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Review
There is an accumulating body of evidence that a decline
in immune function with age is common to most if not all
vertebrates. For instance, age-associated thymic involu-
tion seems to occur in all species that possess a thymus,
indicating that this process is evolutionary ancient and
conserved. The precise mechanisms regulating immu-
nosenescence remain to be resolved, but much of what
we do know is consistent with modern evolutionary
theory. In this review, we assess our current knowledge
from an evolutionary perspective on the occurrence of
immunosenescence, we show that life history trade-offs
play a key role and we highlight the possible advantages
of the age-related decline in thymic function.

Introduction: immunity and ageing
Potential pathogens—viral, bacterial, fungal, macropara-
site and dysfunctional host cells—present amajor threat to
survival, and the innate and adaptive immune systems
have evolved a series of defence networks to protect the
individual from such harmful agents. These systems are
not without fault, however, and with increasing age, pro-
blems arise in functional activity. There is clear evidence of
an age-related decline in effectiveness of the immune
systems of vertebrates and some invertebrates, which
renders older individuals more vulnerable to infection
[1,2] (also see other articles in this special issue).Moreover,
there is evidence that a compromised immune system
renders individuals more susceptible to other sources of
mortality (so-called comorbidities) [3,4]. Infectious disease
has been eradicated in the developed world, and humans
are living much longer than they have commonly lived in
the past, which exposes the weaknesses and age-related
decline in the immune system to their full extent, making
immunosenescence an important public health concern.

The more evolutionary ancient innate system, common
to invertebrates and vertebrates, has at its core, phagocytic
cells that generate reactive oxygen and nitrogen species to
damage and kill pathogens [5]. This system is fast-acting
and effective but is nonspecific and might cause secondary
damage to the host with long-term consequences requiring
organisms to optimise their response. A further problem is
that phagocytic cells become functionally impaired with
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age [6] (also see the article by Kovacs et al. and Panda et al.
in this issue). The adaptive immune system with high
specificity to antigens first appeared some 350 million
years ago in jawed fish, and its value is demonstrated by
the fact that it has been retained, albeit with a variety of
modifications, by all vertebrates. However, there are clear
problems as evidenced by the age-related decline in effec-
tiveness of vaccination [7] due to a reduction in antigenic
receptor diversity [8] and impaired proliferative response
(also see the article by Chen et al. in this issue).

Following Weismann, Fisher and Haldane, the modern
evolutionary theory of aging has now converged on a
recognition that the strength of selection declines with
age as fewer and fewer individuals remain alive. This
concept was summarized by Medawar in the 1950 s [9]
and more recently in terms of a ‘selection shadow’ at older
ages [10]. The result is that mutations in late-acting genes
are not effectively purged [9], such that genes with early
life beneficial effects but that exhibit detrimental effects in
later life might be actively selected (i.e. antagonistic pleio-
tropy) [11]. Thus, from the point of view of physiological
investments, reproduction at younger ages takes priority
over long-term maintenance [12]. Laboratory experimen-
tation (e.g. studies in Drosophila [13–15]), observation and
manipulation in the field (e.g. within [16,17] and between
species [18]), and mathematical modelling [12,19–24] have
largely supported this view [10]. The relative role of
mutation accumulation, antagonistic pleiotropy or physio-
logical trade-offs in governing aging is by no means
resolved. In general, rates of aging have an inverse
relationship with levels of environmental mortality, which
might be modified by other factors such as age-related
increases in size or fertility [25], population density [4]
and transfer of resources between generations [24].

The immune system is active across the lifespan and is
frequently considered an integral part of general mainten-
ance processes within the framework of life history theory
(Box 1), which provides the conceptual base for this article.
Fielding an immune defence has high physiological costs,
and differences exist between and within species. As a
system, there are clearly pleiotropic effects whereby early
life survival benefits of protection against infection
might present late life problems of accumulated damage
(e.g. chronic inflammation or autoimmunity), sometimes
referred to as inflamm-ageing (Box 1). Furthermore, there
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Box 1. Key evolutionary aspects of aging

Life history theory

This theory provides an analytical framework to describe the life

cycle of organisms in terms of traits such as age and size at

maturity, age-specific fertility and mortality. The fundamental

concept is that investment of resources in physiologic functions

such as growth, maintenance and reproduction determine the value

of traits, and traits are optimised under resource limiting conditions

to maximise Darwinian fitness.

Disposable soma theory

Investment in maintenance and immune function competes with

reproduction for limited resources. The outcome is that systems are

not fully effective, and levels of unrepaired damage accumulate,

leading to irreversible decline in organism function with age [12].

Inflamm-aging

An inflammatory response is essential for survival in infectious

environments, but as more people live longer lives, diseases

associated with low-grade chronic inflammation such as cardiovas-

cular disease, diabetes and dementias are increasing. The successful

aged (i.e. the oldest elderly) have well-balanced pro- and anti-

inflammatory profiles at the level of the phenotype and genotype [91].

Cohort morbidity phenotype

Early life exposure to infectious disease causes damage that persists

to later life. A period of decline in risk results in immediate reduction

in damage with a delayed cohort effect on longevity. A striking

prediction is that extensions in longevity are unlikely to continue at

the same rate in the developed world [95].

Th1: Th2 ratio

A Th1 proinflammatory response gives the host an advantage of

surviving in an infectious environment; however, females are prone

to a higher risk of spontaneous abortion. By contrast, a Th2-type

response is generally anti-inflammatory in nature. The balancing

selection due to a trade-off in survival and reproduction explains

persistence of apparently negative polymorphisms [107].

Age-associated thymic involution

One of the hallmarks of the ageing immune system that all

vertebrates that have a thymus undergo is age-associated thymic

involution. It is therefore an evolutionary ancient and conserved

process. It is characterised by a reduction in tissue mass, loss of

tissue structure, abnormal architecture and a decline in thymocyte

numbers, leading to a reduction in naı̈ve T-cell output.

Intrinsic ageing of immune cells

Lymphocytes and their stem cell precursors are generally very long-

lived cells and suffer from age-related dysfunction [7,114].
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is an increasing amount of evidence for a direct link
between reproductive success and immunoprotection
(see later). Recognizing and understanding trade-offs such
as these are fundamental to furthering our knowledge of
the immune system within a broad evolutionary context.

In this review, we discuss how the various evolutionary
forces have shaped and influenced the status of the ageing
immune system. We examine the evolution of the individ-
ual components of the system and their interactions with a
particular emphasis on how evolutionary legacy presents
specific problems as we age. We also discuss the plasticity
of the system and the life-long consequences of early life
decisions.

Immunosenescence between and within species
Invertebrates also appear to exhibit immunosenescence, for
instance, bacteria tend to overcome the immune systems of
older Caenorhabditis elegans, and their proliferation in the
gut is the most frequent cause of death [26]. Similarly,
Drosophila show a proinflammatory status with increasing
age [27] and have a reduced capacity to produce antimicro-
bial peptides in response to infections [28], although, inter-
estingly, they are reported to have a higher titre with age
due to theadditional inability to clear infection.Theeusocial
insects present a particular opportunity to examine pheno-
types that can differ in organisms but which are genetically
highly related. In honey bees, there is clear evidence of an
increased investment in the immune system as demon-
strated by juvenile hormone and vitellogenin, which con-
tributes to the enhanced longevity ofhivebees relative to the
short-lived foragers [29]. Similar patterns of immunosenes-
cence can also be observed in vertebrates. For instance,
there is a substantial body of evidence reporting immuno-
senescence in wild populations of birds [30,31]. All studies
report a decline in T-cell function, and some of B-cell func-
tionand the innate system.Apotential explanation for these
differences might be due to longevity of the study bird
species [31]. The features of immunosenescence including
changes in cellular phenotype, cellular senescence and
inflamm-ageing that have been identified in humans and
rodents have also been reported in other mammals, in-
cluding cats, dogs and horses [32–35]. For instance, in
horses, a decreased proliferative response of T cells and
telomere shortening in peripheral blood mononuclear cells
have been observed in older animals [35].

Ecological immunology considers human evolution as
divided into three epidemiologic transitions. Up to around
10 000 years ago, humans lived as hunter-gatherers in
small and dispersed groups where the main threat was
persistent pathogens such as tuberculosis, herpes and
helminths. The main cost of a helminth infection is a
loss of nutrition due to induced diarrhoea and vomiting.
Interestingly, these infections are known to skew popu-
lations toward a Th2 or regulatory phenotype with a
largely beneficial anti-inflammatory cytokine profile [36],
although by suppressing Th1 responses, this leads to a
higher vulnerability to bacterial or viral infection. This
skewing is similar to that seen in the neonatal immune
system, which is also skewed to Th2 responses and pro-
duction of regulatory T cells [37–41]. The second period
marked the shift to agriculture, higher population
densities and infectious disease where a Th1 phenotype
is favoured. The third period is the eradication of infectious
disease with the dramatic reduction in child mortality;
however, this has arguably left us with an inappropriately
high investment in immune function that could compete
for resources with other body systems or might even
account in part for the phenomenon of inflamm-ageing.

In general, evidence suggests that invertebrate aging is
associatedwith an inability to clear infectionanda tendency
toward a proinflammatory state. Ageing of the vertebrate
innate system follows a similar pattern. The ageing adap-
tive system is characterised by loss of dynamic range in T-
and B-cell function. All of these factors are relevant to
human immunosenescence, but an additional dimension
of recent environmental change must also be considered.

Age-associated thymic involution
One of the most universally recognized changes of the
ageing vertebrate immune system is the dramatic
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regression, or involution, of the thymus, the major organ
responsible for T-cell development [42]. The features of
age-related thymic involution include a reduction in tissue
mass, loss of tissue structure and abnormal architecture
and a decline in thymocyte numbers, leading to a reduction
in naı̈ve T-cell output. It is the age-associated decline in
naı̈ve T-cell output that many have argued contributes to
the features of immunosenescence, in particular the
reduced vaccine efficacy associated with ageing (also see
the article by Chen et al. in this special issue) [1,2,43].

Under certain circumstances, the thymus can also
undergo transient or reversible thymic regression, termed
acute thymic involution. Transient involution or atrophy is
often associated with physiological stress such as infec-
tions [44], malnutrition [45] and pregnancy [46] and is
believed to be mediated, in part, by factors of the neuro-
endocrine system [47]. For instance, exogenous adminis-
tration of the energy intake regulating hormone leptin is
known to prevent stress-induced thymic atrophy [45].
Acute thymic atrophy (e.g. during pregnancy) differs from
chronic age-associated involution in that acute atrophy is
characterized by the enhanced death of thymocytes and the
ability to recover after the insult has been removed [47].
Thus, it is unclear whether these types of acute thymic
atrophy actually occur by the same cellular and molecular
mechanisms that underlie age-related involution.

Substantial evidence suggests that the age-associated
regression of the thymus occurs in perhaps all vertebrates
that have a thymus, including avians [48], amphibians [49]
and teleosts [50,51], indicating that this is an evolutionary
ancient and conserved event [52]. Despite chronic thymic
involution being one of the major hallmarks of immunose-
nescence, there is much confusion over the initiation of the
process. Many continually cite puberty as the onset of
thymic atrophy; however, numerous reports have in fact
observed a regression of thymic epithelium in both humans
[53,54] andmice [55] accompanied by a significant decrease
in thymic cellularity [56,57] and recent thymic emigrant
(RTE) numbers in the periphery [58] long before puberty.
Moreover, the rate of involution, measured either as thy-
mic cellularity or thymic epithelial area, is not consistent
throughout life [54,56,57] (Figure 1). Rather it exhibits an
early decline that occurs at ?6 weeks of age in mice and is
Figure 1. Thymic cellularity declines with age (data shown for mice). Individual mice (a)

occurring early in life. Age group cellularity (b) shows a significant decline in thymic cell

of life. (1 month old, n = 8; 6 months old, n = 5; 12 months old, n = 8; 18 months old, n
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observed in humans 1 year after birth that seems to be
precipitous in nature, followed by a second decline that is
more gradual throughout later life [54,56,57,59] (Figure 1).

The apparent distinct phases of the thymus life cycle
raise the possibility that not all changes in the postnatal
thymus are properly related to ageing-associated involu-
tion per se. We propose that the two main stages of involu-
tion are under the control of different mechanisms: the
widely recognized age-related thymic involution and an
earlier, developmentally related period. Newborn animals
have an essentially empty peripheral immune compart-
ment [60,61]. Thus, in the early prenatal period, the thy-
mus increases in size and output for the purpose of
populating the peripheral immune system. After this task
is fulfilled, this extremely high level of thymic output is
presumably no longer needed, and thymic size and output
are reduced, corresponding to the initial decline seen at 6
weeks in mice and at 1 year in humans. Thus, the first
decline might represent the end of a ‘pulse’ of T-cell pro-
duction rather than the beginning of ageing-associated
involution. Subsequently, involution would encompass
the more gradual age-related decline that is observed
throughout later life. However, these changes still occur
early relative to other signs of ageing. Although we propose
that involution is intitated before puberty, several studies
have shown that sex hormones can influence involution,
because castration in older rodents can restore thymic size
to that of a young animal, although this effect is transient
[62,63].

Sowhy does the thymus apparently exhibit symptoms of
age-related changes at an accelerated rate relative to other
organs and what would be the advantage of this, if any? It
is essential for the host, particularly while young, to have a
diverse and functional T-cell repertoire to fight infection;
therefore, robust thymocyte development and T-cell pro-
duction in early life is a necessity. However, the thymus is
an energy-expensive organ, and the costs to produce immu-
nocompetent T cells are high, particularly because the
majority (>90%) of thymocytes do not contribute to the
peripheral pool because they fail to meet the stringent
selection criteria in becoming self-tolerant and functional T
cells [64]. Therefore it might be of benefit to the individual
to reduce cellular proliferation within the thymus and
suggest that the rate of involution is not constant, with the largest loss of cellularity

ularity after 1–2 months of life, followed by a more gradual decline in the remainder

= 7; total number of mice used in this study = 61). ***P < 0.001.
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downregulate thymopoiesis, once a T-cell repertoire is
established (i.e. ‘developmentally related’ thymic involu-
tion), to devote energy to other physiological processes.
Because naı̈ve T cells are long-lived and can undergo
homeostatic proliferation to maintain peripheral T-cell
numbers, reduced thymic output with age can be tolerated
for some time without any significant effects on peripheral
immune system function [65]. However, it is unclear
whether mechanisms exist that feed back to the thymus
to report an established T-cell repertoire in the periphery
and divert resources away from continued thymopoiesis or
whether age-related thymic involution occurs via a genetic
or physiological ‘program’ unrelated to the status of the
peripheral pool. The second age-related phase of thymic
involution might be regulated by distinct factors, such as
those that govern the ageing process generally. In support
of this concept, we have observed the presence of senescent
cells in the thymus of older animals [66]. Considering the
transient nature of thymocytes, it is most probable that
these are components of the thymic stroma, and indeed,
there is evidence to suggest thymic epithelial cells exhibit
features of senescence in older thymi [66].

In addition to the proposed energetic benefits, the
decreased production of naı̈ve T cells associated with thy-
mic involution has been suggested to result in a variety of
other beneficial changes with age, including a reduced risk
of leukaemia [65] and enhanced peripheral selection with
age [67,68]. However, it is hard to balance the evolutionary
significance of these proposed beneficial effects with the
detrimental effects associated with involution, such as
increased infectious disease susceptibility and increased
rates of cancer, particularly because most of these changes
in the function of the peripheral immune system occur
after reproductive adulthood.

Factors regulating age-associated thymic involution
Although understanding the physiological consequences of
involution might provide clues as to the targets on which
evolutionary selection could act, identifying molecular
events (i.e. changes in the expression or function of genes
or pathways) that drive involution might be informative in
understanding how involution arose during vertebrate
evolution. In this regard, identifying the cell type(s) that
are the driving force of involution is key. The contribution
of different potential mechanisms to age-related thymic
involution remains debatable, although recent studies
have begun to elucidate the primary culprits. It was
originally postulated that the loss of bone marrow–derived
haematopoietic stem cells supplying the thymus [69] and/
or the erosion of their ability to differentiate into the
lymphoid lineage [70] were the principle factors in the
decline of thymic cellularity and secondarily to decreased
thymic epithelial area. However, there are several studies
suggesting that the thymic stroma have a crucial role to
play in driving thymic involution. Recent elegant exper-
iments grafting fetal thymic lobes to the kidney capsules of
older mice suggest that progenitors migrate to the grafts
and differentiate at similar rates to those seen in younger
mice also receiving transplanted lobes [71]. Although the
work focusing on early thymic progenitors (ETPs) suggests
a decline in their number and a perturbation in their
ability to develop into thymocytes [72,73], this seems to
be due to exposure to the ageing thymic microenvironment
that induces an increase in apoptosis of ETP and a decline
in their proliferation [72–74]. Similarly, current data
suggest that RTEs from the aged thymus are functionally
less responsive and are not primarily due to precursor
activity of the aged bone marrow stem cells (although
intrinsic defects within aged stem cells cannot be comple-
tely ruled out—see the article by Geiger and Rudolph also
in this issue), but perhaps caused by these cells developing
in an aged thymic microenvironment [58,75,76]. Taken
together, this implies that T-cell development in the aged
thymus is functionally perturbed contrary to what is often
assumed [77]. Therefore, the central factor regulating
thymic involution seems to be within the thymic stroma
itself. Indeed, several investigations suggest that the thy-
mic epithelial cell (TEC) is a decisive component. Many
studies have reported a series of morphological, phenoty-
pical and architectural changes in TECs that might have
detrimental effects [53,54,56,57,66,78–80], including a
reduction in the niches available for thymocyte colonisa-
tion [77,81]. Furthermore, various investigations reporting
regeneration of the thymus involve either supplementing
with factors normally provided by TECs, such as interleu-
kin 7 (IL-7) [43,82] or growth factors that act directly on
TEC such as keratinocyte growth factor (KGF) (FGF7) [83–

85] (also see article by Lynch et al. in this issue). In support
of a primary role for TECs in initiating involution, an RT-
PCR–based study identified downregulation of the Foxn1
transcription factor as an early event in thymic involution
[57]. Our recent data have also provided functional evi-
dence that Foxn1 is required to maintain the postnatal
thymus and that downregulation of Foxn1 in TECs
initiates premature involution [59]. These data suggest
that changes in the regulation of one or a few genes in TEC-
intrinsic molecular pathways could have been sufficient to
introduce involution during vertebrate evolution.

Life histories and immunity
Physiological cost of immunity

The energetic costs of immunity include the cost of devel-
oping the systems; the cost of maintaining the systems and
the cost of combating bouts of infection [86]. The devel-
opment of the innate system does not impose a particularly
high burden. By contrast, the adaptive system is charac-
terised by the large cost incurred early in life by the huge
number of cells that must be produced, the majority of
which are simply discarded through positive and negative
selection in the thymus and bone marrow. This cost
represents a substantial long-term investment for a devel-
oping organism and is likely to be an important factor
driving the reduction of lymphopoiesis with age as pre-
viously discussed [65]. In adult organisms, the costs of
maintaining the system are not particularly high: lympho-
cytes are maintained in a state of rest and are long-lived,
with total costs estimated to consume only 3–5% of daily
energy intake [86]. Dramatic costs, however, become
apparent on infection. In humans, metabolic rates might
increase up to 55% when fighting severe infections, and on
induction of fever, every degree rise in temperature
requires a 10% increase in basal metabolic rate [87]. The
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increase in energy requirement is met by higher food
intake or diverting metabolic resources from other
demands. Interestingly, and in contrast to its development,
there is evidence that the adaptive immune system might
in fact be less costly in operation than the innate, and this
might be an important factor in its evolution [88].

Life history trade-offs

Investment in the immune system must compete with
other physiological demands for limited resources, most
notably reproduction. The level must be sufficient to
ensure survival into the reproductive period, which
depends on the risks presented by the prevailing environ-
ment [12]. We now turn to examining how the levels are
set, what flexibility is maintained and the consequences.

(i) Early life and late survival. The ability to mount a
vigorous immune response is essential for survival in
infectious environments, but the long-term consequences
of the associated unintended damage can be severe (i.e.
immunopathology). Several studies have observed that a
genetic predisposition to weak inflammatory activity [e.g.
high IL-10, low tumor necrosis factor a (TNF-a)] is
beneficial for longevity, provided individuals escape suc-
cumbing to infection [89,90]. In other words, as long as
these individuals live within a microbially nonhazardous
environment, a weak inflammatory response will be
beneficial by counteracting classic diseases of the aged
such as dementia and cardiovascular disease. These obser-
vations have been substantiated and developed to provide
the framework of inflamm-ageing [91] (Box 1). The frame-
work has been used to guide an understanding of the
aetiology of inflammation in the diseases of old age and
a particularly valuable resource has been genetic studies in
successfully ageing populations [89,92–94]. Recently, it has
been proposed that the increase in life expectancy at older
ages over history might not just be due to improvements in
sanitation and medical care but be directly related to
reduced inflammation during early life, leading to
increases in morbidity and mortality due to chronic con-
ditions in old age [95]. A clear cohort longevity effect is seen
on analysing historical demographic data over a period of
improving health conditions. The implications are a poten-
tial slowing of lifespan extension in developed countries
but a welcome expectation that longevity will increase with
the recent fall in child infection rates in developing
countries [96]. Indeed, C-reactive protein (CRP) measure-
ments in contemporary populations living in developed
and developing countries support this view [97].

(ii) Growth and development. Infections in early life not
only result in tissue and organ damage but affect later life
by diverting resources from growth and development [96].
In a recent prospective study of Tsimane’ children in Low-
landBolivia, immune activationmeasured by levels of CRP
was associated with a deficit in height gain, with the most
marked impact on 2–4 year olds with little body fat [98].
Moreover, there is evidence to suggest that the immune
system might be susceptible to developmental program-
ming, with the proposal that early life nutrition might
affect the maturation of the immune system and therefore
influence immune function in later life [99]. For instance it
has been observed that there is a higher infection rate in
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offspring born during the hungry season (i.e. less nutrition
available) in The Gambia [100], which might correlate to
the reduced thymic growth that is seen in these individuals
[101].

(iii) Reproduction. Energetically, reproductive costs are
high for birds andmammals, and in general terms, it would
be expected that a trade-off with immune function would
be observed [102]. Manipulation of reproductive effort in
birds has provided much insight in the evolution of life
histories and has arguably provided the most compelling
evidence for short-term trade-offs in immune response
[103]. This association is not restricted to birds and has
been shown in animals ranging from invertebrates [104] to
humans [105]. Viviparous mammals have a particular
problem because fetal antigenic profile is partially
paternal and risks rejection by the mother’s immune sys-
tem. Mechanisms such as a dampening of the maternal
immune response during pregnancy reduce the risk, but
despite these adaptations, a tendency toward a Th1 proin-
flammatory profile of cytokines greatly increases the risk of
rejection and spontaneous abortion [106,107]. A math-
ematical model embedded this trade-off within the frame-
work of the disposable soma theory of ageing and explored
the optimal level of Th2: Th1 using datasets from The
Gambia and Denmark. Results supported the tendency
toward Th2 in the environment presenting lower risk of
infections, and a simple two locus simulation model
revealed how rapidly a hypothetical population would
change when transferring from one environment to the
other [108]. Further evidence for the importance of this
trade-off is provided by a role for balancing selection in the
maintenance of polymorphisms found in the IL-10 promo-
ter region [109]. The overall result is that, although a
vigorous immune response is of great benefit when faced
with an infectious environment, there is not only evidence
for detrimental long-term effects but there are clear repro-
ductive costs. It is perhaps fitting that the ideas of Peter
Medawar in two disconnected areas of mother–fetus con-
flict in which he developed his materno-placental theory
[110] and ageing [9] should be linked.

Conclusions, evolutionary and systems perspective
The force of natural selection declineswith age, leading to a
particular value being placed on survival to maturity and
on reproductive output thereafter. An ability to mount a
strong inflammatory response early in life and the finely
tuned repression of the immune response to accommodate
successful reproduction are clearly in support of this. The
disposable soma theory is of broad applicability: invest-
ment in the immune systemneeds to be sufficient to ensure
survival in the prevailing environment, it should align
with investment in other maintenance systems and most
importantly must be finely tuned or optimised with respect
to reproduction.We have seen that thymic involution could
be explained with a resource-based argument [89]. Mount-
ing an immune defence is energy intensive and, even with
effective regulation, might result in long-term damage;
multiple trade-off decisions are therefore deeply
embedded. There is clear evidence that the trade-off be-
tween immunity and reproduction has a genetic com-
ponent. This is all intuitive, which makes us more
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confident to fit the accumulating evidence within a broader
framework to enable predictions to be made; some of these
predictions have been referred to in this article. The two
main genetic theories of ageing do not offer such explana-
tory power: there is little evidence that mutation accumu-
lation affecting late-acting genes play an important role in
immunosenescence [111]; although genes that encode for
proinflammatory and anti-inflammatory cytokines each
have antagonistic pleiotropic properties [11], the fact that
they act as coordinated systems with multiple partners
and mutual inhibition implies a more complex trade-off
than single gene affects.

We have a detailed knowledge of the immune system at
the molecular and cellular level in many different organ-
isms. We are enhancing our knowledge of the plasticity of
the immune system in response to competing demands
and to how age affects this plasticity. Where we have large
gaps of knowledge is in the regulatory processes that
connect the mechanisms with higher level phenotypic
outcome. Signalling networks that include NF-kB and
insulin signalling are certainly involved [112], and at
the physiological level, the hypothalamic-pituitary-adre-
nal and -gonadal axes are also involved [113]. Recent
evidence that thymic involution can be triggeredwith only
a fewmolecular events is intriguing and suggests that this
might be an experimentally and clinically tractable pro-
blem [57,59]. A systems biology approach would be useful
in addressing this complexity and could also provide a
useful bridge linking low-level mechanisms to the high-
level phenotypic outcomes that are necessary for linking
the how to the why of immune system ageing. It has been
noted that a ‘bowtie architecture’, whereby multiple
inputs are integrated by a limited number of processes
(i.e. akin to the shape of a bowtie) that then transmit a
signal for a multifaceted response, is well represented in
the immune systems. This regulatory architecture is
appealing because it provides the necessary properties
of robustness and evolvability and its study has been
proposed as one way forward [94]. We know that the
immune system is sophisticated and effective, but it has
itsweaknesses. Recognizing these potentialweaknesses is
important, but understanding why they are present and
under what conditions they are exposed at their worst is of
undoubted value.
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