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Translation of recent advances

The most profound consequences of immune senescence with respect to human health are the
increased susceptibility to infectious diseases and decreased vaccine efficacy. Changes in both innate
and adaptive immune function converge in the reduced response to vaccination and protection against
infection and related diseases. The decline in thymic output of naive T cells diminishes responses to
novel antigens, such as West Nile Virus, while clonal expansions leading to defects in the T cell
repertoire are associated with blunted responses of memory T cells to conserved epitopes of the
influenza virus. Recent studies on how immunologic mechanisms of protection change during aging
have led to novel strategies for improving vaccine responsiveness and outcomes of infectious diseases
in older adults.

Introduction

Aging of the immune system results in a loss of adaptive immune function with relative
preservation of innate immunity. There is a decline in the absolute number of B cells and helper
(CD4+) and cytotoxic (CD8+) T lymphocytes with a relative increase in natural killer (NK)
cells, such that the overall lymphocyte count does not change with aging. Thymic involution
and a decline in naive T cell output with increasing age, together with a lifetime of exposure
to a variety of pathogens, leads to a dramatic reduction in the naive T cell pool and a relative
increase the proportion of memory T cells. Within the total memory pool, arguably, the most
dramatic functional changes occur in the CD8+ T cell subset, where progressive exhaustion of
this compartment leads to the loss of costimulatory molecules (CD28), shortening of telomeres,
and terminal differentiation to end stage cells that are resistant to the usual apoptotic
mechanisms that control the size of memory T cell clones responding to a particular pathogen
[1]. These changes are associated with an increase in levels of inflammatory cytokines, or
“inflammaging”, which may also contribute to the dysregulation of the cell-mediated immune
response [2]. This review will focus on strategies that could promote more effective adaptive
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immune responses to infectious agents and to prophylactic vaccines, and will also suggest
possible methods to measure these responses in the older adult population.

Drivers of Imnmunosenescence: Role of Latent Infections

Early studies showed that human somatic cells have a finite number of replicative cycles [3]
and more recently, these observations have been extended to T lymphocytes under conditions
of repetitive stimulation and proliferation in long term culture (reviewed in [4]). The term
replicative sensescence is used to describe the stage at which telomeres are shortened to a
critical length such that a lymphocyte proliferative response can no longer be elicited and CD8
+ T cells show permanently suppressed expression of the co-stimulatory molecule, CD28.
Subsequent in vivo studies documented an association between increased proportions of CD8
+CD28- T cells and poor antibody responses to influenza vaccination [5,6] and seropositivity
for cytomegalovirus (CMV)[7]. Indeed, it has been shown that most of these CD8+CD28-
memory T cells are part of large clonal expansions that are specific for persistent viruses,
mainly cytomegalovirus (CMV), but also Epstein-Barr virus (EBV) and varicella zoster virus
(VZV) [4]. Although these viruses typically establish asymptomatic latent infection with
intermittent subclinical episodes of reactivation, suppression of disease activity is related to
CD8+ T lymphocyte presence and function. By old age, excessive accumulation of these virus-
specific CD8+ T lymphocytes eventually overgrows the T lymphocyte pool, compromising
immune function and restricting the overall immune repertoire [8]. Restrictions in the T cell
repertoire related to clonal expansions have also been demonstrated in naive CD8+ T cells in
aged mice [9,10]. A similar situation occurs in young persons infected with another virus that
establishes latency, namely HIV-1. Indeed, the accumulation of clonally expanded populations
of CD8+CD28- T cells occurs decades earlier in HIV-infected persons. Moreover, reminiscent
of longitudinal studies in the elderly [11], the increased proportion of these cells early during
the infection is actually predictive of more rapid progression to AIDS [12].

Chronic CMV infection has been suggested as the main stimulus driving the in vivo process
of replicative senescence, which in many studies is associated with clonal expansion of CD8
+ T cells, an inverted CD4:CD8 ratio (i.e., <1), and increased numbers of CD8+CD28- T cells
[13]. Other studies showed that CMV-specific T cells are largely terminally differentiated
effector memory T cells (Figure 1) expressing CD45RA (Temra)[14]. Although there is, in
fact, direct evidence that clonally expanded CD8+ T cells are CMV-specific, it is curious that
those older individuals with the so-called immune risk phenotype (CD4:CD8 ratio <1) and
increased mortality actually had fewer numbers of expanded CMV-specific clones [11].
Moreover, several recent studies have questioned whether chronic CMV infection is the major
driver of age-related changes in CD8+ T cells [15], and some have shown that clonally
expanded CD8+ T cells may have divergent properties [16,17]. Thus, the direct mechanistic
link between these changes in CD8+ T cells and the dramatic increase with age in the risk for
complicated viral illnesses such as influenza, respiratory syncytial virus, and reactivation of
herpes zoster to cause shingles and post-herpetic neuralgia, has yet to be made. Similarly, while
these changes in CD8+ T cells have been linked to poor antibody responses to influenza
vaccination, only a limited number of studies measuring CD8+ T-cell responses as correlates
of protection against influenza following vaccination in older adults have been published
(Reviewed in [18]).

Efforts to develop strategies to reverse or retard the process of CD8+ T cell replicative
senescence are viewed as critical, since the presence of senescent CD8+ T cells in the peripheral
blood of elderly persons is associated with a variety of deleterious health effects. In addition
to the reduced responses to influenza vaccinations mentioned above, high proportions of CD8
+ T lymphocytes with surface phenotypes suggestive of replicative senescence, are associated
with osteoporotic fractures [19]. In patients with head and neck tumors, the CD8+CD28- T
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lymphocyte population undergoes expansion during the period of tumor growth, but is reduced
following tumor resection [20], consistent with the putative role of chronic antigenic
stimulation in driving CD8+ T cell senescence. CD8+CD28- T lymphocytes have also been
shown to exhibit suppressor cell functions and may alter antigen presentation [21], possibly
contributing to the well-documented changes in dendritic cell function during aging [22], a
change that might underlie the association between these cells and reduced vaccine efficacy.
Cultures of senescent CD8+ T lymphocytes also produce high levels of certain pro-
inflammatory cytokines, such as TNFa and IL-6 [23], cytokines that are associated with frailty.

In contrast to what has been observed within the CD8+ T cell population during aging, CD4+
T cells are relatively less affected by replicative senescence. Indeed, CD28 expression is
preserved within this subset during aging [15]. With regard to influenza vaccination, a normal
CDA4+ T cell response is observed in older adults, but over the long-term, the memory CD4+
T cell response is impaired [24]. Nevertheless, these long-term memory changes do not appear
to affect the duration of the serum antibody response to influenza vaccination [25]. In fact, the
reported decrease in antibody titer in response to influenza vaccination in older adults, rather
than correlating with changes in the helper (CD4+) T cells, which are required for antibody
production, is actually associated with increased proportions of CD8+CD28- T cells [5,6].
Further, differences in antibody responses to influenza vaccination in young and older adults,
instead of being directly linked to age, are actually more closely related to the number of prior
vaccinations, older adults tending to be more highly vaccinated [26]. While these data may
suggest that changes in CD4+ T helper activity do not affect antibody responses to influenza
vaccination, measures of antibody titers and avidity in serum [27] may fail to detect the more
subtle changes in antibody maturation and affinity that have been documented in the mouse
model [28]. Interestingly, these changes can be corrected with the addition of a cocktail of
inflammatory cytokines (TNF-a, IL-1, IL-6) [29] or poly I:C [15] to the inoculum, a strategy
that may be worth pursuing to improve influenza vaccine efficacy in older adults.

Translation of age-related changes in T cells to outcomes of vaccination in older adults

A multitude of changes in the immune system occur with aging (Table 1) but the specific
mechanisms that increase risk for influenza illness and limit the protective effects of
vaccination are poorly understood. While serum antibody titers against influenza (by the
hemagglutination inhibition assay) have been used to predict influenza vaccine efficacy and
have been correlated with age-related changes in T cells, mechanistic links have not been made.
This may be due to the fact that antibody-mediated protection prevents infection or “sterilizing
immunity” while T-cell mediated immunity is responsible for clearance of the virus once
infection occurs, thus providing “clinical protection” against disease (Box 1). The increasing
recognition of the importance of T cell immunity in influenza has highlighted the limitations
of antibody titers as a sole measure of vaccine efficacy in older adults, and has underscored
the importance of including cellular immune measures in studying the impact of immune
senescence on vaccine responsiveness [30].

Vaccination studies comparing healthy young and healthy older adults show no difference in
antibody response or affinity to A/H3N2 strains [27] even though strains of this influenza
subtype disproportionately affect older as compared to young adults [31]. Further, our work
has shown that serum antibody titers measured by the influenza hemagglutination inhibition
assay do not distinguish between older individuals who subsequently develop influenza illness
from those who do not [32,33]. Developing novel correlates of protection based on the cell-
mediated immune response are being actively pursued but will need to overcome the challenges
of technical practicality and inter-assay variability for application in large clinical studies of
older populations in whom influenza outcomes can be monitored.
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Given that age-related changes in immune function mainly impact on T-cell function, assays
of this arm of the immune response are needed to evaluate influenza vaccine efficacy in the
older population. In studying T cell function, an important consideration is that, rather than the
absolute concentration of a particular cytokine at one time point, the overall regulation of the
cytokine response appears to be most important for clinical protection [34]. For example, we
have found that the ratio of IFNy:IL-10 in the supernatants of ex vivo influenza-stimulated
PBMC, which reflects the balance of cytokines produced by Th1 and T2 or regulatory T cells
(Treg) in the supernatants of ex vivo influenza-stimulated PBMC shows a significant
correlation with protection against influenza illness in older adults [32]. Further, granzyme B,
a key cytolytic mediator of the T-cell response to influenza in the lung [35], also appears to
correlate with protection against influenza in vaccinated older adults [32,33] (Figure 2; Box
1). Based on these and other similar observations, the importance of eliciting robust cellular
immunity is being increasingly recognized in a variety of vaccine development studies,
including those directed at HIV.

Targeted interventions to improve CD8+ T cell responses

Increasing Thymic Output

Strategies to improve CD8+ T cells responses to vaccination range from those targeted to the
general stabilization of different T cell subsets, to those that provide enhanced stimulation of
an antigen-specific response. Since thymic involution appears to be one of the key elements
of changes that occur in the immune system with aging, thymic rejuvenation techniques have
been sought over many years and are now reaching the early stages of clinical trials. While a
variety of growth factors, cytokines and hormonal therapies have been tested for the
preservation of thymic structure and function, the most promising of these interventions appear
to be keratinocyte growth factor (KGF), IL-7, and ghrelin (Reviewed in [36]). The action of
KGF is to enhance IL-7 production in the thymus, by binding to the KGF receptors on thymic
epithelial cells [37,38], suggesting it might have multiple beneficial effects, given the critical
role of IL-7 in the development and maintenance of T cells, including long-lived memory cells,
following vaccination [39]. IL-7 treatment has been shown to increase thymic output and
numbers of central memory T cells (CD4+ and CD8+) and improve the antibody response to
influenza vaccination in aged rhesus macaques [40]. The administration of KGF may be a
strategy to locally increase IL-7 levels, thereby avoiding potential side effects of systemic IL-7
treatment. Ghrelin, a peptide hormone that binds to the receptors for growth hormone
secretagogues is another evolving treatment strategy to promote thymic output in older animals
[41] and reduce pro-inflammatory cytokine levels [42].

Telomerase-based enhancement of CD8+ T cell anti-viral activity

As noted above, in HIV disease, high proportions of CD8+CD28- T lymphocytes early in the
infection are predictive of subsequent more rapid progression to AIDS [12], reminiscent of the
predictive value of these cells as part of the so-called immune risk phenotype associated with
early mortality in the very old [13]. One of the approaches to prevent or retard the generation
of senescent CD8+ T cells is based on the well-documented link between telomere shortening
and overall replicative potential and function of T lymhocytes [23,43]. Although telomerase
is capable of elongating telomeres and is upregulated in concert with T cell activation, the
activity of this enzyme is completely turned off in CD8+ T cells that are chronically stimulated
in cell culture [44]. The key role of telomerase in the replicative senescence program of CD8
T cells has been documented in gene transduction studies [45] as well as more recent
experiments, using a the so-called ‘TAT-2’ small molecule telomerase activator [46]. Exposure
of CD8+ T cells from HIV-infected persons to TAT-2 not only increased telomerase activity
and replicative potential, but also significantly enhanced a variety of anti-viral effector
functions, such as antigen-specific cyotoxicity and production of IFNy. The anti-viral functions
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are totally abrogated in the presence of a potent and highly specific telomerase inhibitor,
demonstrating that they are mediated by telomerase itself. These observations raise the
possibility that vaccines aimed at eliciting strong cellular immunity might be similarly
enhanced by the incorporation of adjuvants that increase telomerase activity [30].

Adjuvanted Vaccine Formulations

Adjuvanted vaccine formulations currently approved or in clinical trials are being tested for
their ability to improve the antibody response to influenza vaccination. The mechanism by
which these adjuvants act on antigen-presenting cells is poorly understood, and it is hot known
whether they can alter the CD8+ T cell response to influenza virus. Toll-like receptor (TLR)
agonists offer an alternate strategy for improving the cell-mediated immune response to
influenza vaccine. In the mouse model, poly I:C (a TLR3 agonist) appears to possess a unique
mechanism among other TLR agonists in its ability to enhance cognate CD4+ T cell help in
aged animals [47]. As a model for pre-clinical testing of vaccine-adjuvant combinations, we
have shown a dose-response improvement in the T-cell response to influenza challenge
(IFNy:1L-10 ratio and granzyme B activity) in PBMC from older adults when poly I:C was
added to split-virus vaccine (SVV) (McElhaney, unpublished observations). This response was
associated with an increase in IL-1, IL-6, and TNF-a levels in the supernatants of SVV/poly
I:C-stimulated PBMC. However, a cocktail of these inflammatory cytokines added to SVV
was found to suppress, rather than enhance, the T cell response in older adults. Thus, while
inflammatory cytokines alone may be effective for reversing age-related changes in cognate
CD4+ T cell function, the regulation of the release of these cytokines and the related activation
of antigen-presenting dendritic cells appears to be more important for activation of CD8+ T
cells.

Conclusions

Recent studies on immunosenescence have provided a more detailed understanding of cellular
changes and how they might mediate reduced responses to infectious agents and to vaccines.
Translating these new findings to the elderly population will require novel strategies that
specifically address particular facets of cellular immune function that undergo changes with
age, both within the naive and memory populations. With the increasing age of the population,
enhancing immune responses to new and previously encountered pathogens, and preventing
infection via successful vaccination is critical for the healthspan of older adults. Based on some
of the recent findings discussed in this review, it seems that immunologists are now well-
positioned to address these challenges.

BOX 1. Immune Response to Influenza

Vaccination: Role of Dendritic Cells, Helper (T,) and Cytotoxic T
Lymphocytes (CTL)

«  Vaccine containing influenza antigen is taken up by dendritic cells (DC) at the site
of injection, the injection stimulates the “danger signal” with an inflammatory
response that enhances DC activation

« Viral antigen is taken by DCs to adjacent lymph nodes and peptides respectively
presented on MHC | and I, to CTL and T,

« Influenza split (killed) virus vaccines generate memory Tp, but are a weak stimulus
to CTL; new vaccines containing adjuvants such as poly I:C can activate DCs and
thus provide a stronger stimulus to generate memory CTL.

Curr Opin Immunol. Author manuscript; available in PMC 2010 August 1.
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« Antibody responses to vaccination are strain-specific while T cell responses to
conserved epitopes within the subtypes and types of influenza, are much more
cross-reactive across the strains of influenza.

« Antibody titers are a measure of the ability to prevention infection or “sterilizing
immunity”.

« Influenzainfection occurs when there is inadequate antibody to neutralize the virus
and prevent entry into the host cells.

« Inside the cell, the virus sets up factories for viral replication and cellular immune
defense mechanisms are required to clear the virus.

«  Tpcells activated in the local lymph nodes direct a Tyl vs. T2 response

«  With aging, the tendency toward a T2 cytokine response in an environment of
chronically elevated inflammatory cytokines (TNFa, IL-1, IL-6) may stimulate
antibody production but CTL are poorly activated.

«  Poly I:C when added to a vaccine enhances the “danger signal”” such that the recall
response to influenza infection activates both T,,1 and CTL to clear the virus and
provide “clinical protection” against influenza illness.

«  CTL bindtothe viral peptide-MHC | complex and granzymes and perforin released
from CTL cross the intercellular space to induce apoptosis of the virus-infected
cell
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Figure 1.

Differentiation from naive (CD28+CD45RA+) to memory T cells (CD28+CD45RA-), which
after several rounds of expansion and contraction of CTL (CD8+ T cells) become terminally
differentiated (Tgpmra, CD28-CD45RA).
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Figure 2.

Generation of antibodies and memory T helper (Ty,) and cytotoxic T lymphocytes (CTL) in the
lymph node in response to influenza vaccination (upper left). Outcome of influenza infection
in cells of the respiratory tract (lower right) depends on Th1 vs. T2 responses to vaccination
and activation of CTL-mediated killing of virus-infected cells (Box 1).
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Table 1

Immune changes that may impact vaccine efficacy in older adults
CHANGE REFERENCE #
Constricted T cell repertoire 7,8,9,10
Increased proportion of CD8+CD28- T cells 4,6,23
Altered Th function 24,29
Decreased thymic output/reduced naive T cell number 36,37,38
Increased inflammatory cytokines 1,2
Qualitative antibody changes 25,26,27,28
Altered dendritic cell function 22
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