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Abstract

Ageing is a complex process that negatively impacts the development of the immune system and its
ability to function. The mechanisms that underlie these age-related defects are broad and range from
defects in the haematopoietic bone marrow to defects in peripheral lymphocyte migration, maturation
and function. The thymus is a central lymphoid organ responsible for production of naive T cells,
which play a vital role in mediating both cellular and humoral immunity. Chronic involution of the
thymus gland is thought to be one of the major contributing factors to loss of immune function with
increasing age. It has recently been demonstrated that thymic atrophy is mediated by a shift from a
stimulatory to a suppressive cytokine microenvironment. In this review we present an overview of
the morphological, cellular and biochemical changes that have been implicated in the decline of
thymic and peripheral immune function with ageing. We conclude with the clinical implications of
age-associated immunosenescence to vaccine development for tumours and infectious disease. A
fundamental understanding of the complex mechanisms by which ageing attenuates immune function
will enable translational research teams to develop new therapies and vaccines specifically aimed at
overcoming these defects in immunological function in the aged.

Keywords
ageing; haematopoiesis; thymopoiesis; B cells; T cells; infectious diseases; vaccines

Introduction

Ageing is a complex process affecting a wide variety of physiological functions, including the
development and maintenance of the peripheral immune system [1]. It is widely accepted that
the ageing process attenuates host ability to mount a robust or effective immune response. Only
recently have advances in cellular and molecular phenotyping enabled researchers to more
clearly elucidate the mechanisms that underlie immunoscenescence associated with ageing.

The peripheral immune system develops from haematopoietic stem cells that originate in the
bone marrow. Lymphoid progenitors (including T and B cells) emigrate from the bone marrow
and migrate to specialized peripheral sites, ie thymus, spleen, lymph nodes, to further mature,
differentiate and acquire appropriate self/non-self-education. Upon identification of danger or
a foreign invader, innate immune cells respond by destroying infected cells (NK cells) and
releasing cytokines and chemokines to recruit additional cells to fight the infection and alter
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host tissues, a process commonly referred to as inflammation. This innate immune response
can further progress to an adaptive (antigen-specific) immune response with the recruitment
of effector T and B lymphocytes. Following effective clearance of the invading pathogen, the
host immune response must wane and return to a quiescent state to prevent inadvertent damage.
This latter process is in part mediated by a specialized subset of T cells called regulatory T
cells (Treg).

T lymphocytes become specialized in the thymus gland to play a pivotal role in conducting the
adaptive immune orchestra resulting in cellular immunity (via CD8 cytotoxic T cells) and B
cell-mediated humoral immunity. T cells are considered to be highly vulnerable to the ‘effects’
of ageing. A number of factors have been linked to the decline in T cell function with age;
however, it appears that chronic age-induced thymic atrophy and resultant decreased output of
naive T cells is the most important factor [2].

In this review we present an overview of the morphological, cellular and biochemical changes
that have been implicated in the decline of immune function with ageing. To accomplish this
we have ontologically divided the review into: (a) a brief overview of the impact of ageing on
bone marrow stroma and its resident stem cell populations; (b) a discussion of age-induced
changes that modulate thymopoiesis; and (c) a summary of defects associated with ageing in
peripheral lymphoid tissues and lymphocyte subsets. We conclude with a discussion of the
clinical implications of this age-associated decline in immune function, with specific regard
to tumour and infectious disease vaccine development.

Bone marrow-derived stem cells

The bone marrow contains pluripotent stem cells that mature into bone tissue (non-
haematopoietic cells) and cells that form peripheral blood cells, which further develop in
specialized secondary compartments into functional immune cells (haematopoietic lineages)
[3]. The stromal matrix of the bone marrow compartment is composed of accessory cells, such
as megakaryocytes, osteoblasts, osteoclasts, adipocytes, chondrocytes, myoblasts and
fibroblasts, which nurture and drive stem cell production [3]. The haematopoietic compartment
of bone marrow decreases with increasing age and is replaced by fatty adipose tissue [3], thus
suggesting a very early morphological impact of ageing on immune system ontogeny.

As with other stromal tissues, the bone marrow itself produces and responds to a wide variety
of cytokines and hormones. Disturbance of this cytokine milieu may in part be responsible for
the age-induced changes in bone marrow morphology and haematopoietic stem cell output.
Systemic growth hormone, for example, is known to significantly decrease with age and this
loss has been linked to the increased adiposity and decreased cellularity of aged bone marrow
[4]. In support of this, French and colleagues have demonstrated a significant boost in
cellularity and decreased adiposity of bone marrow in aged mice when treated with
recombinant growth hormone [5].

Current studies implicate age-induced dysregulation of cytokine and hormone networks with
this loss in bone marrow stem cell output across the lifespan. Despite a general age-induced
decrease in cellularity of the bone marrow, Wang et al have shown that there is surprisingly
an increase in the number of bone marrow-resident macrophages with age [6]. These aged
macrophages, however, have a decreased ability to secrete tumour necrosis factor (TNF), a key
inflammatory cytokine [6]. Macrophage-derived TNF [7] and IL-1 are essential for stromal
cell secretion of other cytokines critical to stromal integrity, such as IL-6, IL-11, M-CSF, GM-
CSF and receptor activator of NF«B ligand [3]. Ageing has also been shown to dampen the
secretion of IL-7 by bone marrow stromal cells [8]. IL-7 is an essential survival cytokine for
developing lymphocytes. Together, these data suggest that the composition of bone marrow
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stroma and its ability to nurture haematopoietic precursors is substantially compromised with
ageing.

Haematopoietic stem cells

Haematopoietic stem cells (HSCs) give rise to all cellular components of the immune system
(lymphoid and myeloid) and are defined as lineage negative (Lin") CD34" cells [9]. To date,
very little is known about the effects of ageing on HSC and whether ageing HSC can influence
the downstream function of the immune system. Many factors impact haematopoiesis at the
stem cell level, including HSC number [10], function [11-13] and the ability to home to
secondary lymphoid organs [14].

Despite the observation that the haematopoietic compartment of bone marrow decreases with
age, there is no specific evidence that HSC numbers decrease with age. Murine studies do,
however, highlight the importance of age and host genetic background in determining HSC
number and their ability to successfully engraft within bone marrow [15-18]. For example,
short-lived DBA/2 mice have fewer HSCs than long-lived C57BI/6 mice [10]. Age does not,
however, appear to influence the proliferative capacity of HSCs. In vitro proliferation assays
of stem cells from aged animals show initial robust proliferation rates that subsequently decline,
while stem cell proliferation from young animals are initially steady, and later surpass the aged
group [11-13]. The homing and engraftment ability of transplants with aged HSCs is
substantially attenuated, thus more HSCs from old mice are required to reestablish an ablated
immune system [14]. The full impact of ageing on these uncommitted HSCs, and how this
contributes to overall immunosenescence, remains to be elucidated and is therefore a fertile
area for more detailed investigation.

B cell progenitors

Some HSCs differentiate into common lymphoid progenitors (CLPs), defined by having a
Lin~, Sca-1'°, c-Kitlo, IL-7Ra* surface phenotype. These were once thought to give rise to both
Band T cells, but are now thought to be CLP/early B cell precursor (EBP) cells, which progress
through stages of development as pro-B cells, pre-B cells, to become immature B cells [19,
20].

Ageing has been shown to result in reduced numbers of CLPs and decreased CLP proliferation
rates in vivo [21]. Initial reports suggested that pro-B cells did not decrease with age [22];
however, Johnson et al have shown that while the frequency of pro-B cells decreases with age,
the absolute number stays constant, while bone marrow cellularity increases [23]. Other studies
report a decline in pro-B cells numbers with age [21,24]. These discrepancies could be due to
inconsistent ways of defining the pro-B cell (ie cell markers) with rapidly evolving technical
advances in identifying these cells and fluorescence activated cell sorting.

Conversely, pre-B cells decrease markedly with age, most likely because of a block between
the pro- and pre- B cell stages of development [23,25-27]. Decreased responsiveness of
developing B cells to IL-7 [24,26], decreased VV-DJ recombination of immunoglobulin genes
[21] and decreased expression of surrogate light chain A5 [8] have all been observed in aged
mice. These factors play a key role in the pro-to pre-B cell block. The decrease in VV-DJ
recombination has in part been attributed to decreased activity of the transcription factors E12
and E47, which are required for immunoglobulin heavy chain expression [21,22]. There is
additional evidence that aged bone marrow stromal cells are less able to support B cell
expansion [20], thought to be due to decreased IL-7 production [18,27]. Despite the discrepancy
over the precise site of block in B cell development, it is clear that there is a general age-induced
decline in B cell lymphopoiesis that is initiated at the stem cell level in the bone marrow.
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T cell progenitors

The bone marrow also supports the generation of T cell progenitors that migrate to the thymus
to complete their education and differentiation. While CLPs (Lin~, c-Kit'°, Sca-1'°, IL-7Ra™)
have not been specifically identified in the thymus, a CLP-derived progenitor, CLP-2 (Lin™,
CD19-, B220", c-Kit"ed/lo, cD44hi hCD25*, IL-7Ra*), was identified in human CD25
transgenic mice to efficiently home to the thymus gland [21], suggesting that CLP-2 cells are
committed T cell progenitors. Other data suggest that T cell progenitors are derived not from
CLPs but from early T-lineage progenitors (ETPs), defined by surface expression of (Lin™,
CD44*, c-Kith| IL-7Ra"9/10) [19]. ETP cells are functionally different from CLP/CLP-2 cells
because they are unresponsive to IL-7, due to a lack of IL-7R. Mice deficient in ikaros (a
transcription factor known to be required for CLPs) were found to have no identifiable CLPs,
resulting in arrested B cell, butnormal levels of ETP and T cell, development [19]. This strongly
supports the notion that T cells arise from this distinct ETP stem cell subset.

Studies in aged mice have shown a reduction in the number and proliferation of ETP cells, and
increased ETP apoptosis [28]. In addition to the ability of growth hormone to stimulate aged
bone marrow stroma [29], it can also have a positive effect on ETP and stimulate thymopoiesis
in aged mice, bone marrow transplant mice, and bone marrow colonized fetal thymus organ
culture [30,31]. The degree to which ETP migration contributes to the attenuation of
thymopoiesis with age has yet to be fully elucidated, and further research in this area is needed
to establish a direct link.

Thymus gland
Thymopoiesis

Thymocyte progenitor cells enter the thymus and begin their differentiation and education
process as CD3™, CD4™~, CD8" cells [32-34]. Double-negative CD4~, CD8™ populations
progress from DN | (CD44*, CD257) to DN 1l (CD44*, CD25*) to DN 111 (CD44~, CD25")
to DN IV (CD44~, CD25") before progressing to double-positive CD3*, CD4*, CD8*
thymocytes. The thymocytes rearrange their T cell receptor (TCR) genes at this stage, and
undergo positive and negative selection. During this process, cells down-regulate either the
CD4 or the CD8 molecule and become single positive (CD4 or CD8) naive T cells, which are
exported to the periphery. The overall process of T cell maturation and education is orchestrated
by cytokines, hormones, corticosteroids and epithelial cells, dendritic cells, macrophages and
fibroblasts that make up the thymic stroma [33,35-37]. Production of broadly reactive T cells
by the thymus and maintenance of a diverse peripheral T cell repertoire are critical to the
robustness of the human immune system.

Thymic atrophy

As an individual ages, the thymus involutes and the output of new T cells falls significantly
[38-40]. In 1985, Steinman et al elegantly demonstrated that thymic function gradually starts
decreasing from year one of life [38,39]. The observation of dual components of the human
thymus, the true thymic epithelial space, in which thymopoiesis occurs, and the non-epithelial
non-thymopoietic perivascular space [38,39], was critical to the current understanding of
thymic atrophy. The expansion of the perivascular space (adipocytes, peripheral lymphocytes,
stroma) with age results in a shift in the ratio of true thymic epithelial space to perivascular
space. The thymic epithelial space shrinks to less than 10% of the total thymus tissue by 70
years of age. When extrapolated, Steinman's data suggest that the thymus would cease to
produce new T cells at approximately 105 years of age (Figure 1) [41].

There are several ways to monitor thymic atrophy. Kong et al initially showed that the presence
of excised episomes of T cell receptor DNA identified recently produced T cells in the chicken

J Pathol. Author manuscript; available in PMC 2007 July 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gruver et al.

Page 5

thymus, as this excision event only occurs with TCR gene rearrangement [42]. Douek et al
adapted this technique for human TCR DNA, and showed that signal joint T cell receptor
excision circles (sjTREC) could be quantified by real-time PCR and used as a molecular marker
of newly produced (naive) recent thymic emigrants (RTES) [43]. Recently, we have adapted
these techniques to monitor sjTREC produced in mice [44]. Using this sensitive molecular
technique, we have documented attenuation of thymopoiesis at the molecular level in healthy
thymus tissue throughout normal ageing in humans (Figure 2A) [45] and in mice (Figure 3A)
[44]. The impact of thymic attenuation with increasing age is also reflected in the quantity of
peripheral naive T cells in humans (Figure 2B) [45] and mice (Figure 3B) [44].

In vivo labelling of RTEs has recently been accomplished by Fink and colleagues, using
transgenic mouse technology [46]. The gene for green fluorescent protein was introduced under
the control of the recombinase activating gene-2 (RAG2) promotor to label naive T cells and
monitor thymic output in mice [46]. This in vivo labelling model confirmed our mouse sjTREC
studies [44] and demonstrated that the CD4 : CD8 RTE diminishes with age, that RTE
maturation is suboptimal in aged mice and that functional activation of RTE is decreased in
aged mice [46].

We and others have also demonstrated that while the thymopoietic area of the human thymus
decreases with age, the thymopoietic potential per cell, as measured by sjTRECs [47] or by
TCR ligation-mediated polymerase chain reaction [3], remains constant at least until
approximately 50 years of age [43,45,47-50]. Taken together, these observations of
thymopoietic potential in aged thymus tissue provide promise that future therapeutic
regeneration of the true thymic epithelium space could potentially restore normal thymus
output in the aged.

Mechanisms of age-induced thymic involution

Thymic atrophy observed with increasing age is speculated to result from: ageing of the T cell
progenitor population [51]; loss of self-peptide expressing thymic epithelium [TE] [52]; defects
in rearrangement of TCRJ genes. [53]; and ageing of the thymic microenvironment with loss
of trophic cytokines, such as IL-7 [54]. Our recent studies [45,50] and the work of others
[55] have demonstrated that aged thymuses do not have a block in TCRp rearrangements. No
evidence for loss of TE peptides has been found in either mice or humans. As in bone marrow
and peripheral sites, cytokines within the thymus are crucial for thymopoiesis. Moreover,
biological pathways that control the thymic cytokine microenvironment represent candidate
targets for therapies to modify age-induced thymic involution.

Thymic epithelial cells produce a number of colony-stimulating factors and haematopoietic
cytokines such as IL-1, IL-3, IL-6, IL-7, transforming growth factor (TGF)g, oncostatin M
(OSM) and leukaemia inhibitory factor (LI1F) [45,56-59]. Intrathymic and systemic production
of these potent cytokines regulates the complex process of thymopoiesis, and thus all are
candidate targets for therapies aimed at promoting thymopoiesis. For example, IL-7 treatment
can stimulate both thymopoiesis and peripheral T cell expansion, which leads to more rapid
and successful T cell immune reconstitution following stem-cell transplantation in young mice
[60,61]. IL-7 is necessary for thymopoiesis, promoting the survival of DN thymocytes by
maintaining the anti-apoptotic protein Bcl-2 [62,63] and inducing V-DJ recombination [64].
We have recently reported that human IL-7 administration to young mice (aged 6—8 weeks)
minimally increased thymopoiesis and peripheral T cell expansion [48].

Until recently, the existing paradigm was that age-induced thymic atrophy was solely due to
the loss of trophic cytokines such as IL-7 [65]. We have observed, however, that intrathymic
IL-7 steady-state mMRNA levels remain constant with age, which is not consistent with this
notion [37]. In contrast, we have reported significant elevations in RNA transcripts for
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cytokinessuch as LIF, IL-6 and OSM in aged human thymus tissue [37]. We have also observed
increases in these IL-6 gene family cytokines in aged mouse thymus tissue (unpublished
observation). Moreover, we have reported that LIF is a key mediator of endotoxin-induced
thymic atrophy in a corticosteroid-dependent manner [66]. Thus, we hypothesized an
alternative model of thymic involution, in which cytokines are actively induced in the thymus
that suppress thymopoiesis with ageing (Figure 4).

To test this hypothesis, we exogenously administered these cytokines over 3 days to young
mice and showed a rapid involution of the thymus and loss of thymopoiesis [37]. These findings
support a paradigm shift in our understanding of age-induced thymic involution. We propose
that thymic atrophy and decreased thymopoiesis is an active process mediated by the up-
regulation of thymosuppressive cytokines, which results in an observed decrease in peripheral
naive T cells with ageing (Figure 3).

In addition to age-related thymic atrophy, chemotherapy, irradiation prior to transplant, septic
shock and other acute stress can also lead to thymic atrophy, providing additional experimental
models to elucidate mechanisms underlying age-induced thymic atrophy. Oberholzer et al have
shown that intrathymic injection of adenovirus-expressing IL-10 prevented sepsis-induced
thymocyte apoptosis and thymic atrophy [67,68]. Leptin-deficient (ob/ob) and leptin receptor
deficient (db/db) mice have chronic thymic atrophy [69,70], suggesting a key regulatory role
for leptin in thymopoiesis. We and others have shown that leptin protects against bacterial
endotoxin-induced thymic atrophy [71,72]. It has also been demonstrated that keratinocyte
growth factor (KGF) and thymic stromal lymphopoietin (TSLP), which is known to stimulate
thymus stromal cells, can promote thymopoiesis in mice following chemotherapy-induced
thymic atrophy [73-75]. Growth hormone has been shown to have a stimulatory effect on
thymopoiesis in old mice and ablative/bone marrow transplant mice [30,31]. Together, these
studies suggest that coupling thymostimulatory regimens such as IL-10, leptin, KGF and TSLP
with inhibition of thymosuppressive cytokines may be efficacious in aged models of immune
reconstitution and function.

Peripheral lymphoid tissues

B cell progenitors undergo maturation and differentiation in secondary lymphoid tissues, such
as the spleen and lymph nodes. These specialized lymphoid tissues are uniquely designed to
filter the blood/lymph for antigens and provide a highly organized structure for T and B cells
to interact with one another and critical antigen presenting accessory cells (ie dendritic cells,
macrophages) of the immune system. The arteries of the spleen are surrounded by T
lymphocytes forming the periarteriolar lymphoid sheath (PALS). Primary lymphoid follicles
populated by B cells are adjacent to the PALS. Other cell types, such as T cells, dendritic cells
and macrophages, make up the marginal zone. Collectively, these lymphocyte-rich areas
constitute the white pulp. The remainder of the organ is comprised of red pulp, where
macrophages and red blood cells reside in the sinusoidal space [7]. Similarly, lymph nodes are
designed to filter lymphatic fluid drained from tissue for foreign antigens. The outer region of
the lymph node, the cortex, contains B cell-rich primary follicles. Primary follicles expand into
secondary follicles, or germinal centres, upon antigen recognition [7].

Age-associated architectural changes exist within these secondary lymphoid tissues. Studies
of aged human spleens have demonstrated a decrease in arterial vessels and increase in stromal
cells over lymphocytes compared to younger spleens [76]. Interestingly, total splenic weight
increases with age due to fibroblast infiltration [77]. Studies in rat models have also shown a
decrease in cortex lymphocyte cellularity and a reduction of germinal centres with age [78].
Similarly, studies of lymph node morphology in aged humans revealed a slow decline in
paracortical and medullary zones, an increase in adipose tissue and less evidence of germinal
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centre formation in the elderly [79]. These changes indicate a decreased ability to provide the
proper environment for immune responses to take place, but whether this has a direct impact
on immunosenescence remains unknown.

The composition of the lymphocytes within the spleen and lymph nodes, and particularly the
proper formation of the germinal centre, is known to change significantly with age. Connoy
et al found age-specific changes in the composition of splenocytes, including increased
frequency of B cells and memory CD4 T cells, decreased y/6 T cells and naive CD4 T cells,
increased expression of CD28 on T cells and increased expression of a senescence marker,
p16!NK4a on B cells and CD8* T cells [80]. Lazuardi et al found age-induced changes in human
lymph nodes, including a decrease in CD8 T cells, naive T cells, IgM-expressing B cells, and
significantly smaller germinal centres [81]. These observations are indicative of age-related
changes to peripheral B and T cells and reflect normal changes to the immune system as it
encounters more and more antigen with age.

Peripheral B lymphocytes

Peripheral B cell number does not decline with age, yet the quality of the humoral immune
response declines and is characterized by lower antibody responses, decreased high-affinity
antibodies and decreased 1gG isotype class switching [82]. Secondary B cell development
occurs in the germinal centres, where clonal expansion, somatic hypermutation and isotype
switching occur. This process is highly dependent on T cells and follicular dendritic cells. The
homing of immature B cells to the secondary lymphoid organs, which contain germinal centres,
is decreased across the lifespan [83,84]. Defective homing decreases the chance that an antigen
will be recognized by its antigen-specific B cell and may reduce the pool of naive B cells.
While the B cell compartment in lymphoid organs becomes increasingly composed of memory
cells with age [83], this loss of naive B cells in the periphery may dampen an individual's ability
to respond to novel antigens as they age.

B cell proliferation potential declines in aged mice [85], perhaps due to declining B cell
activation, reduced B7 expression [86] and defective surface 1g/B cell receptor signalling
[87]. Interestingly, proliferative capacity can be restored to aged B cells by treatment with I1L-2
or IL-4, highlighting the role of T helper cells in B cell activation [85]. Aged B cells have
defective somatic hypermutation which decreases the ability of B cells to increase their receptor
affinity [84]. Contributing factors to this deficiency include the loss of cell-cell interactions
and cytokines needed for this process to occur, due to the reported attenuation of dendritic cell
function age [88]. Together, these age-related defects affect secondary B cell development
within the germinal centre.

Peripheral T lymphocytes

With ageing there is a shift in the ratio of naive to memory T cells in the periphery. This results
in the expansion of a T cell memory compartment to maintain peripheral T cell homeostasis.
A recent model proposed by Haynes and Eaton [89,90] outlines the effects of ageing on the
naive T cell compartment and humoral responses. Using a CD4 TCR transgenic mouse specific
for pigeon cytochrome c, they were able to track a population of T cells throughout the ageing
process. Following in vitro or in vivo stimulation with pigeon cytochrome ¢, naive T cells from
aged mice exhibited reduced activation, differentiation and cytokine production [89,90].
Specifically, Th1 memory cells derived from aged naive cells produced much less IL-2, and
Th2 memory cells derived from aged naive cells produced much less IL-4 and IL-5 than
memory cells generated from young naive cells. These differences in aged versus young T cells
were abrogated by the addition of exogenous IL-2. Taken together with observations from
other studies showing that aged CD4* T cells have decreased CD40L [91], a critical co-
stimulatory ligand for T-B cell interactions, and that IL-2 enhances CD40L expression [92],
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Haynes and Eaton suggested that impaired T-B cell interactions due to decreased IL-2
production by aged T cells significantly contributes to the impaired humoral (B cell) responses
in the aged [89,90]. Other studies support these findings, reporting that aged CD4* T helper
cells provide inadequate assistance in germinal centres and promote low-affinity antibody
production [93]. In addition to impaired naive CD4" T cell responses, memory T cell activation
has also been shown to be attenuated, showing reduced signalling capacity and proliferation
[94,95]. Upon closer examination, memory T cell function in aged mice seems to be dependent
upon when the response was initiated, since memory cells produced early in life are normal
[89].

While CD4 T helper cell function is required for optimal humoral responses, CD8 cytotoxic
effector T lymphocytes (CTLs) are essential for viral clearance. Efforos and Walford
demonstrated that peak cytolytic T cell responses are delayed in old mice compared to young
mice following in vivo inoculation with influenza virus [96]. The intensity of the peak CTL
response in these aged mice was 30% of that in young mice. Similar results have also been
document for anti-influenza CTL responses in humans [97].

More recently, mechanistic studies show that a decreased frequency and number of influenza-
virus-specific CD8" T cells are major factors in the ability to clear infection [98]. In these
studies, CTL activity strongly correlated with number of virus-specific CD8 T cells, regardless
of age, and not intrinsic cytolytic defects of these T cells. This indicates that a defect in the
expansion or proliferation of virus-specific CD8* T cells is a major contributing factor during
ageing. The decrease in virus-specific CD8 T cell number in this study also correlated with
decreased numbers of IFNy -producing cells with age. Studies performed with an alternative
E55™ retrovirus infection model also showed decreased proliferative capacity of the CD8 T
cell population as a function of age [99]. Collectively, these data show that the proliferative
and IFNy secretion of the CTL response to viral infection is compromised in ageing. It is clear
that diminished CD4 and CD8 T cell function make a significant direct contribution to the
senescence of the immune system associated with ageing.

Regulatory T cells (Tregs)

In recent years, the vital role of CD4*, CD25*, Foxp3* regulatory T cells (Tregs) in the
maintenance of immune homeostasis has been described [100]. Tregs play a key role in
controlling the host immune response to prevent excessive collateral damage to host tissues
[101-103]. Tregs are also critical for protecting the host from self-reactive lymphocytes that
have escaped the rigorous selection processes designed to delete autoreactive
immunocompetent cells. Two critically different types of CD4* Treg cells are naturally
occurring CD4*, CD25*, Foxp3* cells derived directly from the thymus (nTregs), and CD4™,
CD25%, Foxp3* cells that are derived from peripheral CD4*, CD25~, Foxp3™ cells that become
anergic and gain suppressive capabilities following exposure to conditions such as low antigen
dose, oral tolerance, immunotherapy or chronic antigen exposure (iTregs) [104]. It has been
suggested that a decrease in Treg numbers or function could result in autoimmune disease or
rejection of a transplant, while an excess (or normal level) of Tregs might contribute to poor
responses to cancer, vaccines and infectious diseases [101-104].

A clinical demonstration of the important role of Tregs in human health is the X-linked disease
IPEX [105]. IPEX is characterized by immune dysregulation, polyenocrinopathy and
enteropathy attributed to a Foxp3 gene mutation and severe deficiency in Tregs [105]. Foxp3
is a transcription factor which mediates the Treg cell lineage commitment and function [106].
Prior to the identification of Foxp3 as a definitive nuclear marker of Treg cells, researchers
characterized Tregs as CD4", CD25*, a population of cells that may also include recently
activated T cells. For the purpose of this review, we define Tregs as CD4*, CD25", keeping
in mind that additional markers are often used in the identification of these cells, which
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probably underlies some of the conflicting data regarding this cell population and their function
with ageing.

The waning output of T cells and general decline in thymic function with age indicates that the
production of thymus-derived Tregs would also be disturbed in aged persons. Indeed, the
prevalence of Tregs appears to fluctuate with age; 2.3-9.5% of umbilical cord blood (earliest
postnatal peripheral blood source) CD4* cells are Tregs, while in healthy adults (aged 20-60
years) an average of 0.6-8.7% of CD4* T cells are CD4*, CD25" Tregs [107,108]. In elderly
adults (65+ years) it is unclear whether the Treg pool is significantly different from that in
younger adults, as some authors have shown that they have an increase in Tregs compared to
young adults, while others demonstrated no correlation between age and Treg prevalence
[109-112]. Characterization of Tregs from young and elderly donors consisting of healthy and
non-healthy people revealed that those with poor health (of either age group) had significantly
more Tregs than their healthy counterparts, with the young, non-healthy subjects having over
twice the number of Tregs than the young, healthy group [112]. This study also reported that
among the healthy subjects, aged donors had significantly higher numbers of Tregs than the
young.

Whether or not advanced age is associated with a decline in the function, or suppressive
capacity, of Tregs is also controversial. The ability of CD4*, CD25™ cells from C57BL/6 mice
of various ages to suppress CD4*, CD25~ (traditional CD4 effector) cells in vitro was not
affected by age [113]. This study also reaffirmed the dogma that CD4 effector cells from aged
mice show suboptimal proliferation in response to stimulation [113]. In contrast to these animal
studies, Tsaknaridis et al demonstrated a decreased ability of purified CD4*, CD25" from aged
human donors to suppress CD4*, CD25™ effector cells in vitro, compared to Treg cells from
young donors [114]. Functional assays of sorted CD4*, CD25M T cells by another group
demonstrated equivalent regulatory function in young and elderly donors, as measured by
suppression of proliferation, expression of intracellular CTLA4 and IFNy in response to T cell
stimulation, and an increase in the number of Tregs in the elderly [111]. Taken together, these
data suggest that aged individuals have an increase in peripheral blood regulatory T cells.
Whether these cells are naturally derived Tregs from the thymus or induced Tregs from
anergized peripheral CD4 T cells, their relevance to immune senescence and disease
susceptibility in the aged remains unclear. Characterization of Tregs in aged, thymectomized
animals should enhance our understanding of the origination and persistence of these cells
throughout life. It is interesting to speculate that if the increase in regulatory T cells is
determined to be strongly correlated with age and poor health, this suppression of immune
responses would limit the host's ability to mount adequate anti-cancer responses, resolve
infections or respond effectively to immunization.

Our understanding of how Tregs contribute to immunological senescence will be aided by the
recent development of reagents to definitively characterize and purify these cells for use in
functional studies [115]. The use of Foxp3 as a definitive marker of regulatory T cells is
problematic, as cells die after fluorescently labelling this protein, due to the fixation and
permeablization required to access the antigen. As previously noted, CD25 (IL-2R) is also
expressed on recently activated T cells, and some Tregs are Foxp3* but CD25™. Recently, the
observation that the I1L-7 receptor (CD127) is not expressed on Foxp3* cells and a subset of
CD4*, CD25*, CD127° cells are suppressive, but CD127M cells are not, indicates that this
may be a useful staining protocol to identify live Tregs in functional assays [115,116].
Standardized usage of Treg-defining cell markers among researchers would greatly increase
our ability to compare the results of different studies and define more efficiently their role in
human disease processes and immunosenescence associated with ageing.
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Clinical considerations and vaccines

It is well documented that the risk of developing cancer increases dramatically with age
[117-120]. Older patients may also exhibit larger and more aggressive tumours [121]. As
discussed previously, numerous functions of T and B lymphocytes diminish with age, and it
is likely that the increase in cancers with age is directly related to the decline in immune
responsiveness to these neoplasms. As chemotherapy and irradiation produce toxic side-effects
which can be more pronounced in the elderly, development of alternative targeted therapeutics
that are efficacious in all age groups is essential. Unfortunately, only a few studies have
investigated anti-tumour responses or the efficacy of immunotherapy in the elderly. These
findings and their implications for cancer research and treatment are discussed below.

Using a mouse tumour model, Lustgarten et al investigated primary and memory responses to
lymphoma cells in aged and young mice [122]. Young mice have protective immunity to the
tumour, which is lethal in aged mice. When the co-stimulatory molecule CD80 was expressed
by the tumour cells, aged and young mice rejected the tumours and long-term memory
responses were induced in young mice. To elicit memory responses to the tumour in aged mice,
additional stimulation, using the agonist monoclonal antibody anti-OX40, was required
[122]. OX40 (CD134) isa TNFR family member expressed on T cells. Co-stimulation of OX40
increases T cell effector function, survival, expansion and development into memory cells
[123].

Another reported tumour-vaccine strategy utilizes dendritic cells to present tumour antigens
to T cells, which in turn elicit a cytotoxic anti-tumour response. A study comparing the efficacy
of DC vaccination in young and aged mice demonstrated that the anti-tumour response in aged
mice is much lower than that in young mice [124]. As in the study of Haynes et al [89], the
addition of recombinant IL-2 enhanced this response in young, but not older, animals.
However, administering anti-OX40 or another agonistic monoclonal antibody to the TNFR
family member 4-1BB (anti-4-1BB) to provide co-stimulatory signals dramatically increased
the ability of the aged animals to inhibit tumour growth [124].

These data indicate that stimulation via co-receptors/co-stimulatory molecules might overcome
some of the intrinsic defects of immune responses in the aged, and that age-related changes in
immunity can limit the efficacy of anti-tumour therapies. Thus, anti-tumour immunotherapy
approaches incorporating co-stimulation may be of value for the elderly. As cancers primarily
are a disease of older age, investigations using an aged cohort of animals to determine the
efficacy and mechanisms of anti-cancer therapies and prevention are warranted, as the
responses of young and aged mice differ dramatically.

Immunosenescence and concurrent health problems involving the lung and heart increase the
risk of complications and death from viral infections in the elderly. Influenza is the fifth leading
cause of death among people aged 50 and older, and this group is a major target of vaccination
campaigns [125]. However, this vaccination strategy is controversial, as it appears to have only
a moderate impact on influenza-specific immune responses and infection rates in this age
group, a problem compounded when there is a mismatch between the strains included in the
vaccine and those circulating in the population [126,127].

Combined data from multiple studies on influenza vaccines show that in the elderly (aged 65
+ years), effectiveness (measured by the prevention of influenza-like illness) was 23%, while
in healthy children (aged 2+ years) the effectiveness was higher, at 38% [128,129]. Mechanistic
studies have demonstrated that in the elderly, humoral and cell-mediated influenza-specific

responses are lower following vaccination than in young adults. Deng et al have reported that
PBMCs from elderly adults (aged 64+ years) stimulated with an influenza A virus ex vivo had
adecrease in IFNy* T cells and secretion of IFNy by individual cells compared to young adults
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(aged 20-50 years) [130]. Expansion of CD8* cells was also lower in the aged, and in frailer
aged subjects this defect was more pronounced. In addition to the observed decrease in cellular
immune responses, the elderly group produced fewer antibodies in response to influenza
[130].

Development of vaccination strategies that are effective in all age groups is an important area
of research, particularly to protect against new or re-emerging fatal infections, and possible
infectious agents weaponized by bioterrorists. There are numerous subtypes and strains of
influenza viruses, and vaccination with the strains most likely to be circulating during a given
season is required annually for immunity [131,132].

The decision of which strains of influenza to include in the inactivated, trivalent (and live,
attenuated; LAIV) vaccines produced each year against flu is made by consideration of antigens
from recently isolated influenza viruses, epidemiological data and postvaccination serological
studies in humans [132]. This complicated process, coupled with viral antigenic drift [133,
134] and the previously mentioned decrease in the ability of aged hosts to respond to and clear
infections, highlights the need to develop effective vaccine strategies and rapid production
techniques to keep pace with the ability of viruses to evolve into strains for which prior exposure
(and immunity) does not exist. Recently, the ability of a highly pathogenic avian influenza to
infect humans, and possibly be spread from human to human, has highlighted the need for rapid
development of vaccines against new subtypes and strains of influenza that will be effective
in the elderly.

A wide spectrum of changes occur in the constitution and function of lymphoid progenitors,
tissues and cells across the lifespan. Consideration of how these changes affect susceptibility
to cancer and infections is vital to the development of new therapies aimed at enhancing
immune responses in the elderly. Understanding thymic atrophy and developing tools to
reverse this (increasing the output of new, functional T cells) may overcome many of the defects
observed in immunological function with age.

The chronic and steady involution of the thymus gland with increasing age appears to be an
active process, with the induction of specific cytokines that cause atrophy of the thymopoietic
space. This is in contrast to the perceived view, that the thymus is ‘neglected’ as one ages and
therefore withers away due to lack of appropriate cytokine/growth factor stimulation (Figure
4). One hypothesis for this active process is that the thymus is involuting in response to an
appropriately aged and full peripheral T cell repertoire that has encountered a wide range of
antigens during its years and successfully established a diverse memory pool. In addition, one
can speculate that by reducing the output of new T cells throughout ageing, immunological
resources will be conserved and the likelihood of exporting a self-reactive T cell will be
reduced.

Enhancing thymic export of T cells will theoretically increase the ability to mount successful
immune responses to any antigen. In light of the possibility of a highly pathogenic influenza
Avirus being transmitted directly from birds to humans, and the potential threat of bioterrorism,
priority has been placed on developing novel immunization strategies that can be rapidly
produced and are efficacious in all age groups. To this end, inclusion of agents to enhance
thymopoiesis may prove very useful in promoting a robust, broad T cell response to any antigen
(tumour, viral or bacterial) for which a successful vaccine is needed. Critical to this effort will
be the ability of multi-disciplinary research teams, composed, for example, of gerontologists,
immunologists and stem cell biologists, to build on our current knowledge base and work
collaboratively to further dissect and understand the impacts of ageing on immune system
ontogeny and function.
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Figure 1.

The human thymus across the lifespan. [A] Representative views of human thymus
morphology throughout ageing. All tissue was formalin-fixed, paraffin-embedded and sections
stained with haematoxylin and eosin and anti-keratin antibody [brown] to determine the
percentage thymic epithelial space [each panel, x25]. C, cortex; M, medulla; P, perivascular
space. [B] Graphical depiction of the impact of age on human thymus morphology. Thymic
epithelial space, pink; perivascular space, white. Reprinted with permission from reference
[45]
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Figure 2.

Impact of ageing on human thymic output and peripheral naive T cell pool. [A] Molecules of
sjTREC/mg whole human thymus tissue. [B] Molecules of sjTREC/pg isolated peripheral
blood mononuclear cell DNA [n = 100 donors, aged 6 months—80 years]
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Impact of ageing on BALB/c mouse thymic output and splenic naive T cell pools. [A]
Molecules of mMTREC/mg thymus tissue during ageing. Molecules of mMTREC in naive splenic
CD4 [B] and CD8 [C] T cells in mice the age range 6—90 weeks [n = 3/group]. Data are mean
+ SEM of three mice/group. *p < 0.05 compared to 6 week-old mice [44,45]
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Figure 4.
Schematic of cytokine stimuli that impact thymopoiesis
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