B. Systems vaccinology:
enabling rational vaccine design with systems biological approaches.
Vaccine. 2015;33(40):5294–301. https://doi.org/10.1016/j.vaccine.2015.03.072.
200. Hagan T, Pulendran B. Will Systems Biology Deliver Its Promise and
Contribute to the Development of New or Improved Vaccines? From Data
to Understanding through Systems Biology. Cold Spring Harb Perspect Biol.
2018;10(8). https://doi.org/10.1101/cshperspect.a028894.

Page 16 of 16

201. Kennedy RB, Ovsyannikova IG, Lambert ND, Haralambieva IH, Poland GA.
The personal touch: strategies toward personalized vaccines and predicting
immune responses to them. Expert Rev Vaccines. 2014;13(5):657–69. https://
doi.org/10.1586/14760584.2014.905744.
202. Pezeshki A, Ovsyannikova IG, McKinney BA, Poland GA, Kennedy RB. The
role of systems biology approaches in determining molecular signatures for
the development of more effective vaccines. Expert Rev Vaccines. 2019;
18(3):253–67. https://doi.org/10.1080/14760584.2019.1575208.
203. Poland GA, Ovsyannikova IG, Kennedy RB. Personalized vaccinology: a review.
Vaccine. 2017;36(36):5350–7. https://doi.org/10.1016/j.vaccine.2017.07.062.
204. Zak DE, Aderem A. Systems integration of innate and adaptive immunity.
Vaccine. 2015;33(40):5241–8. https://doi.org/10.1016/j.vaccine.2015.05.098.
205. Haralambieva IH, Ovsyannikova IG, Kennedy RB, Zimmermann MT, Grill DE,
Oberg AL, et al. Transcriptional signatures of influenza a/H1N1-specific IgG
memory-like B cell response in older individuals. Vaccine. 2016;34(34):3993
–4002. https://doi.org/10.1016/j.vaccine.2016.06.034.
206. Voigt EA, Grill DE, Zimmermann MT, Simon WL, Ovsyannikova IG, Kennedy RB,
et al. Transcriptomic signatures of cellular and humoral immune responses in
older adults after seasonal influenza vaccination identified by data-driven
clustering. Sci Rep. 2018;8(1):739. https://doi.org/10.1038/s41598-017-17735-x.
207. Zimmermann MT, Oberg AL, Grill DE, Ovsyannikova IG, Haralambieva IH,
Kennedy RB, et al. System-wide associations between DNA-methylation, gene
expression, and humoral immune response to influenza vaccination. PLoS One.
2016;11(3):e0152034. https://doi.org/10.1371/journal.pone.0152034.
208. Kennedy RB, Ovsyannikova IG, Haralambieva IH, Oberg AL, Zimmermann
MT, Grill DE, et al. Immunosenescence-related transcriptomic and
immunologic changes in older individuals following influenza vaccination.
Front Immunol. 2016;7:450.
209. ClinicalTrials.gov. Bethesda (MD): National Library of Medicine (US). 2000 Feb 29.
Identifier NCT03603509, Influenza vaccine responses; 2018 July 18 [cited 2019 Feb
13]. Available from:https://clinicaltrials.gov/ct2/keydates/NCT03603509.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

