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Summary

It is now becoming apparent that the immune system undergoes age-asso-
ciated alterations, which accumulate to produce a progressive deterior-
ation in the ability to respond to infections and to develop immunity
after vaccination, both of which are associated with a higher mortality
rate in the elderly. Immunosenescence, defined as the changes in the
immune system associated with age, has been gathering interest in the sci-
entific and health-care sectors alike. The rise in its recognition is both
pertinent and timely given the increasing average age and the correspond-
ing failure to increase healthy life expectancy. This review attempts to
highlight the age-dependent defects in the innate and adaptive immune
systems. While discussing the mechanisms that contribute to immuno-
senescence, with emphasis on the extrinsic factors, particular attention
will be focused on thymic involution. Finally, we illuminate potential
therapies that could be employed to help us live a longer, fuller and
healthier life.

Senior author: Dr D. B. Palmer

General introduction

A functional immune system is considered vital for the
host’s continued survival against the daily onslaught of
foreign organisms and pathogens. In humans, as well as
in many other species, it is becoming recognized that the
immune system declines with age, a term known as
immunosenescence, which leads to a higher incidence of
infections, neoplasia and autoimmune diseases."

The impact of age-related changes in the immune sys-
tem was clearly not an issue when the average human life
span was approximately 40 years. However, over the past
150 years, advances in medical sciences and nutrition
have resulted in a dramatic increase in life expectancy to
an unprecedented 80 years. Currently, in the UK more
than 18% of the population are 65 years or older, and
this percentage is expected to rise to 25% by 2031; a
trend predicted worldwide.> Thus, in the absence of any
major evolutionary pressure, an immune system that was
designed to function for approximately 40 years now has

to continue for an additional four decades. Therefore, it
is unsurprising that the increased susceptibility to cancers
and infections seen in older persons points to severe defi-
ciencies in the immune system.

The activity of haematopoietic stem cells
in the aged

A detailed overview addressing the impact of ageing on
haematopoietic stem cell (HSC) function is beyond the
scope of this article and more comprehensive reviews can
be found elsewhere.>* Here we will discuss the more sali-
ent points and highlight recent findings. HSC possess the
ability to differentiate into different blood-borne cells
(Fig. 1), coupled with the capacity of self-renewal to pre-
vent clonal exhaustion. Considering that all haemato-
poietic cells are derived from HSC, the age-dependent
decline in immunity could be attributed to the functional
activity of HSC in the aged. Earlier studies addressing the
effect of ageing on HSC function were inconclusive. This
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Figure 1. The effect of age on the different components of the innate and adaptive immune systems. Stem cells from the bone marrow give rise

to the haematopoietic progenitors under signals from the different microenvironments. Age-associated defects are highlighted in the different
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was largely attributed to the different techniques, such as
bone marrow transplantation (BMT),” serial BMT,® or
colony-forming unit—spleen activity,” that were employed
to answer this question. However, recent evidence sug-
gests that HSC show a decline in function that is associ-
ated with increasing age.>*

It is now apparent that there are significant genetic
component(s) that regulate stem cell ageing.* For
instance, studies in C57BL/6 mice revealed an increase in
the number of HSC in aged mice.” In contrast, the num-
ber of HSC in DBA mice markedly decreased with age. In
competitive repopulation experiments, comparing young
and old bone marrow transplanted into the same recipi-
ent, a reduced ability of old HSC to repopulate haemato-
poietic progenitors was apparent.® This could be because
of their inability to adhere within the bone marrow stro-
mal environment, leading to the proposal that the hom-
ing potential of old HSC is reduced.” More recently, gene

array data showed that the transcript from old HSC
reflected a reduced capacity to differentiate into the lym-
phoid lineage, while exhibiting a gene expression profile
that reflected an increased myeloid potential.'® Further-
more, the expression of the cell-cycle inhibitor p16™**
appeared to increase with age in HSC and evidence sug-
gests that this age-dependent increase contributes to the
reduced repopulation potential of old HSC.'"' Taken
together these studies would support the effect of ageing
on HSC to be a cell-intrinsic phenomenon, giving rise to
these cells exhibiting reduced homing and reconstitution
ability together with an altered programming of haemato-
poietic differentiation.

The impact of advancing age on innate immunity

Whereas age-related alterations of the components within
the adaptive immune system are well documented,
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detailed analysis of the impact of advancing age on the
innate immune system remains unresolved. The clinical
features of immunosenescence clearly indicate a dysfunc-
tion in innate immunity and in the last few years several
studies have tried to address this issue.">™'* Investigations
now suggest that ageing is associated with the increased
production of pro-inflammatory cytokines by macrophages
and fibroblasts for example.'>'® Elevated levels of these
mediators are believed to be responsible for most of the
age-associated diseases such as diabetes, osteoporosis and
atherosclerosis because they all share an inflammatory
pathogenesis.'>'® Termed ‘inflamm-ageing’, it has been
hypothesized that as a result of constant antigenic chal-
lenge, the continual production of inflammatory media-
tors could potentially trigger the onset of associated
inflammatory diseases. Indeed, emerging evidence suggests
that the balance between pro- and anti-inflammatory
cytokines can be used as a profile to indicate frailty and
mortality in older individuals.'”

An increasing number of studies have also suggested
that there is a decline in the phagocytic capacity and
reduced superoxide anion production in macrophages
and neutrophils in the aged."* Other features of
aged phagocytes include a reduced expression of Toll-like
receptors on macrophages.'® Similarly, activation of neu-
trophils by formyl-methionyl-leucyl-phenylalanine (fMLP)
is impaired in old subjects compared to young subjects,
linked to a reduction of intracellular Ca** mobilization."
As to the cause of such defects, recent data seem to sug-
gest that the environment plays a key role, with hormones
and cytokines influencing functional activity.”>*' Indeed,
Butcher and Lord proposed that the high rate of infec-
tions following hip fracture in older individuals, could be
the result of neutrophil dysfunction,”’ which is attributed
to the high level of circulating cortisol present in these
subjects. The adrenal hormone dehydroepiandrosterone
sulphate (DHEAS), which can enhance immune function
and has an effect that is opposite to that of cortisol;
indeed in young trauma patients the accompanied
increase of cortisol level is controlled by the production
of DHEAS.??> However, the production of DHEAS is
markedly reduced with age and consequently the heigh-
tened immunosuppressive effect of cortisol is seen in the
elderly after injury.

Given the essential role that natural killer (NK) cells
play in immunity, it is not unreasonable to assume that
the clinical manifestations attributed to immunosenes-
cence could also be the result of age-dependent alterations
in NK-cell number and function. It is now regarded that
the number of NK cells significantly increases with age,
but changes in NK-cell function are less clear and in
some cases there have been conflicting reports.'*?**
Nevertheless, the overwhelming evidence indicates
depressed NK function in old individuals. Such reports
have demonstrated impaired NK-cell cytotoxicity, as well

as reduced production of cytokines and chemokines by
activated NK cells.'>**** This could be attributed to the
expansion of different NK-cell subsets because there are
reports that in the elderly there is an increased proportion
of the CD56~ NK-cell subset; cells which exhibit lower
cytolytic activity and have a reduced ability to secrete
cytokines in comparison to the more abundant CD56"
NK-cell subset.*

Impaired B-cell development and function
in the aged

Essentially, HSC in the bone marrow give rise to early B
cells through common lymphocyte precursors. These
common lymphocyte precursors become Pro-B cells in
the bone marrow by successful immunoglobulin heavy-
chain gene rearrangements and subsequently differentiate
into Pre-B cells (Fig. 1), which then migrate to the per-
iphery.*® Transition to Pro-B cell and Pre-B cell stages are
dependent upon the activity of recombination activating
gene 1 (RAGI) and RAG2.*” Humoral immunity in aged
individuals is severely compromised as the result of
mainly two mechanisms: (1) decreased production of
long-term immunoglobulin-producing B lymphocytes
because of intrinsic and microenvironmental defects, and
(2) the loss of immunoglobulin diversity and affinity as a
result of disrupted germinal centre formation.*®

Whereas the decline in frequencies of pre-B cells has
been well established for some time, it was presumed to
be primarily the consequence of the diminished capacity
that Pro-B cells have to differentiate. However, this may
not be the sole reason because Miller and Allman repor-
ted a decay in frequency and absolute numbers of Pro-B
cells and in the progenitor pools for the B-cell lineage,
with marked reductions observed as early as 7 months of
age in mice.”” More recently, Min et al. have shown that
both Pro-B-cell and Pre-B-cell production is severely
impaired in aged mice recovering from induced 5-fluoro-
uracil treatment® and such age-associated defects in Pro-
B cells may help explain a reduction in the numbers of
Pre-B cells generated.’® Several studies have also under-
lined the loss of RAG mRNA in total bone marrow pre-
parations from old mice.”>* Elegant studies using
reciprocal bone marrow chimeras have led Labrie et al. to
hypothesize that RAG expression in Pro-B cells is con-
trolled by the microenvironment itself rather than being
an intrinsic defect of senescent B-cell progenitors.”* Addi-
tional evidence supporting this hypothesis has come from
stromal cell cultures, because cultures from old individ-
uals are less efficient in supporting B-cell proliferation
than those from young counterparts.’’*>>® Nevertheless,
other reports have suggested defects in aged B-cell precur-
sor transcription factors. E2A and Pax-5 are crucial to B
lymphopoiesis because they accompany differentiation,
proliferation and survival of early B cells following inter-
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leukin-7 (IL-7) receptor interaction.”” The reduced
expression of the downstream products of E2A (E47 and
E12) and Pax-5 (B-cell-specific activator protein; BSAP)
have also been shown to accompany old age in Pro-B
cells.®**® More recently these defects have also been
shown to be present in peripheral B cells from older
mice.*!

The impact of ageing on peripheral B cells is multifac-
eted because the numbers of B cells exported from the
bone marrow is already reduced, exacerbating down-
stream defects. Despite a fourfold to fivefold decline in
B-cell production in the aged mice, peripheral B-cell
numbers remain relatively constant. One reason might be
that the peripheral B-cell pool is already ‘saturated’, in a
manner that is similar to what happens in T-cell homeo-
stasis in the old.*” However, another possible explanation
is that peripheral B cells in the mouse reflect a decreased
B-cell generation and a fivefold increase in peripheral
B-cell longevity.*>** In addition, the oligoclonal expan-
sions of B cells associated with CD5 expression, T-cell-
independent immunoglobulin production and production
of low-affinity auto-antibodies are known to occur in old
individuals*>*® and to occupy niches, which then cannot
be occupied by other B cells.*”** Many other intrinsic
B-cell defects have also been reported in aged mice and
humans, including reduction of costimulatory mole-
cules,” defects in B-cell receptor signalling®®>" and low
immunoglobulin titre and affinity.”>>* In addition,
T-cell/B-cell interactions are known to be disrupted both
in aged mice®® and in aged humans.”® Such defects in
T-cell helper function, which are known to occur during
ageing,”’ significantly affect humoral immunity because
they are required for germinal centre formation and
production of soluble factors.

The thymus, T-cell development and ageing

Of all age-associated changes in the immune system,
regression of the thymus must be the most dramatic, ubi-
quitous and recognizable. Reduced thymic size during
ageing was documented even before the function of the
thymus was established. Paradoxically the reduced thymus
size observed in older people and in those who have died
from fatal illnesses was considered normal, whereas sud-
den deaths on the operating table were commonly attrib-
uted to the ‘large’ thymus thought to impede breathing.”®
Chronic thymic atrophy is now accepted as an ancient
and conserved evolutionary process® and the impact on
immunosenescence along with characterization of the
stages and mechanisms concerned are under increasing
scrutiny.

The thymus is the primary site of T-cell development
capable of generating self-tolerant, self major histo-
compatibility complex-restricted, immunocompetent T
cells®®®°. Highly keratinized thymic epithelial cells (TEC)

constitute the major subcomponent of the thymic stroma
accredited with providing the favourable microenviron-
ment that encourages T-cell development.®"*> Through a
combination of cell-to-cell contact and production of sol-
uble factors, TEC create discrete niches in the thymus to
direct the many stages of thymopoiesis as reflected by the
distribution of developing thymocytes.

Briefly, the HSC that are termed double-negative (DN),
which do not express CD4 or CD8, enter the thymus
through the cortical-medullary junction and migrate to
the outermost cortical zone. The DN subset may be
further divided on the expression of CD44 and CD25
with the maturation sequence CD44" CD25~ (DNI1),
CD44" CD25" (DN2), CD44~ CD25" (DN3) and CD44~
CD25" (DN4) identifying stages of expansion, commit-
ment to the T-cell lineage and rearrangement of T-cell
receptor (TCR) genes.®>®* The majority of thymocytes are
found in the cortex following up-regulation of CD4 and
CD8 to become double-positive (DP) thymocytes and
undergo stringent selection processes; they then continue
into the medulla where they differentiate into either the
single-positive (SP) CD4" or SP CD8" T cells and await
export into the periphery (Fig. 1).%

With age, there is a decrease in thymic epithelial space
and thymic cellularity, collectively called thymic involu-
tion. In mice, loss of thymic epithelial space is caused by
a gross reduction in thymus size,°*®” whereas in the
human thymus there is an increase in perivascular space,
which is progressively replaced with fat in the ageing thy-
mus.®®®® Despite the reduction in functional thymic area,
the ageing thymus still demonstrates T-cell output,
although at decreased rates.”® Continual persistence of
T-cell receptor excision circle-positive (TREC") T cells,
representing recent thymic emigrants (RTE), was found
in the peripheral blood of elderly people.”! The drawbacks
of using TREC analysis including the inclusion of long-
lived naive cells were overcome by a transgenic mouse
model with a green fluorescent protein (GFP) transgene
under the expression of the RAG-2 promoter where RTE
retain high GFP levels that fade over a 3-week period.””
RTE were clearly detectable in 2-year-old mice and, inter-
estingly, controlling for loss of thymic size, output is rel-
atively age-independent as calculated by the number of
splenic RTE per 100 DP thymocytes.”

There is consistently emerging evidence that thymic
involution does not correspond with the onset of puberty
as was previously assumed.”* In the mouse thymus a sig-
nificant decline in thymic cellularity has been observed at
6 weeks of age.”” In humans a decrease in thymic cellular
density begins as early as 9 months old”® and appears to
go through several phases of rapid regression (in those
under 10 years of age and between the ages of 25 and
40 years) and slower atrophy (between 10 and 25 years of
age and in those over 40 years).®® Despite these insights
into the events of thymic atrophy, the mechanisms
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controlling the process remain obscure. A number of can-
didates have been proposed, which are to be discussed
below.

Do the defects stem from the bone marrow?

The impact of HSC on thymic involution is a contentious
debate given the conflicting data. Originally, Tyan reported
a decline in the ability of aged bone marrow to reconstitute
T-cell populations in lethally irradiated hosts.”” Adding
credence to these studies, purified HSC from old mice also
exhibited decreased differentiation potential towards lym-
phoid lineages in vivo and in vitro.”® Within DN1 cells are
the early thymic progenitors (ETP) that were found to
decline in frequency and total number in ageing mice.
Moreover, ETP from older mice were inefficient at seeding
fetal thymic lobes and generating DP and SP thymocytes.”®
However, a number of studies transferring young bone
marrow into aged lethally irradiated hosts have shown that
thymic and splenic repopulation and mitogenic responses
were consistently lower in the aged recipients.*® Further-
more, young bone marrow injected into aged mice failed to
restore histological abnormalities of the thymus.*’ There-
fore, it has been suggested that there are also age-associated
defects in the stromal cells.

Is IL-7 responsible?

IL-7, produced by TEC, is a vital cytokine for thymocyte
development; it controls the early stages of thymopoiesis
and has been shown to decline with age.®” Interestingly,
treatment of mice with antibodies against IL-7 resulted in
a phenotype similar to thymic involution.*’ In contrast,
injecting aged mice with exogenous IL-7 increased thymic
weight and cellularity. Yet, although other groups have
described an increase in TREC* CD8" T cells in the per-
iphery after 14 days of IL-7 treatment, they failed to
observe an increase in thymic numbers.®® There is also
the difficulty of distinguishing the effects of IL-7 on
thymopoiesis from peripheral responses, therefore thymic
stromal cells engineered to constitutively express IL-7
were transplanted into mice and thymic atrophy was
monitored.** Despite the significant rise in the percentage
of CD25" DN thymocytes in older implanted mice, no
change in the rate or degree of thymic involution was
found and the total number of thymocytes and thymic
output were similar in transplanted and control mice.**
Consequently, IL-7 may rescue the early defect in thymo-
poiesis of ageing mice but it fails to successfully regener-
ate the thymus.

A hormonal problem?

In association with generating T cells, the thymus is
recognized as an endocrine gland, sensitive to hormonal

control and capable of endogenous production of some
hormones with various receptors expressed on the thymic
stroma and thymocytes.*> Given the circumstantial evi-
dence that decline in circulating levels of growth hormone
(GH) coincides with the presumed onset of thymic atro-
phy it has been proposed that GH could be involved.
Indeed, GH and its mediator insulin-like growth factor-1
(IGF-1) have been shown to stimulate thymopoiesis in
young animals. Using a rat model with GHj; pituit-
ary adenoma cells (which secrete GH) implanted into
22-month-old rats, thymus size increased and cellularity
was enhanced.® In older mice thymus size and cellularity
were increased after administration of GH; however,
recovery was still far below the numbers seen in young
mice, implying that the role of GH in thymic involution
may be limited.*” In conjunction, studies of little mice
(with a 90% deficiency in serum GH and IGF-1 do not
display any changes in the rate of involution.*

By contrast, sex steroids are renowned to have detri-
mental effects on thymocytes. In the absence of sex hor-
mones by castration or ovariectomy, regeneration of the
thymus was observed. Intriguingly, chimeric mice with
androgen receptor-defective stroma but wild-type thymo-
cytes did not undergo thymic atrophy, suggesting that the
stroma is the target of androgen-induced regression.®
Two recent studies have attempted to further characterize
the influences of sex steroids on the thymus. ETP number
but not proportion was amplified in middle-aged castra-
ted mice, implying that enhancement is at progenitor
entry level rather than the result of replication.”® Addi-
tionally, aberrant thymic architecture is restored after cas-
tration.”’ Nonetheless, there is evidence to suggest that
testosterone is not the sole contributor to involution,
including a recent examination of thymic atrophy in
hypogonadal mice with diminished sex steroid produc-
tion, which presented no changes in cellularity or cellular
distribution compared to wild-type littermates.*® Corres-
pondingly, this group showed that the effects of sex hor-
mone removal are transient in the wild-type mouse, with
positive effects lost after 20 weeks.

Are changes to TEC involved?

A largely overlooked potential candidate is the TEC.
Given that TEC constitute an integral compartment of
the thymic stroma and are the major driving force of
thymopoiesis further investigation into age-related chan-
ges is required.®>®> Whether there is a decline in the
number of TEC with age is hotly contested;’>”* however,
in vitro data suggest that the proliferative rate is reduced
in older mice. A recent study has shown that CD45™ cells
decline in number with age and that the proportion of
proliferating TEC, as measured by Ki67 expression,
decreases in older mice.”> Alterations in thymic architec-
ture though have been consistently observed in both mice
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and humans. There appear to be accumulations of fibro-
blasts and a decrease in keratin-positive areas in the
human thymus with age.”® This is accompanied by a dis-
tortion at the cortical-medullary junction.”"***® In addi-
tion, there is a decrease in the TEC genes FoxNI and
subunit 8 of keratin in the ageing mouse.””> Collectively
these suggest a qualitative and/or quantitative loss of TEC
with age. Indeed our group has found that the gross mor-
phological changes are associated with alterations in the
expression of critical molecules such as major histocom-
patibility complex class II and defining molecules of corti-
cal and medullary TEC, which appear to decline with age
(Aw et al., manuscript in preparation). Considering the
exacerbated rate at which the thymus demonstrates signs
of age-associated atrophy, we propose that it is under dif-
ferent parameters to those controlling the ageing process
in other organs and tissues. This is supported by micro-
array analysis demonstrating that the majority of specific
genes found to change with thymic ageing are distinct
from those in other systems.”” Thus, we suggest that the
deficiency begins within the thymus itself as, according to
the disposable soma theory,”® it becomes redundant once
it has generated a significant TCR repertoire,” which
occurs early in life. These changes result in defective
T-cell development,'® which in turn has a negative effect
on the TEC because the maintenance of the thymic archi-
tecture is dependent on the presence of functionally
maturing thymocytes (Fig. 2).'°"'%% Undoubtedly, the
process of thymic involution is a multifactorial one and
all the mechanisms discussed here could be involved with
grave repercussions for the peripheral T cells.

Age-dependent defects in peripheral T cells

Surprisingly there is little change in the number of per-
ipheral T cells with age, especially given the reduction in
thymic output in the aged.'® The size of the peripheral
T-cell pool is tightly regulated by several variables inclu-
ding homeostatic mechanisms.'® Both memory and naive
T cells undergo homeostatic control and in humans
steady-state proliferation significantly contributes to the
naive TCR repertoire.' It had been presumed that naive
and memory T-cell pools were maintained separately with
different survival requirements that are considerably stric-
ter for naive T cells.'” Yet an innovative study revealed
that clonal expansion of CD8" T cells is the consequence
of the diversity of the remaining T cells, particularly those
that share the same TCR VP element.'® This could have
a profound impact on TCR diversity. Analysis of the TCR
VB chain presented a decreased antigen-recognition reper-
toire from approximately 10° in young adults to 10° in
older individuals'®” with a drastic contraction in CD4"
T-cell diversity in the seventh and eighth decades of
life.'”® Studies in mice have determined that a twofold to
10-fold decrease in diversity is sufficient to jeopardize a
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Figure 2. Crumbling architecture with faulty foundations — a pro-
posed model of thymic involution. T-cell development initiates when
HSC enter into the thymus. It is still unknown whether the number
of HSC entering the thymus is reduced with age and there are still
debates over the development potential of these cells. HSC are
instructed by the TEC through the developmental pathway of suc-
cessful T-cell differentiation by a combination of cell-cell contact
and soluble factors. In the left diagram, the young thymus is dis-
tinctly orientated into the cortex and medulla directing the early and
late stages of thymopoiesis, respectively, generating functional T cells.
The presence of immunocompetent T cells is imperative to the
maintenance of the thymic architecture. However, with increasing
age the thymus shrinks, becomes disorganized and the TEC lose defi-
ning molecules such as keratin (right diagram) contributing to aber-
rant T-cell development. As the nature of the relationship between
TEC and T cells is symbiotic, these defective T cells have a negative
influence on the already age-altered TEC. This leads to a decrease in
the number of RTE exiting the thymus and entering the peripheral
pool, which in turn results in a constriction of the TCR repertoire in
the older individuals by expansion of specific memory clones and
decreased naive T-cell numbers. HSC, haematopoietic stem cells;
RTE, recent thymic emigrants; TCR, T-cell receptor; TEC, thymic
epithelial cells.

T-cell-mediated immune response,'” thereby leaving the
elderly more susceptible to new pathogens.

As the emphasis in the ageing peripheral T-cell pool is
perpetuation through replication, this has gross implica-
tions for the individual cell. Examination of lymphocyte
lifespan has shown variations in subsets, but all are finite.
Human CD4" T cells have around 33 population dou-
blings in culture''’ whereas CD8" T cells have only
around 23.""" The restraint dictating lifespan is believed
to be telomere-dependent and analysis of telomere length
displays significantly shorter telomeres in old individuals
among all T-cell subsets.''> These cells, which have
undergone replicative senescence, accumulate with age
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and many, particularly in the CD8" memory subset, are
specific to only certain persistent infections.''> One virus
that has attracted specific attention is cytomegalovirus
(CMV) with a large expansion of CMV-specific CD8"
T-cell clones in the elderly and it has now been verified
through longitudinal studies that CMV seropositivity
identifies those with an immune risk phenotype.''* Shor-
tened telomeres have been correlated with changes in
phenotypes (reviewed by Weng in 2006'°7), modifications
in responses''> and resistance to apoptosis.''®

Can immunosenescence/immunodeficiencies
be reversed?

Along with advances in research into immunosenescence
and immunodeficiencies, potential therapies to counteract
these deficits in older people and immunocompromised
individuals are being studied (summarized in Fig. 1).
Since age-associated defects appear to be partially within
progenitor cells, in theory some of the problems asso-
ciated with immunosenescence could be reversed by
improving the quality and numbers of naive T cells and
immunoglobulin-producing B cells. One successful ther-
apy is BMT, however, the occurrence of graft-versus-host
disease and graft-versus-leukaemia encountered by BMT
recipients remains a major hurdle to be overcome.''” In
mice, the administration of growth factors and cytokines
such as IGF-I and IL-15 after allogeneic BMT has been
proven to enhance immune reconstitution, including NK
cells, NK T cells and T cells associated with enhanced
T-cell and NK-cell function while IGF-I in combination
with IL-7 greatly enhances B-cell lymphopoiesis.''®'"”
Indeed, when using soluble factor therapies, IL-7 might
prove to be a good candidate for immune reconstitution
after BMT because Bolotin et al. reported the enhance-
ment of thymopoiesis after syngeneic BMT by in vivo
administration of IL-7 without aggravating graft-versus-
host-disease.'*® Similar results were found for B cells, NK
cells, monocytes and macrophage expansion following
BMT, including in middle-age recipient mice,'*' intro-
ducing the hope of immune reconstitution in the aged
using post-transplant cytokine conditioning.

As a result of a dysfunctional microenvironment,
altered cytokine profiles and signal transduction defects
are critical in aged individuals. Research suggests that IL-7
therapy alone in old mice can rejuvenate the thymus,'*
although never to the point of thymic size and output
that are seen in the young.'*> Additionally, IL-7 receptor
components seem to be expressed in Pro- and B cells
derived from old mice at comparable levels to young
mice.'** Thus, IL-7 therapy alone might not work because
of the inability to maintain this cytokine in the particular
niche and/or signalling defects in the aged mice. In fact
phosphorylated P-STAT5, a signal transducer from IL-7
and IL-2 receptor JAK activation, is likely to be crucial in

anti-immunosenescence therapies because its presence is
much reduced in both aged B-cell precursors*’ and ageing
T cells.'” However, one must remember that even in the
event of B-cell and T-cell IL-7/IL-2-driven reconstitution
of thymopoiesis and B-cell development in aged mice, the
same would not necessarily apply in humans because, for
example, IL-7 does not have the same properties in
humans as it does in mice.'*

The prospect of whole thymic transplantation as a
means to increase the number of naive T cells has proved
promising in both mice and humans suffering from
immune dysfunction.'*”'*® Indeed, transplantation of cul-
tured pieces of thymic tissue into paediatric patients suf-
fering from DiGeorge syndrome has proved successful in
restoring immune function'*® for up to 10 years post-
surgery.””® The implications of this approach for the
treatment of immune dysfunction in the elderly are how-
ever, more complex because of the limited amount of
tissue, the invasive surgery involved and tissue rejection.
In the mouse, several groups have now identified a
progenitor multipotent TEC that can grow into a three-
dimentional thymus and support normal T-cell develop-
ment when transplanted onto the kidney capsule of
normal and nude mice."*'™"** In humans, such micro-
environmental progenitor epithelial cells have not yet
been identified, but advances in finding such undifferenti-
ated epithelial cells in the murine postnatal thymus'**
make this research an exciting and promising avenue to
the restoration of thymic function.

There are also a considerable number of studies report-
ing cross-talk between the immune and neuroendocrine
systems, placing the thymus as a target for neuroendo-
crine control."*>'*® Data from our group seem to support
this hypothesis because we have shown that neuropeptide
and thymic hormone expression in the thymus seems to
be affected by ageing and have a role in T-cell develop-
ment across different evolutionary species.'”””'*® Treat-
ment with GH in HIV-1-infected patients has proved
successful in the reversal of thymic atrophy.”® Of late,
there has been a re-emergence of interest in zinc supple-
mentation as a therapeutic adjuvant. The benefits of zinc
on the immune system have been reported for a number
of years,'* and the corresponding decrease in zinc
absorption in older individuals'*' has led to the proposal
of zinc supplementation for the elderly. However, this
approach should be used with caution, a recent report
observed that while zinc can decrease spontaneous apop-
tosis in peripheral blood mononuclear cells there was
an increase in oxidative stress-induced apoptosis that
was age-dependent.'*? Another therapeutically exciting
approach is to target sex steroids, which are known to
have a dramatic effect on thymus size and function dur-
ing ageing'**™'*> as well as in modulating differentiation,
proliferation and survival of B-cell precursors.'*® Boyd’s
group has recently shown that castration of 9-month-old
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mice enhanced the number of ETP as well as thymic pro-
liferation.”® While this technique might have very limited
applications in humans, analysis of male patients under-
going sex steroid ablation therapy for prostatic cancer has
shown that this technique might prove useful in increas-
ing circulating naive T cells in old individuals.”" Further-
more, hormone therapies could prove useful in the
treatment of innate age-associated dysfunctions, for exam-
ple DHEAS supplements are able to enhance super-
oxide production in neutrophils and can increase NK-cell
activity.”!

Without the need for surgery or sex steroid ablation
and their intrinsic side-effects, gene therapy alone or
combined with other therapies could prove to be more
effective in restoring immune function in immuno-
compromised patients as well as in old individuals.
Although short-lived, infants with X-linked severe com-
bined immunodeficiency who received retroviral gene
addition to cells from their bone marrow developed
impressive immune reconstitution.'”” This shows that
although still in its early stages, gene therapy can in
theory treat immunological disorders in old and immuno-
deficient individuals.

Concluding remarks

Despite the relative infancy of the study of immunosenes-
cence, much has been achieved. The move away from the
descriptive phase of the research into finding causative
effects can only be of benefit to a world population with
an increasing average lifespan that is projected to keep
rising. A better understanding of the signals dictating
immune dysfunction and senescence, particularly from
the microenvironment, could be the key to successful
immune reconstitution in the future.
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