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1. ABSTRACT

Deterioration of the immune system with aging
("immunosenescence") is believed to contribute to morbidity
and mortality in man due to the greater incidence of infection,
as well as possibly autoimmune phenomena and cancer in the
aged. Dysregulation of T cell function is thought to play a
critical part in these processes. Factors contributing to T cell
immunosenescence may include a) stem cell defects, b)
thymus involution, c) defects in antigen presenting cells
(APC), d) aging of resting immune cells, e) disrupted
activation pathways in immune cells, f) replicative senescence
of clonally expanding cells. This review aims to consider the
current state of knowledge on the scientific basis for and
potential clinical relevance of those factors in
immunosenescence.

2. INTRODUCTION: WHAT IS IMMUNO-
SENESCENCE?

 T cell function is altered in vivo and in vitro in
elderly compared to young individuals. These changes are
generally perceived as reflecting a deterioration of immune
function. This state, designated "immunosenescence", occurs
in both long and short-lived species as a function of their age
relative to life-expectancy rather than chronological time.
Although usually viewed as being deleterious to the
individual, immunosenescence may on occasion contribute to
decreased pathology in elderly individuals, as in the lesser
acute rejection seen in clinical corneal and kidney
transplantation (Bradley et al., cited in (1) and in murine
models of systemic lupus erythematosis (2). The same may be
true for acute rejection in human liver transplantation (3).
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Most tests of T cell function are depressed in elderly
individuals (4), including even such very strong reactions as
the rejection of allogeneic skin transplants in rats (5),
consistent with the results in human, mentioned above.
However, aside from these special cases, several studies have
suggested a positive association between good T cell function
in vitro and individual longevity (6-8), and between absolute
lymphocyte counts and longevity (9). A high proportion of
centenarians have relatively well-preserved immune functions
compared to the less elderly (10), and a recent longitudinal
study of the very old indicated that two-year non-survival was
associated with poor T cell proliferative responses to mitogen,
high CD8 (cytotoxic/suppressor cell) cell counts, and low
CD4 (helper/delayed-type hypersensitivity [DTH] cell) and
CD19 (B) cell counts. It was found that no single parameter
was predictive for survival, but that a cluster of the above
parameters was predictive (11). These data suggest that well-
preserved immune function is associated with extended
longevity.

The earliest observations on immunosenescence
showed that cytotoxic T cells were compromised in old mice
(12); in humans it has recently been found that this is a result
both of an age-related decrease in the proportion of cells
expressing perforin and the amount of perforin per cell (13).
Many studies mostly performed in mice, rats and man but also
including monkeys and dogs (14) have established that age-
associated immune decline is characterized by decreases in
both humoural and cellular responses. The former may be
largely a result of the latter, because observed changes both in
the B cell germline encoded repertoire and the age-associated
decrease in somatic hypermutation of the B cell antigen
receptors (BCR) are now known to be critically affected by
helper T cell aging (15). An explanation for this may be that a
T cell product induces recombination-activating gene-1
(RAG-1) in athymic mice, which usually lack this in the bone
marrow (BM) and therefore cannot rearrange BCR (16).
Hence, the thymus is also necessary for B cell development,
via its production of T cells and T cell-derived factors. These
factors, produced predominantly by CD8 rather than CD4 T
cells, have now been identified as Interleukin (IL) 16 (17).
This is a fascinating and unexpected finding, considering that
IL 16 was up to that point known as a CD4 ligand inhibiting T
cell activation (18), and as a chemoattractant factor for CD4
cells, produced by mast cells and fibroblasts (19,20).

In humans, young and aged individuals commonly
differ regarding the proportion of T cell subsets they possess,
in particular in terms of an increased proportion of memory
cells in the aged. There may be an overall decrease in mature
CD3+ T cells with age (9, 21-23). However, this is not
necessarily a continuous process; according to one report, the
number of T cells decreases until the third decade, then stays
constant until the 7th, and then decrease again (24).
Reciprocally, increased numbers of apparently activated T
cells (HLA-DR+, CD25+), as well as increased numbers of
natural killer (NK) cells (25) are seen. These data in human
apply only to peripheral cells; the situation in the lymphoid
organs is mostly unexplored, but could be different. For
example, in rats, the effects of aging on numbers and types of
cells in spleen and the periphery are different (26). The
"homing environment" in murine spleen seems to deteriorate
with age (27). In mice, both secondary lymphoid organs and
blood lymphocyte subsets have been studied in parallel. Thus,

Poynter et al. reported that the proportion of T cells bearing
the NK marker NK-1 increases with age in mice in blood and
secondary lymphoid organs and that these cells rapidly
produced large amounts of IL 4 on stimulation (28). There are
strong arguments for the extrathymic nature of such NK-1+ T
cells (29), which may therefore increase in compensation for
decreased thymic output of conventional T cells.

Apparently paradoxically, despite declining
immune function, aging is also associated with increased
autoimmune phenomena. There are increased levels of
autoantibodies in the aged; because some such antibodies can
penetrate living cells and activate them (30), this may have
functional consequences, perhaps helping also to explain
some aspects of dysregulated T cell function in the elderly. In
centenarians, the increased levels of autoantibodies found do
not include disease-associated antibodies such as anti-ENA
and anti-dsDNA antibodies (31), or the thyroid autoantibodies
which cause problems in the less elderly (32) but this could be
because of selection pressures in the extremely old. In mice,
old animals have a quantitatively but not qualitatively altered
autoantibody pattern (33) and, because not only
autoantibodies in general, but also clearly pathogenic
autoantibodies, are routinely generated during normal
immune responses to foreign antigen in the healthy young, the
requirement for peripheral regulatory control of potentially
damaging autoreactivity is paramount (34). It is this which
could possibly be dysregulated in aging. Thus,
immunodeficiency on the one hand could be reconciled with
increased autoimmunity on the other by postulating a
compromised cellular regulatory activity with age. Data
related to this point are controversial, but some are consistent
with decreased cellular suppressive activity with age (35-37)
or with increased resistance to suppressive influences in the
aged (38). Decreased specific suppressor cell activity in aged
mice is associated with the appearance of MHC unrestricted T
helper cells (39). The appearance of the same kind of MHC
unrestricted helper activity has been observed in elderly
humans (40), suggesting that altered suppression in aging may
also occur in man. This has not been systematically
investigated. More recently, further studies also including an
examination of splenocyte function have begun to investigate
mechanisms underlying altered regulatory status in aging.
Thus, Crisi et al. showed that the type of regulatory CD8+
cells active in young donors were not present in old donors;
this was attributed partly but not exclusively to the decreased
capacity of old donors´ CD8 cells to secrete an
immunosuppressive cytokine, TGF-ß (41). Although many
widespread autoimmune diseases commonly occur in the
young, there is a set which show late onset (42); a
contribution of age-associated dysregulated immune function
to these autoimmune diseases remains to be explored. The
occurence of cancer also increases in the elderly, of course,
but a contribution of immunosenescence to this progression is
difficult to ascertain; studies that have sought to demonstrate
increased cancer rates in elderly individuals with poor
immune function compared to those with good immune
function have not shown such an association, even over a 10-
year follow-up period (43).

Given its potential importance and the increasing
proportion of elderly people the world over, a better
understanding of the causes of immunosenescence may offer
the possibility of therapeutic intervention. Amelioration of the
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effects of dysregulated immune responses in the elderly by
supplementation or other approaches may result in an
enhancement of their quality of life, and significant reductions
in the cost of medical care in old age.

3. FACTORS CONTRIBUTING TO IMMUNO-
SENESCENCE

3.1.  Hematopoiesis
Dysregulated hematopoiesis is seen in elderly

individuals, raising the possibility that this could contribute to
altered immune function in the aged. Hematopoiesis in man
may be compromised because of a severely reduced capacity
to produce colony stimulating factors (44) and increased
production of pro-inflammatory factors such as IL 6 (45),
because lower numbers of progenitor cells are present in the
BM (46) and because of an age-related decline in proliferative
potential of putative haematopoietic stem cells (HSC) (47). In
mice, the repopulating potential of murine fetal liver-derived
HSC is higher than that of adult BM-derived stem cells (48),
suggesting possible aging of the HSC themselves. Normal
cells with shorter telomeres possess less remaining replicative
capacity than those with longer telomeres (see section 5.2).
Accordingly, HSC from adult BM were found to have shorter
telomeres than fetal liver-derived or umbilical cord-derived
stem cells, consistent with aging of HSC (49). Telomere
lengths decreased on culture despite low level expression of
telomerase in these cells (50,51), although the rate of base-
pair loss per population doubling of cells in culture was lower
during the first two weeks, when telomerase was upregulated,
than in the next two, when it was downregulated (52). The
telomerase expressed is therefore functionally active but may
not be able to completely maintain telomere length in aging
HSC cells. True embryonic stem cells (ESC), on the other
hand, which may really be immortal, do retain high levels of
telomerase activity (53). On the other hand, ESC from
telomerase-knockout mice show gradual telomere shortening
over many population doublings (PD) resulting in slowing
and eventual cessation of growth (54). Certain animals which
do not downregulate telomerase manifest a permanent growth
phase and little or no senescence (55,56).

A survey of 500 BM autotransplant patients (57)
concluded that aging was associated with reduced numbers of
committed hematopoietic progenitor cells, as measured both
by surface phenotype (CD34+, Thy1+, CD38lo) and function
(long-term culture initiation). Importantly, a survey of young
recipients of allogeneic family BMT documented that
telomere lengths in the patients 4 - 82 months post-transplant
were significantly less than in their donor´s cells (58). It was
estimated that assuming the rate of telomere shortening was
linear, the deficit on the part of the recipients was equivalent
to 15 years on average, with some patients having a much
greater deficit (up to 40 years). It was suggested that this
might contribute to increased frequency and earlier onset of
clonal disorders of hematopoiesis in later life. A previous
study had provided concordant results, in that telomere
lengths were found to be shorter in recipients than their BM
donors, and also indicated that the degree of reduction in the
recipients correlated with the reciprocal of the number of HSC
originally infused (59). These findings are consistent with the
conclusion that reducing the amount of proliferative stress on
HSC results in better retention of telomere length, despite the
presence of telomerase and provide evidence for replicative

aging of haematopoietic stem cells. They also suggest that
ways of manipulating telomere length may be applicable
therapeutically in this and other contexts (60,61). Oxidation-
resistant vitamin C formulations may be one possible way to
accomplish this (62).

The recent finding that CD34+ cells mobilise less
effectively in cytokine-treated elderly compared to young
donors is also of direct clinical significance (63). Moreover, in
mice, the capacity of progenitor T cells from old BM to
develop in the young thymus may also be compromised (64).
However, this has not been found in all models (65) where
young and old BM was identical in reconstitution ability but
the age of the thymic stroma was found to be critical for the
development of autoimmunity. The reasons for these
differences are presently unclear. By studying thymocytes
generated in vitro from young and old donor-derived
progenitor cells, co-cultured in the presence of lymphoid-
depleted fetal thymus, decreased generation of CD4/8-double
negative thymocyte progenitors was demonstrated, along with
a developmental arrest at the transition from CD44+ CD4/8-
double negative to CD44-negative, CD4/8 double positive
cells. This does suggest an intrinsic change in the stem cells
with age (66).

Other studies in mice have found that
hematopoietic stem cells are more frequent in old individuals
and more likely to be in cycle, although less efficient at
homing to and engrafting bone marrow of irradiated recipients
(67). Some of the previously published inconsistencies in the
data may be resolved by the study of de Haan et al. (68), who
showed that aging significantly alters the primitive
hematopoietic compartments of mice in several ways. First,
the proliferative activity of the primitive cells is greatly
reduced over the first year of life. Second, there is a
(compensatory) increase in relative and absolute stem cell
number with age. Third, the changes are strain-dependent and
related both to the longevity of the strain as well as to the age
of the individual mouse. A strong inverse correlation was
observed between mouse lifespan and the number of
autonomously cycling progenitors in 8 different strains of
mice; a gene controlling this frequency was mapped to mouse
chromosome 18 (syntenic to human chromosome 5, involved
in various haematological malignancies) (69). In outbred
species such as human, this type of variation would make
analysis difficult. Therefore, more work needs to be done to
definitively answer the question of whether any alterations in
hematopoiesis in the elderly may contribute to
immunosenescence. However, taken together, the results so
far suggest compromised ability to generate progenitor cells
from BM in the elderly. Such results seem consistent with the
large literature on sequential transplantation of bone marrow
cells in animals, where a limited number of retransplantations
is possible before cells lose the ability to reconstitute. Most
recently, similar results were obtained using mobilised
peripheral stem cells retransplanted up to five times, but with
progressively decreasing ability to repopulate the irradiated
recipients (70).

3.2. Thymus
It is fairly well accepted that one of the reasons that

T cell differentiation is compromised with age is thymic
involution. However, this assumption may not be universally
applicable to all individuals under all circumstances. A recent
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study of thymic samples from donors from one week to 50
years old showed an early decrease of cellularity but with two
early peaks at 9 months and 10 years of age. Moreover, the
adult thymus still contained thymocytes with similar surface
phenotypes to those seen in young donors (71). This suggests
that the thymus can remain active at least up to middle age.
However, the functional activities of the thymus output could
not be studied in this investigation. In mice, T cell export to
the periphery from the thymus peaks in the young animal (ca.
4 weeks old) but by "middle age" (6 months) this has
strikingly decreased (by >95%). Until recently, it has been
practically impossible to assess thymic output in man, but
new non-invasive techniques are now being developed to
estimate the presence of recent thymic emigrants (RTEs). It
has been proposed that episomal DNA circles generated
during excisional rearrangements of TCR genes may provide
stable markers for RTEs (72). These TCR-rearrangement
excision circles (TRECs) are not duplicated during division
and because they are stable they are diluted out as cells divide
(73). In the case of TCR2 cells, TRECs generated during the
deletion of TCR-δ locus are identical in about 70% of the T
cells (74,75). Therefore, this molecular marker allows the fate
in terms of cell divisions of the majority of T cells to be
followed. In vitro stimulation of human CD3 cells resulted in
decrease in TREC in parallel to increasing cell numbers (76).
These investigators then surveyed TRECs in CD4 and CD8
cells from donors of different ages and found a 1 - 1.5 log
decrease in their numbers from 0 through to 80 years of age
(whereas the number of "naive" T cells decreased only
fourfold). However, they also found high levels of TRECs in
the thymocytes of elderly individuals, showing that old thymi
can still generate functional T cells with actively rearranged
TCR genes (76). As Rodewald pointed out (77), the relative
numbers of TRECs found by Douek et al. at different ages
agree well with quantitative data on remaining lymphoid mass
at different ages. Therefore, with thymic involution, the
number of RTEs decreases radically but residual functional
integrity is maintained, correlating with the anatomical
measurements of lymphoid mass. It must be borne in mind,
however, that T cells in the elderly with large numbers of
TRECs may also have arisen by extrathymic differentiation
(77). Nonetheless, measurement of TRECs in T cell subsets of
the elderly will enable the contribution of freshly generated
(thymic or extrathymic) T cells-versus-old T cells to immune
responses to be assessed for the first time in the aged.

There may be a strong genetic contribution
influencing thymic involution; for example, rats of the
Buffalo strain do not experience thymic involution and in
parallel do not manifest decreased T cell function with age
(78). Again, therefore, genetic heterogeneity in outbred
populations might be expected to contribute to marked inter-
individual differences. Careful experiments in the rat have
shown that thymic involution cannot be viewed simply as a
progressive shrinkage, but as complex remodelling dependent
on unknown factors (79), and therefore susceptible to
manipulation when these factors are properly identified. One
of these factors may be the status of the T cells themselves in
the individual; for example, thymic involution is reported not
to occur in T cell antigen receptor (TCR)-transgenic mice,
leading to the conclusion that successfully matured T cells can
maintain thymic integrity (80,81). Intriguingly, on the other
hand, mice lacking the transcription factor NF-AT, generally
considered necessary for T cell activation, have been reported

to undergo retarded thymic involution (82). This was
associated not with inhibited T cell responses but rather with
an inability properly to terminate responses in the animals,
leading to an accumulation of activated T cells. This paradox
has not yet been resolved.
 

Reconstitution experiments indicate that the
observed accelerated maturation of T cells to a memory
phenotype in old mice is largely due to the aged environment
and involves interactions via the TCR which are, however,
not antigen-specific [(83) and M. Thoman, cited in ref. (1)]. T
cells also affect the thymus itself via a feedback effect and
provide survival signals for the medullary microenvironment.
An important survival signal of this type may be IL 4 (M.
Ritter, cited in (1)). Thus, the aging of stem cells and/or T cell
precursors may directly influence processes of thymic
involution. CD4 T cells appear to be the most effective at
maintaining thymic function and a decreased collaboration
between thymocyte progenitors and mature CD4+ T cells
from aged mice could also result in a defective feedback of
aged CD4+ cells on thymocyte development and
differentiation [ (84) and A. Globerson, cited in (1)). Signals
controlling thymic status may also be derived from the
nervous system, either directly from sympathetic innervation
or indirectly via the hypothalamic-pituitary axis (85). There
are increased numbers of noradrenergic sympathetic nerves
and 15-fold increases in concentration of norepinefrine in the
thymi of 24 month-old mice (86).

The phenomenon of thymic involution begins very
early in life, even before puberty, and progressively continues.
However, despite the assumption that thymic involution is
essentially complete in adulthood, this may not be the case, at
least not with all individuals, as discussed above. In addition,
there are also data in human to suggest that the replacement of
thymic parenchyma with adipose tissue is a discontinuous
process, reaching a maximum at around 50 years of age in
humans and thereafter not progressing further (87). Moreover,
the amount of non-fatty material in the thymus may not
decrease further after the age of about 30 years (87). Secretion
of the important immunoactive hormone, thymulin, continues
throughout life, although blood thymulin levels do decrease
with age (88). There is evidence here, however, that lower
levels of thyroid hormones and insulin, rather than thymus
dysfunction, are responsible for lower thymulin levels (88).
These findings, together with the genetic heterogeneity of
outbred populations probably influencing the occurrence and
rate of thymic involution, make it difficult to assess the
contribution of such involution to changes in T cell function
in man. There is evidence to suggest that even in the very old,
sufficient thymic function may be retained to allow for naive
T cell differentiation (89). It has been estimated that complete
thymic atrophy in humans would not occur until the age of
about 120 years (90). An important more recent study in
transgenic mice has shown that even aged animals may retain
a significant ability to generate mature T cells; this was
demonstrated by reconstituting young or aged recipients with
T cell-depleted bone marrow from mice transgenic for a TCR
not recognising antigen in the recipients. In this way, any
peripheral expansion of residual T cells was excluded and it
could be shown that aged mice could still generate about half
the amount of mature T cells as the young mice. However,
functional studies were not carried out to ascertain whether
these T cells really behaved normally (91).   
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The decrease in thymic size and
alterations in thymic architecture and functionality for T cell
differentiation which do occur up to middle age are the results
of a controlled process independent of stress and lack of repair
mechanisms. Thus, infection, pregnancy, stress, drug or
hibernation-induced thymic involution are all reversible in
younger individuals, leading to the suggestion that thymic
atrophy is an energy-saving process according to the
disposable soma theory of aging (92). According to this view,
the evolutionary pressures on maintaining thymic function for
constant full T cell repertoire generation were secondary to
the generation early in life of a memory cell repertoire for a
mostly tribally-limited pathogen presence. Thymic function
did not need to be maintained beyond reproductive maturity
because the number of new infections experienced by early
humans in later life in the wild was too limited to make
thymic maintenance worthwhile. This presupposes that early
humans did not come into contact with very many new
pathogens, suggesting a sedentary existence. However, early
humans were nomadic, only recently becoming sedentary, so
it is unclear whether this does apply. George & Ritter
suggested (92) correlating thymic involution rates and
function in animals and birds which migrate long distances,
the hypothesis being that the more varied the environment, the
more evolutionary pressure there would be to maintain the
thymus. Another possibility to explain early thymic involution
may relate to avoidance of undesired tolerization of newly
generated T cells to pathogens which in later life have entered
the thymus (93).

Whatever the reason, the effects of thymic
changes associated with increased age on the immune
system in mice, at least, are marked. As mentioned above,
the situation in humans may not be so clear. Moreover, in
mice, age-related changes in the thymus may influence
other organ systems in some manner, as has been reported
for effects on the liver (94). In mouse, the number of T
cells exported from the thymus decreases with age, as does
the ability of thymic epithelium from old animals to
support the differentiation of T cells from young animals´
BM. The type of T cell produced is affected by aging.
There may be a developmental block which results in an
increase in the frequency of CD3+ CD4/8-DN thymocytes
(95). This may result in higher proportions of apparently
immature T cells being present in old individuals
(consistent with decreased thymic function) (96-98).
However, the markers used to discriminate immature T
cells in these latter studies do not seem to have allowed for
distinguishing between CD2+ T cells and CD2+ NK cells, so
that the increase in immature T cells might actually
represent an increase in NK cells. One group specifically
tested this and concluded that such cells were indeed
functionally active NK cells (99). Other important changes
related to altered thymic function may include changed
restriction repertoires of the T cells generated, such that
even TCR2 (TCR-alphaβ) cells acquire responsiveness to
antigen presented by non-self MHC in man (40) and mouse
(39). Evidence has also been presented for increased levels
of extra-thymically-differentiated T cells in elderly
humans, as well as increased NK-phenotype (but not NK-
functional) cells (100). The increase in extra-thymically-
differentiated T cells may also represent some sort of
compensatory mechanism for decreased thymic integrity.

Studies on depletion of CD4+ cells by CD4
mAb indicate that recovery of this population, which is
dependent upon the presence of the thymus, is much
slower in aged mice than young mice (101). In humans,
CD4-depletion by mAb treatment in rheumatoid arthritis
(RA) results in a very prolonged effect. T cell
reconstitution is slow, there is a predominance of T cells
with memory phenotypes, and there is limited TCR
diversity (102). The ability to generate new T
lymphocytes after chemotherapy is inversely related to
the patients´ age, probably an indirect indication of
thymic involution (103). During the first year of recovery
after chemotherapy, the CD4 cells in adults also mostly
carry memory markers, but in children they carry markers
of naive T cells (104). Recovery of CD4 cells was
inversely related to age of donor and was enhanced in
patients with thymic enlargement after chemotherapy
(105). Interestingly, the faster recovery of CD45RO+
cells shortly after chemotherapy (3 - 6 months) was
followed by another decrease in these cells, at 9-12
months; this was due to increased susceptibility to
apoptosis on the part of these cells (106). These data are
reminiscent of events noted in tissue culture, where CD4
clones become more susceptible to apoptosis as they age
(107). However, CD8 cell recovery was much more rapid
and was not associated with age or thymic enlargement.
The CD8 cells were mostly CD57+ CD28-negative. All
these data can be interpreted to imply that the prime
source of reconstituting cells in adults is from peripheral
expansion of pre-existing CD4 T cell subsets which
survived conditioning, and not by thymus-dependent
generation of new T cells. CD8 cell generation is thought
to be extrathymic here (105). A similar phenomenon may
be observed in HIV infection, where antiviral therapy
results in an increase of naive CD4 cells only if some
were still were present before initiation of therapy (108).
It is noteworthy that in BMT patients, even as long as 5
years after transplantation, CD4 cell counts are still
depressed and cells with a naive phenotype are also rare.
Cells with a memory phenotype (CD45RAlo, CD29hi,
CD11ahi) were abundant in these patients and many of
these were CD28-negative (see section 4.2.1). Moreover,
there was a negative correlation between the ability to
produce naive T cells after BMT and patient age (109),
independently of the presence of graft-versus-host
disease. These findings seem to apply only to naive T
cells, as might be expected; thus, Koehne et al. reported
that in human peripheral blood stem cell transplantation,
only recovery of the CD4+CD45RA+ population, but not
the CD45RO+ population, was thymus-dependent (110).
A bone marrow-transplanted young thymectomized
patient mimicked this phenotype (111). The patient
showed preferential recovery of CD45RO+ cells in the
CD4 subset, although in CD8 cells, CD45RA+ cells were
generated as well as in age-matched euthymic patients. It
was therefore concluded that a functional thymus was
essential for the generation of naive CD4 cells, although
extrathymic pathways for naive CD8 cell generation
appeared functional (111). Following T cell-depleted
BMT, loss of TCR diversity in slowly reconstituting cells
is also seen, again consistent with peripheral expansion of
a very limited number of T cells transferred with the graft
(112).
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3.3. Post-thymic aging

Finally, mature T cells are also subject to aging
processes, either of the type affecting post-mitotic cells (when
quiescent) or of the "replicative senescence" type (during
clonal expansion for effective immune responses). This will
be discussed at length in the following sections.

 In human, it can be difficult to distinguish the
effects of aging from alterations in immunity caused by
underlying pathology. For this reason, when reviewing the
available published data, it is important to be clear about the
health status of the subjects. For this purpose, the SENIEUR
protocol is a strict donor selection procedure based on
laboratory and clinical parameters, whereby only a small
fraction of the elderly are classified as perfectly healthy (113).
It has been established, for example, that the reduced
proliferative responses stimulated by phytohaemagglutinin
(PHA) are still observed even in perfectly healthy SENIEUR
donors, although it has been reported that the response to
immobilised CD3 mAb may not be reduced (114). The reason
for this discrepancy is unclear. This example illustrates the
fact that for a critical review of the data both the experimental
system and the status of the donors must be taken into
account.

4. ALTERATIONS IN T CELL STIMULATION

4.1. Accessory cells
Decreased T cell responses in the elderly may be

due to decreased T cell function, decreased accessory cell
function, or both. There is some evidence for age-associated
changes at the level of the accessory cell (115). For example,
in human, the decreased cloning efficiency of T cells from
elderly individuals was found to be caused not only by a
defect in the T cells but also by a defect in accessory function
of old PBMC, whereas the proliferative ability of the T cells
after establishment was equivalent in young and old (116). In
mice, the precursor frequency of memory cytotoxic T cells
which respond to influenza is entirely dependent upon the age
of the antigen presenting cell donor. Specifically, these studies
clearly demonstrated that memory T cells from influenza-
primed old mice showed a significantly higher response in
limiting dilution cultures when stimulated with influenza-
infected splenocytes from young-versus-old mice (117).
Additional studies on age-associated decreased proteosome
function (essential for generation of antigenic peptides in
APC) may yield information on the molecular basis of altered
antigen processing / presentation (118,119).

In other respects also, APC may function
suboptimally in the aged. For example, monocytes are
compromised in their function in the elderly in that they
secrete less IL 1, and show decreased cytotoxicity and protein
kinase translocation (120). A more recent analysis suggested
that lipopolysaccharide (LPS)-stimulated monocytes from the
elderly produced less G-CSF, GM-CSF, IL 8, TNF-alpha, and
MIP-1-alpha as well as less IL 1ß compared to those from
young donors (121), although they may secrete equivalent
amounts of the critical Th cytokine IL 12 (122). In some
clinically-relevant animal models, it is the accessory cells
which seem to contribute critically to age-associated
suboptimal responses, eg. in the response of mice to
trypanosome antigens (123). Another example where T and B

cell function appears to be normal, but accessory cell function
is compromised in aged mice comes from a vaccination
model using pneumococcal preparations (124). Using purified
T cells in the absence of accessory cells can show deficiencies
clearly dependent on the T cells themselves. Using mitogenic
CD2 mAb and soluble costimulatory factors (cytokines,
phorbol esthers, mAb), Beckman et al. (125) have shown that
in CD45RO+ CD4 cells, the only pathway not comparable
between young and old donors was for stimulation by CD2 in
combination with IL 7. Thus, signalling may be intact in old
memory cells, except for IL 7-dependent pathways. In
contrast, CD45RA+ cells from old donors responded less well
than young naive cells to CD2 + IL 2, IL 6, IL 7, IL 1 or
phorbol esther, suggesting multiple deficiencies in the naive
cells but not the memory cells of old donors.

On the other hand, dendritic cells (DC) obtained
from elderly persons are reported to be able to present antigen
at least as well, if not better, than DC from young donors
(126). The same group also reported that DC from the elderly
were able to inhibit apoptosis and stimulate proliferation in
pre-senescent cultured T cells (127). Thus, Steger et al.
(126,127) reported that DC comparable in terms of surface
phenotype, morphology and tetanus toxoid antigen presenting
function could be generated by culture of adherent PBMC
from the elderly and the young in GM-CSF and IL 4. This is
consistent with previous reports on a similar ability of
monocytes from the young and the elderly to present tetanus
toxoid (128). However, Steger et al. were able to generate
larger numbers of DC from the elderly than from the young,
apparently providing them with an APC advantage over the
young. Nonetheless, this group also reported that DC from the
elderly may fail to cross tissue barriers properly and have an
impaired capacity to trigger IFN and IL 10 production by
influenza-specific T cells in vitro, suggesting that they may
manifest highly selective lesions in normal functioning (129).
These results suggest that at least a subset of APC in the
elderly retain good or even optimal function. On the other
hand, it must be borne in mind that these results were
obtained using DC generated in vitro using IL 4 and GM-
CSF. Since the production of GM-CSF in the elderly is
decreased (see section 3.1) there may not be so many
functional DC available in old donors. Thus, less
physiological activation of DC in situ might take place in the
elderly, but not be easily observed in vitro in the presence of
exogenous GM-CSF and other factors. Possibly related to
these findings are results in the mouse where defects in the
transportation of antigens by DC to germinal centers of lymph
nodes may also contribute to decreases in immune
responsiveness (130,131).

4.2. COSTIMULATORY PATHWAYS

4.2.1. CD28
T cells require stimulation via the antigen-specific

TCR for activation. However, in addition they also require
stimulation via non-polymorphic antigen-nonspecific
costimulatory receptors by molecules expressed on APC.
Aberrations in these molecules and/or their receptors would
also lead to compromised T cell responses. CD28 is an
important costimulatory receptor, the expression of which is
decreased in aging in man (132-134) and monkeys (135). This
has functional consequences. It has been suggested that the
ability of centenarians´ T cells to respond by medium-term
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proliferation to alloactivation and mitogen-activation
correlates with the percentage of CD28+ cells in their PBMC
(136). These findings are reminiscent of our own, where we
established that the age-associated decrease in density of
expression of CD28 on CD4+ T cell clones in culture
correlated with their proliferative capacity  (137). Therefore,
investigations on the molecular control of CD28 expression
and on the reason for an age-associated reduction in CD28
expression, would be very valuable for the study of
immunosenescence. Recent work by Goronzy and colleagues
has begun to address the important issue of the genetic
regulation of CD28 expression, suggesting loss of binding
activities to at least two regulatory motifs of the CD28
promoter in T cells from the aged (138).

In mice, Dobber et al. (139) reported that aged
mouse CD4+ cells stimulated with Con A or anti-CD3 + anti-
CD28 mAb showed decreased IL 2 production compared with
young cells. This suggests that aged CD4+ (and CD8+) cells
show diminished responsiveness to CD28 costimulation
despite equivalent expression of CD28 on cells from young
and old mice (140). However, CD28-signalling, at least as far
as the induction of Raf-1, appears not to be compromised in
CD4+ cells of aged mice (Kirk & Miller, pers comm).
Engwerda et al. have also more recently shown that
activation-induced cell death (AICD) is increased in T cells
from old mice, as a direct consequence of their decreased
levels of CD28-mediated costimulation, which otherwise
may protect stimulated cells from apoptosis (141) (although
there are also other mechanisms of protection against
apoptosis, some of which may not involve CD28 (142) and
conversely under certain circumstances CD28
costimulation may actually enhance apoptosis by
upregulating apoptotic mediators  (143)). However, CD28
costimulation most often protects against apoptosis, even
that caused by ligation of CD95 (fas) on the T cell surface
(144), and CD28-negative cells are more susceptible to
apoptosis (145). One reason for this, and for the increasing
loss of CD28+ cells with age, may be related to the increase
of CD95 expression on CD28-negative cells (Caruso et al.,
unpublished results). Emphasising its importance, this
"biomarker" of aging, CD28 downregulation, is accompanied
by the presence of shorter telomeres in CD28-negative cells
(133,146,147) (see section 5.2).

Decreased signalling via CD28 might therefore be
expected to contribute to the lack of telomerase upregulation
as well as the deficit of IL 2 production observed in old cells
in vivo and in vitro. This would result in an anergic state, as
well as arrested proliferation and increased apoptosis. In
addition, these cells, like certain other anergic (young) cells
(148) may be able actively to suppress other cells in a mixed
population, cells which otherwise would be capable of
proliferation (149). In addition to CD28, expression of the
related reciprocal coreceptor, CD152, thought to be involved
primarily in downregulating T cell responses, may be
upregulated in aged T cells. This molecule delivers "off"
signals to the T cell when ligated by the same structures as
CD28 (CD80, CD86) (150). Old T cells may express
increased amounts of CD152 (CTLA-4), which may
therefore make them harder to turn on even if CD28
functions normally (151). This is another property shared
with young anergic T cells (A. Engel & G. Pawelec,
unpublished results).

Age-associated changes in levels of expression of
the natural ligands for the positive and negative costimulatory
receptors CD28 and CD152 would, of course, also contribute
to altered function. However, there is very little data thus far
on age-associated changes of costimulatory molecule
expression on APC. One study in human failed to find any
decreases in expression of CD86 on either resting or IFN-
stimulated monocytes from the elderly compared to the young
(152). In contrast, DC in germinal centers of aged mice may
lack expression of CD86 (153) which would encourage the
induction of anergy or apoptosis in the antigen-specific T cells
with which they interacted. This clearly an area where more
data are needed.

4.2.2. Other costimulators
There is a large range of potential coreceptors

which have not been extensively or not at all examined from
the aging point of view but which may show important age-
associated alterations in expression or function. Thus, not only
CD28 costimulatory mechanisms but other important
accessory/adhesion pathways may be compromised in aging.
Jackola et al. (154) reported defects in cell-cell binding
amongst healthy elderly donors, which was associated with
altered activation capacity of the integrin LFA-1. Moreover,
other surface receptors implicated in costimulation may be
downregulated with aging. Preliminary evidence is beginning
to show that the density of expression of the CD40 ligand
CD154 is decreased on activated T cells aged in vivo
(122,155). Surveying a number of CD4+ TCC derived from
several different donors and quantifying levels of expression
of surface molecules at different times in culture revealed
certain other age-associated alterations in putative
costimulatory structures (156). Thus, not only was the level of
expression of CD28 decreased with age, but also of CD134
(OX-40), which is expressed on activated T cells and can
costimulate them together with anti-TCR signalling (157).
Consistent with the in vivo observations, the level of
expression of CD154 (CD40-ligand) was also reduced (156).

4.3. T cell receptor signal transduction
 That early events in T cell activation are
compromised in the elderly is reflected in findings that
calcium influx is reduced (158,159) and the earliest cell
surface alterations associated with activation are decreased,
eg. CD69 and CD71 (160). Given properly functional APC,
incomplete T cell activation may be caused in the first
instance by disturbed signal transduction. In T cells,
compromised function might be sought at the level of signal
transduction through either or all of the TCR components, or
costimulatory receptors (section 4.2), or growth factor
receptors (section 4.4). There is evidence for age-associated
alterations at all three of these levels.

Antibody against the signal-transducing TCR-
associated CD3 zeta chain precipitates a series of tyrosine-
phosphorylated proteins in activated T cells. Although the
levels of these remain the same, their degree of
phosphorylation after T cell activation declines with age in
mouse and human (161,162). In mice, initial biochemical
events following TCR triggering are compromised. There is
decreased formation of second messengers such as IP3 and
DAG, although the activity of PLC (which is responsible for
IP3 and DAG generation) appears conserved in old T cells
(163). However, the actual amount of PLC present in freshly
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isolated cells may be decreased with aging (164). In human T
cells, selective reduction of one isoform of protein kinase C
(165) might contribute to decreased T cell proliferation. This
applies to both resting and activated human T cells (166).
Moreover, kinases are commonly counter-regulated by
phosphatases, and even if kinase decrease were not to occur,
increase in phosphatase activity might have the same result. In
T cells, signalling through the TCR, CD4, CD8 or the IL 2R
resulted in lowered protein tyrosine kinase activity in cells
from old compared to young donors, although direct
activation of protein tyrosine kinases (PTK) by pervanadate
(an inhibitor of phosphatases) was normal in the old (167). It
is therefore not yet clear whether the age-related decreased
tyrosine phosphorylation observed in CD3-stimulated human
T cells is related to changes in PTKs or phosphatases (PTP).
However, data from Whisler et al. indicate that CD45-PTP
activity in old cells after CD3-stimulation is not increased
compared to young cells (168). They further found that TCR-
associated p59fyn enzymatic activity but not p56lck activity
was reduced in a high proportion of T cells from the elderly
compared to the young, although protein levels were the
same. They concluded that decreased p59fyn activation but
not increased PTPase activity may contribute to lowered
responses in the elderly (168). Nonetheless, some deficiency
in the p56lck pathway could also contribute to decreased
activation, because the usual association between CD4 and
p56lck may be compromised in T cells from old people (169).
A different study did in fact conclude that both the amount
and degree of phosphorylation of p56lck were decreased in T
cells from the elderly (170). This was associated with defects
in IL 2 but not IFN-gamma production  (170).

Among five tyrosine phosphorylated proteins found
in activated T cells from young and elderly donors, just one
was found to be consistently less phosphorylated in the old;
this was identified as the ZAP-70 structure, associated with
the TCR, and critical for transducing activating signals (171).
Taken together, these results in mouse and man suggest that
the very earliest signal-transduction pathways required for T
cell activation are compromised in T cells from old
individuals. Moreover, the reduction in PTK activity is
unlikely to be due to an increase in PTP activity. Accordingly,
downstream signalling pathways mediated by the family of
mitogen-activated protein kinases (MAPK), which are
considered essential for normal cell growth and function, are
also compromised. In rat, MAPK/ras(21) activities are
decreased in old T cells (172), and in man, CD3-stimulated T
cells from 50% of old subjects were found to show reductions
in MAPK activation (173). Stimulation with phorbol ester in
combination with calcium ionophore resulted in greater
MAPK activation in old cells, but still not to the same extent
as young cells (173), suggesting signalling deficits between
the TCR and the inducers of MAPK. Similar findings (ie. age-
associated decline in induction of MAK) have been reported
in mouse using CD3/CD4-mAb-stimulation of T cells  (174).

Cell cycle analyses of PHA-stimulated cells from
aged donors indicate a decreased frequency of cells entering
S-phase with this age-related impairment of G1 progression
correlating with decreased expression of c-jun, c-myc, c-myb,
IL 2 and CD25 (175-178). The proportion of cells expressing
c-myc (G0 to G1 marker) and c-myb (G1 to S marker) was
decreased after PHA stimulation of old T cells, but the
amount per cell seemed to remain the same as in young T

cells (178). T cells retaining antigen recognition and effector
function, yet apparently in a post-mitotic senescent or pre-
senescent state have been described (179). These investigators
also demonstrated that aged human T cells paralleled the
senescent phenotype of fibroblasts in that on restimulation,
fewer cells responded by entering the cell cycle, the remainder
being arrested before S-phase. The cell cycle was also
prolonged in those ca. 20% of senescent cells which could be
restimulated (180). At least some of these results may reflect
the situation in vivo, where PHA stimulation resulted in an
earlier accumulation of cells in S phase in young donors´ T
cells, and a significant delay, but eventually equivalent level,
of S phase cells in the elderly (181). The postponement of
progression of T cells through G(2)/M appears to be
associated with low cdk1 activity caused by low levels of
cdk1 protein, the associated cyclin B1 and incomplete
dephosphorylation of what kinase there is still present (182).

4.4. Cytokine production and response
Once stimulated, T cells must transcribe T cell

growth factor (TCGF) genes, secrete growth factors,
upregulate TCGF receptors and respond to the cytokines.
Most commonly, the TCGF is IL 2, but other TCGF certainly
play a part. In this way, autocrine and/or paracrine clonal
expansion, a prerequisite for successful immune responses, is
effected. A set of transcription factors involving complexes of
the various c-jun and c-fos proteins is involved in regulating
transcription of many genes, including IL 2, and activation of
AP-1 is detected a few hours after T cell stimulation
(183,184). Specific defects in AP-1 activation have been
reported in young T cell clones rendered anergic in vitro
(185). The anergic phenotype is in some ways similar to the
senescent phenotype (ie. cells can be stimulated via the TCR
to secrete cytokines, be cytotoxic, but they cannot expand
clonally via autocrine IL 2 production). AP-1 activation may
be impaired in in vivo-aged human T cells as well (186).
Using SENIEUR donors´ T cells, it was found that the PHA-
stimulated activation of AP-1 was commonly impaired in the
elderly. In many donors, addition of phorbol ester partially
compensated for this defect, but a minority remained
refractory. The defect appeared to be in the amount of AP-1
activity produced, since the AP-1 protein that was produced
by cells from old donors behaved in the same way as that
from young donors and also contained c-fos and c-jun (186).
Thereafter, the same group reported that both AP-1 and NF-
AT were reduced in elderly donors´ stimulated T cells (187).
However, whether these changes were associated with
alterations in T cell subset composition was not reported.
These data are consistent with those of Song et al. (177)
demonstrating decreased c-jun mRNA but normal c-fos
mRNA responses to PHA in T cells from elderly donors.
Moreover, fewer lymphocytes from elderly donors exposed to
influenza virus in vitro expressed fos and jun compared to
cells of younger donors, possibly as a reflection of
compromised activation of anti-viral responses (188). In
Fischer rats, the age-associated decrease in IL 2 mRNA and
protein correlates with a decreasing ability of nuclear extracts
of freshly isolated T cells to bind an oligonucleotide
representing the transcription factor NF-AT (189), suggesting
differences in transcriptional regulation in young and old
cells. NF-AT forms an important family of at least four
transcription factors; NF-AT DNA binding activity has been
found in nuclear extracts of stimulated T cells (190) and is
thought to be important for IL 2 gene transcription (191) as
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well as for IL 2R (CD25) transcription (192). Additionally,
there is evidence in old mice for differential expression of the
negative transcriptional regulator for IL 2, Nil-2a (193).

Amongst other transcription factors of known
importance for IL 2 production, CD3-stimulated induction of
NF-kappa B was also found to be decreased in old mice (194)
and humans (195). One reason for insufficient NF-kB
activation may be that the natural inhibitor I-kB is not
adequately degraded because of compromised proteosome
function (Ponnappan, cited in ref. (1)). Age-associated
inactivation of proteosome function has been independently
reported and attributed to the effects oxidative damage, which
can be partly prevented by hsp90 (118). Hsp90 levels are
themselves decreased with age in PHA-stimulated T cells
(196). Whisler et al. (187) also found reduced NF-kappa B in
some elderly human donors´ stimulated T cells, but they did
not find a correlation with depressed IL 2 production (unlike
their findings with NF-AT, see above). Interpretations may be
complicated, however, by the unexpected finding that NF-AT
may exert negative regulatory, not stimulatory, effects on the
immune response (197). Finally, in rats, Pahlavani et al.
reported that the induction of AP-1, NF-kappa B and Oct-1
DNA binding activity in nuclear extracts of spleen cells from
old animals was significantly lower than that of young
animals, and the decrease of AP-1 was due to reduction of c-
fos mRNA, whereas c-jun remained the same in young and
old cells (198). On the other hand, constitutive NF-kappa B
activation in lymphoid tissue of old animals (which can be
corrected by dietary anti-oxidants) may contribute to
dysregulated cytokine synthesis  (199). Moreover, this
oxidative stress-induced constitutive NF-kappa B expression
can be decreased by activating peroxisome proliferator-
activated receptors (PPAR) by agents such as
dehydroepiandrosterone sulphate (DHEAS) and WY-14,643.
This results in restoration of the cellular redox balance and
reduction of spontaneous inflammatory cytokine production
(200). Ageing in mice is accompanied by decreased levels of
PPAR transcripts, but this decrease can also be reversed by
DHEAS administration (200).

Thus, one result of poorer T cell function is
decreased cytokine production. It has been long believed that
a major dysfunction in T cells from elderly donors is a
selectively decreased ability to secrete T cell growth factors
(201). Many studies have confirmed that T cells from aged
humans can also show defects in IL 2 secretion, IL 2R
expression and DNA synthesis after stimulation with
mitogens like PHA. It has also been argued that changes in
cytokine secretion patterns are determined by the relative
proportions of different T cell subsets. Thus, several
investigators who confirmed the decrease in IL 2 production
in old mice concluded that this was solely a result of different
subset composition. Engwerda et al. (202) reported that
purified CD4 or CD8 cells from aged mice, stimulated with
CD3-epsilon mAb and CD28 mAb, produced the same
amounts of IL 2 and IL 4 as young cells of the same CD44hi

or CD44lo phenotype (although they produced increased
amounts of IFN-gamma). Kirman et al. (203) reported that the
age-associated increase in IL 4 secretion by mouse spleen
cells was not caused by an increase in the numbers of IL 4-
secreting cells. On the other hand, the decrease of IL 2
secretion was indeed associated with a decreased number of
secretor cells. This could be prevented by exposing the

animals constantly to high levels of IL 2 in vivo, which could
therefore correct the age-associated cytokine imbalance in
these mice. However, Kurashima et al.  (204) found that naive
cells produced mainly IL 2 and memory cells mainly IL 4 in
young mice, although the reciprocal was observed in old
mice: ie. naive cells produced more IL 4 than memory cells
and memory cells produced more IL 2 than naive cells,
although overall levels were reduced in old compared to
young mice. Thus, age-associated alterations in cytokine
production are not determined solely by the subset changes,
but by alterations within each of those subsets.

Data on cytokine secretion in human are
inconsistent, partly because early studies employed apparently
healthy elderly donors without rigorously excluding
underlying illness, or assessing nutritional or psychological
status. In addition, cytokine secretion may be affected by
other (non-pathological) parameters such as exercise, as
reported by Shinkai et al.  (205), or possibly by time of day of
blood collection because of circadian rythm in cytokine
secretion (206). It was nonetheless anticipated that when data
became available using donors selected according to the strict
standard criteria of the SENIEUR protocol (207)), results on
cytokine secretion and other immunogerontological
parameters would become more reproducible. Studies with
SENIEUR donors have indeed confirmed age-associated
alterations in cytokine production. However, Nijhuis et al.
found that IL 2 production in old Dutch SENIEUR donors
(compared to young donors also selected with the SENIEUR
protocol = JUNIEURs) was not decreased, but they did find
increased IL 4 production (208). They also reported that this
increase in IL 4 production in elderly donors did not correlate
simply with the larger fraction of memory-phenotype cells in
the elderly, although this was confirmed to be the case for
young donors (208). This suggests that in young donors,
different levels of IL 4 production are determined solely by
antigen exposure and amount of memory cells, but that in
aged donors, other regulatory mechanisms are operating.
Unchanged IL 2 and IFN-gamma production, but significantly
decreased IFN-gamma and soluble IL 2 receptor secretion has
been reported in German SENIEUR donors (209). Equivalent
levels of IL 2 secretion by cells from SENIEUR and
JUNIEUR donors has also been reported by others (210).
However, this has not been the case with all studies, despite
the use of the SENIEUR selection protocol. Thus, Candore et
al. reported age-associated decreased IL 2 and IFN- gamma
production but unaltered IL 4 and IL 6 secretion after PHA
stimulation in Sicilian donors (211). Both IL 2 and IL 4
secretion have been reported to be reduced in other Italian
SENIEUR donors (212). The frequency of T cells responding
to PHA by secreting IL 2 and therefore overall level of IL 2
decreased with age in American SENIEUR donors (213).
Other changes in cytokine secretion patterns have also been
established. Increased IFN- gamma production (25), and, as
also shown in mouse, enhanced IL-10 production have been
reported (214,215). In vivo studies of plasma levels of factors
such as IL 6 also generally reveal age-associated increases; in
fact, it has been proposed that IL 6 levels may be a good
overall biomarker of health in aging because plasma levels are
correlated with functional status (216). For example,
increased levels of IL 6 (and in this case, also TNF-alpha and
CRP) are associated with senile osteoporosis in both females
and males (217). This may offer a possibility for
pharmacological intervention by IL 6R blockade (218). Even
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for IL 6, however, not all investigators have found elevated
serum levels in perfectly healthy elderly humans (219).

It therefore seems that despite the use of the
SENIEUR protocol, discrepancies in cytokine production data
still arise. The reasons for this are not yet clear. Given the
strict parameters of the SENIEUR protocol, it is perhaps
unlikely to be caused by the unrecognised presence of
underlying disease, but this remains a possibility. The care
with which selection procedures are applied may thus greatly
influence the results obtained. Thus, for example, even in
SENIEUR donors, further subtle differences such as serum
folate levels between individuals may affect IL 6 production
(210). In the context of psychoneuroendocrinological
considerations, the SENIEUR protocol may not offer the best
selection procedure. That age-associated decreased
immunological function may be linked to psychological
factors has been rarely considered (210,212). Such factors
may need to be taken more into account in studies of
immunosenescence (220), and a large meta-analysis
suggested impaired proliferation to mitogens, lower NK
activity, altered lymphocyte subsets and numbers in clinical
depression, with older patients showing more extreme effects
than younger (221). Other psychosocial factors may also play
a significant role in clinically-relevant situations, eg. stress
(222). The humoral response to influenza vaccination was
altered by stress in one study, where the effect of chronic
stress (caring for a demented spouse) resulted in significantly
lower antibody titers, as well as IL 1 and IL 2 production in
the elderly caregivers (223). Some data are beginning to
emerge on the regulatory effects of neuropeptides on cytokine
secretion in young and elderly donors (224). The expression
of dopamine D3 receptors on human lymphocytes is
decreased precipitously between 40 - 50 years of age (225).
Conversely, increasing levels of expression of cellular
amyloid precursor protein by human lymphocytes are
significantly associated with age (226). Although the
significance of these findings is unclear, studies of this type
may begin to help shed some light on the mechanisms
responsible for neuroimmunological communication and age-
associated alterations. That this could be a two-way
communication is illustrated by the ability of IFN-gamma and
other cytokines to modulate the production of melatonin
(227). Other factors perhaps not sufficiently taken into
account in previous studies of cytokine release may be not
only differences between sexes but differences between
females dependent on their reproductive history which also
affect cytokine production (228).

It may even be that unsuspected population genetic
influences could be playing a role, since the distribution of
MHC alleles differs even within different groups of the
European population, and levels of immune responses and
cytokine secretion as well as possibly longevity are known to
be associated with MHC type (229). Particularly the MHC
class II alleles, which are mostly responsible for presenting
foreign antigen to CD4+ helper T cells, may influence
longevity (230) However, it should also be considered that
technical differences in experimentation, particularly the
measurement of cytokines by immunoassays, could be
contributing significantly to the discrepancies in the data
obtained by different groups (231). The relatively new
technique of intracytoplasmic cytokine staining may help
resolve some technical difficulties, because it allows

identification of the type of cell secreting the cytokine, at the
single cell level. Using this technique, age-associated
increases in TNF-alpha and IL 6 secretion by CD3+ cells
have been confirmed (232).

On the other hand, the IL 2 secretion defect seen in
many studies in vitro in many but not all studies may in fact
be transient, with T cells from old donors re-acquiring this
ability after a period in culture (233). Different donor states
might then explain discrepancies found in cytokine secretion
patterns even amongst SENIEUR donors, as noted above.
Huang et al. found that old donors with apparent IL 2
secretion defects in vitro, in fact had high serum IL 2
concentrations in vivo. Moreover, vaccination of young
donors mimicked this effect and resulted in their T cells
becoming refractory for IL 2 production shortly thereafter in
vitro. These investigators therefore suggested that apparent
defects in IL 2 secretion in elderly donors are a result of in
vivo activation of their T cells by unknown mechanisms and
reflect a normal event also seen in young donors after in vivo
T cell activation by immunisation (233). If these results are
confirmed, which seems still not to be the case, a
reassessment of the meaning of depressed IL 2 secretion by
old T cells in vitro will be required. The immune "defect"
observed here will then actually represent a normal
consequence of activation, possibly a kind of "exhaustion",
which in animal models can even result in extra-thymic clonal
deletion of the activated cells (234). In this paradigm, altered
immune responses in elderly persons are more likely to be
associated with dysregulation of the response in terms of lack
of suppression of responses to self, consistent with the
perceived association of aging and autoimmunity. On the
other hand, "memory" cells accumulate in elderly donors, and
may be in active division required for their maintenance of
memory (235,236). Not only might these activated cells
explain the data of Huang et al (233), but since they might
eventually arrive at a post-mitotic state, this would also
explain their eventual loss from the system altogether.

Direct measurements of IL 2 levels in the serum of
SENIEUR donors have also failed to detect age-associated
decreases (237), although a second study suggested that
serum IL 2 levels were reduced in the very old (238).
However, both studies agreed that the level of soluble IL 2R
in the blood was increased in the elderly, which could
contribute to decrease of IL 2 function. Decreased soluble IL
2R secretion has been noted before in non-SENIEUR donors
and may be of greater significance than possible IL 2
secretion defects (239). Interestingly, the presence of several
types of autoantibodies was positively correlated with the
presence of increased soluble plasma IL 2R, but neither were
associated with a particular HLA type, even though there was
a significant increase in HLA-DR7 in the elderly (240). Other
defects in IL 2R expression by aged T cells have also been
noted; in particular, they are defective in their upregulation of
the high affinity receptor for IL 2 (241), and even that lower
proportion of cells expressing the receptor and retaining their
ability to internalise the IL 2 still fail to respond properly
(242). Thus, even under conditions where IL 2 secretion is
apparently normal, and where IL 2R expression is also
apparently normal in terms of receptor affinity and number
(243), aged T cells may still proliferate less vigorously than
young cells, even in the presence of exogenous IL 2 (243),
although this has not been seen in all studies (244). The
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reasons for any such suboptimal proliferation are still not
clear. Such intrinsic decreased proliferative capacity has even
been seen in T cell clones established from aged SENIEUR
donors´ cells, particularly for CD8+ cells (245). Few other
studies have compared the behaviour of T cells from young
and old donors at the clonal level. Paganelli et al. (246)
reported on T cell clones (TCC) obtained from two
centenarians compared to those obtained from three young
donors. CD4+ TCC made up 38% of TCC obtained from the
young, but 53% of those from the old. Cytokine production
from the CD8-TCC was the same in young and old-derived
clones, but the CD4-TCC were different. Most TCC derived
from young donors produced IFN-gamma but not IL 4,
whereas those from the centenarians produced both. This was
interpreted to indicate a shift in the CD4 population from
predominantly Th1 to Th0 phenotype in the centenarians.

Other cytokines are also beginning to be examined
now, eg. spontaneous production of IL 8 by monocytes in
vitro was reported to be lower in the elderly than in the young,
but on stimulation with LPS more IL 8 was produced in
elderly males than in young (247). A different study showed
that LPS-stimulated monocytes from healthy elderly donors
produced smaller amounts of IL 8 (as well as G-CSF, GM-
CSF, IL 1ß, TNF-ß and MIP-1alpha) than young donors
(121), while other studies suggested increased production of
IL 6, IL 8 and TNF-alpha by the elderly (209,248) and
unchanged IL 12 (122). On the other hand, the dose of LPS
required to stimulate IL 6 and TNF production may be greater
for monocytes of elderly compared to young donors (249).
Thus, production of cytokines such as TNF-alpha may
increase rather than decrease with age (250), although serum
titers in the healthy elderly may not (219). Increases in TNF-
alpha may be directly relevant for decreased T cell responses,
because TNF-alpha can inhibit proliferation of some human
TCC (251) and can attenuate TCR-signalling in vivo in mice
(252).

As well as altered cytokine levels in aging,
altered levels of cytokine antagonists might also influence
cytokine networks. These possibilities are now beginning to
be explored (for factors in addition to sIL 2R mentioned
above). Thus, Catania et al. (253) reported a study of 122
healthy aged compared to 39 unhealthy (urinary tract
infections) and 100 young controls regarding plasma levels
of IL 1R-antagonist and sTNF-R. These were higher in the
healthy old than in young controls, and were even higher in
the infected subjects. A marker of activated macrophages,
neopterin, is elevated in the plasma of apparently healthy
aged human donors, in correlation with higher titers of
cytokine antagonists like soluble TNF-alpha-receptor and
IL 1Ralpha. These findings were more extreme in patients
with infections. It was therefore suggested that subclinical
infections may have been responsible for this even in
apparently healthy elderly donors (253). Indeed, the
production of factors such as IL 6 is clearly influenced by
health status, even in "near-SENIEUR" donors (254). In
fact, as mentioned above, it has been proposed that IL 6
levels may be a good overall biomarker of general health in
aging because plasma levels are correlated with functional
status (216). This may in turn be related to subclinical
disease status. IL 1 and TNF-alpha, as well as IL 6,
together with IL 3 and IL 4, the levels of which are
increased in aged mice and humans (248,255), are known

to control isotype switch and immunoglobulin production
during B cell differentiation. In particular, along with B cell
differentiation, IL 6 stimulates proliferation of thymic and
peripheral T cells and in co-operation with IL 1 induces T
cell differentiation to cytolytic-T cells and activates NK
cells. IL 6 may also influence the responsiveness of T cells
to other factors such as PDGF, and hence alter their
cytokine production profiles (256). These observations
emphasise the importance of IL 6 in both non-specific and
specific immune responses, as well as in a wide variety of
other systems and may also be relevant to several aspects of
age-associated pathological events including
atherosclerosis, osteoporosis, fibrosis and dementia.

At present, the Th1/Th2 paradigm is an important
conceptual tool to characterise T helper cells, since
cytokine profiles appear to be skewed towards these two
main types, and some of the data discussed above may be
viewed in terms of Th1 and Th2 shifts with age. The Th1
cells are characterised by their ability to secrete IFN-
gamma, whereas Th2 cells are characterised by IL-4
secretion. The Th1 cells are considered pro-inflammatory
cells, which are important for defence against intracellular
pathogens, requiring cell-mediated immunity,  whereas Th2
cells are considered anti-inflammatory cells, and mediate
humoral responses  (257,258). However, because the
Th1/Th2 paradigm has been defined using clones of CD4+

T cells in mouse, this model does not necessarily reflect
cytokine regulation at all levels. It may be more useful to
consider responses in terms of type 1 cytokine
predominance (primarily stimulating cellular responses,
i.e. IL 2, IFN-gamma, TNF-ß, IL 12 and IL 15) and type 2
cytokines (primarily supporting humoral responses, i.e. IL
4, IL 5, IL 6, IL 10 and IL 13). Some of these cytokines
are cross-regulatory in that they not only upregulate one
immune component but also downregulate the other.
Infant humans exhibit impaired cellular but strong
humoral immunity, and are probably in a type 2-dominant
state. Soon thereafter, a type 1-state becomes dominant
and persists in healthy humans until mid-to-later life, at
which time a dominant type 2 cytokine profile may again
emerge (259). Accordingly, in the elderly, an impairment
of in vitro production of type 1 cytokines has been
described whereas the ability of mitogen-stimulated
PBMC from old healthy subjects to produce type 2
cytokines may be unchanged or even increased, as
discussed above. Naive CD4+ T cells when stimulated
produce IL 2 as their major cytokine. Upon priming, these
cells develop either into Th1-type or Th2-type cells. The
dominant factors that determine the differentiation
towards the Th1 or Th2 patterns are other cytokines. For
example, if type 2 cytokines are present during the
priming period, the resulting CD4+ T cells produce IL 4
upon restimulation; the development of IFN-gamma-
producing cells is strikingly inhibited by type 2 cytokines,
although this inhibitory effect is blunted in the presence
of IL 12. In the absence of type 2 cytokines, priming for
IFN-gamma production occurs, but this is markedly
enhanced by IL 12 (260). Although other factors may
play a role in the determination of cytokine-producing
phenotype, such as antigen dose, MHC type of antigen-
presenting cell (261), and expression of accessory
molecules and hormones, these effects appear to be
secondary to the dominant role of cytokines.
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The question of which mechanism results in type 2
dominant state in the elderly has yet to be definitively
answered. A key role might be played by the decreased
production of IL 12, now considered the key cytokine for the
induction of a cellular response. IL 12 production by APC is
induced through two different pathways of stimulation
(262,263). One is associated with their exposure to a variety
of pathogens or their derived products and is not impaired in
the elderly. The other is activated by interaction of APC with
T cells responding to nominal antigens or to mitogens and it is
impaired in the elderly because of a reduced efficiency of
costimulatory signals, as already discussed. To gain further
insight into the mechanisms of this impairment, experiments
were performed to evaluate the production of type 1 cytokines
by PBMC from old and young donors in the presence of IL 2.
Results showed that the impaired type 1 cytokine production
was reversed by adding IL 2 to the culture medium,
suggesting that IL 2 treatment restores the production of Type
1 cytokines by partially overcoming the costimulation deficit
(Lio et al., submitted for publication). At the molecular signal
transduction level, the preferentially decreased amounts of c-
jun in stimulated T cells from elderly donors might be
involved in skewing the response because recent data suggest
that in jnk1-knockout mice, T cell stimulation results in
preferential Th2 responses.

5. CLONAL EXPANSION AFTER T CELL
ACTIVATION

5.1. Culture models for immunosenescence: does the
Hayflick Limit apply to normal T cells and if not, why
not?

Once T cells have been successfully stimulated,
costimulated and cytokine availability and utility assured, the
T cell response requires waves of clonal expansion followed
by contraction when antigen is no longer present and re-
expansion on contact with antigen again. Therefore, limits to
the proliferative capacity of the T cell clones might impact
deleteriously on the overall response. T cell clones in vitro
may provide a good model for investigating age-associated
changes in a longitudinal manner. T cells can be maintained
for extended periods in tissue culture, but in most cases they
have finite lifespans, eg. see refs. (133,179,245,264-269). A
small number of studies has approached the question of
whether T cells from old donors have shorter proliferative
lifespans than those from young donors. Early reports showed
a correlation between advanced donor age and decreased
proliferative capacity (270). However, in these experiments, T
cells were stimulated only once with mitogen at the initiation
of culture and subsequently provided with IL 2 but no
restimulation via the TCR. These data are nonetheless
valuable in showing a decreased capacity for clonal expansion
after a single stimulation on the part of old T cells. Replicative
capacity under appropriate culture conditions for T cells, ie.
intermittent restimulation via the TCR, is greater than the
value found in the above experiments. Thus, by restimulating
T cells every two weeks, McCarron et al. (264) achieved far
greater T cell expansion ranging from 62 - 172 PD (as
calculated from their figures of cell expansion). There were no
differences in this work in longevity of T cell cultures derived
from neonatal, young adult or old adult donors. This is in
agreement with recent work done on human fibroblasts,
where the long-established view that fibroblast longevity in
culture was dependent on donor age was shown not to be the

case when donor health status and biopsy conditions were
rigorously controlled (271). However, in bulk cultures, be
they T cells or fibroblasts, the final longevity of the cultures
will be determined by the longest-lived clones. Therefore,
cloning experiments should reveal a truer picture of average
lifespans of all the cells in a population and not just the
longest-lived. This is more physiologically relevant than
merely establishing a record holder. McCarron et al. also
examined longevity of T cell clones in their seminal paper
(264). Here, their findings were rather different. T cell clones
derived from neonates averaged 52 PD, while those from
young adults (20-30 yr) managed 40 PD, but those from the
elderly (70-90 yr) only 32 PD. In a comparison of the in vitro
longevity of TCC derived from mature peripheral T cells and
those derived from T cell progenitors of the same donor it was
found that both manifested limited lifespans. Progenitor-
derived cells survived on average 55 PD, whereas those
derived from cells with a mature T cell phenotype averaged
35 PD, in good agreement with McCarron´s earlier study
(137).
 There may nonetheless be rare exceptions to T cell
finite lifespans. Certain human TCC which have been
cultured for many years must be presumed to have exceeded
the Hayflick limit, although this has not been formally
measured by any of the investigators working with such
clones. How can these potential discrepancies be resolved?
Human T cells infected with HTLV-1 or Herpes saimiri virus
can become immortalised (272). In the latter case, the cells
retain a normal functional phenotype, ie. they remain
dependent upon exogenous growth factor for their continued
proliferation, and they still respond specifically to stimulation
via their antigen receptor and non-specifically via the
alternative activation pathway (CD2/CD58-dependent).
Therefore, inadvertent infection with H. saimiri would result
in retention of apparently normal immunological attributes
coupled with indefinite lifespan. However, the chances of
inadvertent infection with this non-human virus are
presumably very low, and can be excluded by screening for
known viruses. Nonetheless, there always remains the
possibility that rare events featuring transformation with
unknown pathogens might account for some examples of
apparent immortality of TCC. For example, one putatively
immortal line which developed from a culture whose sister
cultures all senesced was found to be infected with
mycoplasma (273).

It may still be questioned whether suboptimal
culture conditions for T cells are responsible for the short
lifespans of the majority of TCC. Since the rare long-lived
TCC are cultured under apparently very similar conditions to
the normal, short-lived, ones, this may seem a priori unlikely.
However, some simple manipulations of tissue culture
conditions may be sufficient to affect longevity, and for some
reason certain rare T cells might more successfully adapt than
others to particular culture conditions. For example, it has
become apparent that simply reducing the oxygen content of
the culture environment from the supraphysiological tension
commonly employed (air) to a more physiological level can
result in considerable lifespan extension of fibroblasts
(274,275). Conversely, increasing the oxygen content from
20% to 40% rapidly rendered young fibroblasts senescent and
gene expression changed accordingly (276). Whether T cells
behave similarly and whether they are more sensitive to
oxidative damage, has not yet been reported. What is known
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is that oxidative stress does suppress transcription factor
activities involved in proliferation (AP-1, NF-AT) in
quiescent human T cells, which would be expected to
compromise their proliferative capacity (277). Mortality and
metabolic changes caused by oxidative stress are also more
severe in lymphocytes from elderly humans compared to
young, although this is not associated with decreased levels of
antioxidant enzymes in old lymphocytes (278). Other possible
manipulations which have been reported to extend the
lifespan of fibroblasts, but which have not been tested on T
cells, include using hydrocortisone, carnosine, anti-sense
oligonucleotides for p53 and Rb, high albumin
concentrations, additional growth factors and other hormones
(reviewed in ref. (279)). Optimisation of culture conditions
using capillary bed culture cartridges may also better mimic
the in vivo environment and lead to extended lifespans, but
this has also not yet been demonstrated (280).

Most human TCC are generated from cells obtained
from peripheral blood, but such recirculating cells may not be
truly representative of the T cell pool. The major lymphoid
organs from which T cells can be obtained are skin and gut. T
cells infiltrating the skin in various disease states can be
cultured in vitro using the same techniques as employed for
peripheral cells, and these have also been found to have
limited lifespans (eg. ref. (281)). However, skin-infiltrating
cells cultured in the presence of IL 4 in addition to IL 2 but in
the absence of antigen presenting cells have been found to
grow apparently indefinitely (282). These cells were found
not to harbour HTLV-1 (although it cannot be formally
excluded that some other, thus far unidentified, virus is
involved). These long-lived T cells manifested various
chromosomal abnormalities at different frequencies (283).
Generation of these lines was reproducible in different donors
with different diseases, suggesting that isolation of apparently
immortal cells under these conditions was not a rare event.
While some of the donors were cancer patients, perhaps
displaying generalised genetic instability and chromosomal
fragility, the majority were atopic dermatitis patients (not
known to fall into this category). Moreover, one T cell line
was established from a skin nickel patch test which retained a
normal karyotype up to 300 PD (way beyond the Hayflick
limit) and acquired an abnormal karyotype thereafter (K.
Kaltoft, personal communication, May, 1998). Even such T
cells also showed decreasing levels of CD28 expression with
increasing age; they also expressed telomerase (284).
Therefore, depending on the source of cells and the culture
conditions, normal T cells may be able to proliferate
indefinitely. Why this should not be the case for the majority
of T cells cultured in many different laboratories under similar
conditions is not clear presently.

5.2. Does telomere attrition contribute to the replicative
senescence of normal T cells?
 Loss of telomeric DNA, and gradual shortening of
telomeres, has been proposed to result, after a certain number
of cell divisions, in the inability of cells to divide again (285).
Loss of telomeric repeats is not an in vitro phenomeonon as it
is also observed in human cells in vivo (286). In human
monoclonal fibroblast cultures, telomere length was found to
be reduced with culture age and was directly proportional to
the remaining replicative capacity of the clone (287).
Telomere shortening might therefore act as a mechanism
counting the number of cell divisions that a cell population

has experienced. Telomere length in human blood cells in
vivo was shown to be related to donor age (288). The
correlation between shortening of telomeric repeats and age of
the donor is not confounded by differences in white blood cell
count (289). Telomere attrition occurs more rapidly in
premature aging syndromes, eg. Hutchinson-Gilford progeria
(290) or trisomy-21 (291). The overall rate of telomere
shortening is not necessarily linear with age (292,293), but
this may reflect differential activation-induced upregulation of
telomerase activity (294) or genetically regulated differences
between donors in telomerase activity which may further
complicate cross-sectional comparisons between donors of
different ages (295). In addition, as suggested by Bohr and
colleagues, processes other than cell division, such as DNA
repair, which decreases with age, may contribute to telomere
shortening (296). It must also be borne in mind that the
different human chromosomes may not all experience
telomere shortening at the same rate and therefore an
averaging of all chromosomes´ telomeres (as usually reported
in the literature thus far) may not provide a true picture of
critical chromosomal damage (297). In culture, lymphocytes
from normal donors show an estimated telomeric loss rate of
120 bp/cell doubling, comparable to that seen in other somatic
cells (291). Weng et al. (298) reported that CD4+ memory-
phenotype cells showed consistently shorter telomeres than
naive-phenotype cells. Interestingly, this difference in
telomere length between naive- and memory-phenotype cells
was the same whether the cells were isolated from young or
old donors. This must mean either that it is the T cell
precursor rather than the mature T cell which has "aged", as
defined by decrease of telomere length, or that naive and
memory cells both divide at the same rate in vivo. Weng et al.
also showed that telomere lengths decreased during autocrine
expansion of both naive- and memory-phenotype cells, and
that the latter completed less PD than the former. The authors
concluded from this that the replicative potential of memory
cells was less than that of naive cells and that this might be
related to telomere shortening. However, what they actually
measured in their experiments was autocrine proliferative
capacity, not replicative potential. Autocrine proliferative
capacity relies upon the stimulation of growth factor
secretion, upregulation of the growth factor receptor and
correct signal transduction. As we have shown for culture
aged T cell clones (137), exogenous factor-dependent growth
of the cells (ie. replicative potential) is retained for a period
far longer than the capacity to secrete interleukin 2 (autocrine
proliferative potential). It is therefore unlikely that the
cessation of growth noted by Weng et al., which was only 10
PD for memory cells and 20 PD for naive cells, reflects
shortened telomere-triggered blockade of replicative potential.
Whether shortened telomeres have anything to do with the
blockade of autocrine proliferation which Weng et al. actually
measured is currently unknown.

Early data showed that telomere lengths in sperm
DNA do not decrease with increasing age of the donor,
suggesting that a mechanism for maintaining telomere length
may be active in germ cells but not somatic cells (290,299).
Indeed, telomerase, an enzyme responsible for maintaining
telomere length in unicellular eukaryotes, had, in fact, been
previously demonstrated in immortalised human cell lines and
tumor cells, but not in normal somatic cells with the possible
exception of cells of animals which do not reach a
developmentally controlled maximum body size, eg. some



T cell immunosenescence

229

fish (55). Using more sensitive assays, it became clear that the
strict dichotomy between tumor and somatic cells was not as
straightforward as had been previously thought (300). For
example, Hiyama et al. (294) have shown that telomerase
activity is detectable at very low levels in normal human T
and B cells and that it increases greatly after mitogenic
stimulation. The level of telomerase activity in freshly isolated
CD4+ cells from normal donors is said not to change with age
(301). However, optimal telomerase induction requires
optimal stimulation via CD3 and CD28 (302), so age-
associated defects in CD28 may contribute to suboptimal
telomerase induction. Telomerase activity is regulated in the
G1 phase of the cell cycle in normal human T cells, as
indicated by the finding that rapamycin (which blocks TCR-
signal transduction and cdk2 activation) but not hydroxyurea
(an S-phase inhibitor) prevents telomerase induction (303).
Telomerase is upregulated by T cells within 24 h., increases
up to 72 h. and then decreases again after 96 h if the cells are
not restimulated (304). Telomere lengths do not decrease
during this period, but possibly because telomerase is
downregulated again, decreases in telomere length are not
prevented during long-term culture, although they may be
prevented initially (305). In CD8 cells, Monteiro et al.  (147)
reported that telomere lengths in the CD28-negative
population were shorter than in the CD28+ population, and
that in vitro clonal expansion of CD8 cells is associated with
telomere shortening. Pan et al. reported that telomerase was
upregulated in normal PBMC after their stimulation with
PHA (306). Continued culture of these cells with IL 2 resulted
in eventual cessation of growth after ca. 23 PD, when
telomerase activity was no longer found. Confusingly, the
authors interpreted this as demonstrating downregulation of
telomerase at senescence. However, they presented no
evidence that their T cells were in fact senescent; they had
ceased proliferation because they were not restimulated via
the TCR. Thus, they merely demonstrated that telomerase
expression correlates with proliferation of the T cells.
Consistent with this interpretation, they also mentioned a T
cell clone which they did maintain by intermittent
restimulation, and here they showed the presence of
telomerase in stimulated cells and its absence in "resting" cells
(306). Thus, the increase in telomerase activity after
stimulation is transient but may be upregulated in certain
clones at least upon restimulation. In uncloned CD4 cells
intermittently stimulated with CD3 and CD28 mAb, the initial
strong telomerase upregulation was found to be weaker at
each restimulation until it was no longer upregulated at all; at
this point, telomere lengths of the cultured cells decreased
(301). Similarly, in CD8+ cells, it has been found that the
degree to which telomerase activity is upregulated after
repeated stimulation of antigen-specific T cells was inversely
related to the length of time that they had been in culture
(Valenzuela & Effros, manuscript in preparation). Whether
the situation is comparable in vivo is open to question. In
acute infectious mononucleosis it was found that CD8 cells
upregulate telomerase and maintain or even increase telomere
lengths until resolution of infection (Maini et al., manuscript
submitted for publication), so other mechanisms may be
involved here, which are lacking in vitro. Thus, the conditions
for up and downregulation of telomerase and the maintenance
of an effective level of telomerase in T cells are not clearly
defined so far, but may be critical to the fate of the responding
T cells and thence to the T cell-mediated immune response
itself. In certain cases of apparent immortalization of

abnormal (but non-tumorigenic) human T cells, telomerase
was found not to be downregulated; its high level of
expression, as found in the majority of tumors, may be
responsible for the extended longevity of these T cells (284).
In some way, these cultures perhaps parallel the in vivo
situation in AIM more closely.

 Telomerase may not be the only factor determining
telomere length and cell survival. Strahl & Blackburn reported
(307) that inhibitors of retroviral reverse transcriptase
(telomerase itself is a specialized cellular reverse
transcriptase) could cause progressive telomere shortening of
immortalised human lymphoid cell lines in vitro. Telomerase
activity was present in these lines and its activity was blocked
by the agents tested. Telomeres in the blocked lines eventually
stabilized and remained short. It was, however, suggested that
telomere lengths in lymphoid cells lines (which were unstable
even in the absence of inhibitors) are determined both by
telomerase and telomerase-independent mechanisms. More
recent data have confirmed and taken this idea further (308).
On the other hand, certain tissues appear to undergo
senescence correlated to decreased telomerase activity despite
their ability to retain telomere lengths (309). However, that
both telomerase activity and telomere length can be absolutely
critical in determining longevity of cells in culture has been
unequivocally demonstrated by two independent laboratories
(310,311) and indirectly confirmed by a third (312). Using
telomerase-negative cell types, they found that transfection of
the gene for the catalytic component of telomerase extended
life-span way beyond the point at which untransfected lines
senesced. This life-span extension was not accompanied by
acquisition of abnormal karyotype or surface markers, but
was associated with telomere length extension and inhibited
expression of the senescence-associated ß-galactosidase
marker. This is the first evidence for a causal relationship
between telomere shortening and cellular senescence in vitro.
However, these experiments have been criticised on the basis
that a proper negative control was lacking. It was pointed out
that a vector-only control lacking any inserted genes was used
but a vector replacing the telomerase-encoding portion with
an irrelevant gene should have been used (313). It was noted
that similar experiments not using telomerase in the past had
indeed resulted in similar lifespan extensions (313).
Nevertheless, the duplication of the telomerase experiment by
two independent groups provides strong support for the
critical role of telomere shortening in the phenomenon of
replicative senescence.

5.3. Longevity of naive and memory cells
 As discussed above (section 5.1), memory-
phenotype cells are generally not immortal in vitro, showing a
variable but finite lifespan. An important question raised
therefore concerns the longevity of naive and memory cells in
vivo. There is some evidence that memory cells are not
quiescent long-lived cells, but represent T cell clones in a
constant state of activation. A method for measuring
intermitotic time to investigate longevity of CD45RA+ and
RO+ cells in cancer patients following radiotherapy relies on
radiation-induced dicentric chromosomal lesions which can
be visualised cytogenetically. Small numbers of CD45RA+

cells with these lesions were found up to 10 years after
irradiation, consistent with the belief that naive T cells can be
very long lived. However, CD45RO+ cells with such lesions
had all disappeared by one year, suggesting that they had all



T cell immunosenescence

230

attempted unsuccessfully to divide, consistent with memory
cells being in cycle (236). A later study extended these data to
conclude that proliferation rates of naive cells were 8x lower
than proliferation rates of memory cells. They estimated that,
on average, naive cells divided once every 3.5 years, whereas
memory cells divided every 22 weeks (314). However, as
these authors themselves pointed out, there are some
problems with these data, viz. they were dealing with cancer
patients, whose T cells and immune status were not normal;
irradiation can have indirect effects like induction of
lymphopenia which further disrupts the system; possibly
some cells with dicentric lesions can nonetheless divide; and
the proportion of cells dying without attempting to divide is
unknown. All these factors could lead to underestimates of
memory cell longevity  (315). A direct approach to whether
memory cells continue to cycle in vivo has been taken using
transgenic mice (316). Naive cells deliberately activated with
specific antigen were transferred into athymic hosts in the
absence of antigen and found to continue to cycle slowly for
extended periods. Naive cells, on the other hand, did not begin
to proliferate when transferred into the these recipients. The
mechanism for the maintenance of slow cycling of the
memory cells is unknown. It may be that unlike naive cells,
memory cells do not require antigen to survive and proliferate,
but only the self MHC molecule (ie. have a lower functional
activation threshold) (317). However, it is clear from these
experiments that proliferative senescence could play a role in
the eventual loss of the memory cells. The above data in man
and mouse have to be reconciled with earlier results in the
mouse showing that after thymectomy it is the naive
population which disappears rapidly, whereas the memory
cells are long-lived (318). The reason for this apparent
discrepancy is unknown.

According to our in vitro data on T cell longevity,
where TCC survive on average 35 PD and maximally 80 PD,
this would put the life expectancy of a memory cell at 35 x 22
= 770 wk = 15 years average; 80 x 22 = 176 wk = 34 years
maximum (without taking the primary immune response into
account, for which the number of cell divisions required can
only be guessed at but where the initial upregulation of
telomerase might offset the effects of the first 10 or so
divisions (319)). What might be the source of stimulation of
the memory cells, which need to persist in the absence of
antigen? Several groups have argued that the solution lies in
the hypothesis that antigen does persist somehow. This is
certainly true for many viruses, but it is unclear for which
other antigens it may apply. For viral infection, there is clear
evidence that memory T cells are indeed maintained in a
constant activated state even for very long periods. Thus,
Rehermann et al. studied patients up to 23 years after clinical
and serologic resolution of HBV infection and still found
evidence for recently activated HBV-specific CTL (320). This
might well eventually allow enough time for "clonal
exhaustion" of the originally responding T cell clones, in the
absence of the generation of de novo responses (see
calculation above). Data from other chronic infections such as
HIV may be consistent with the scenario of clonal expansion
leading to clonal exhaustion and lack of replacement by new
thymic emigrants eventually resulting in diminution of the
repertoire and loss of anti-HIV responses (321). CD8 cells of
the same CD28-negative phenotype as seen in HIV-
uninfected senescent cultures and with similarly short
telomeres and inability to proliferate have also been described

in young persons with AIDS, leading to the suggestion that
replicative senescence of virus-specific T cell clones in vivo
might contribute to disease progression (146). Evidence
suggests that the CD28-negative cells are indeed derived from
originally CD28+ cells (322). A marked decrease in telomere
length has also been recorded in CD4, CD8 and B cells from
HIV-infected patients with advanced immunodeficiency,
supporting the notion of a high turnover of these cells and
suggesting that replicative senescence may be involved in the
final immunosuppression of these patients (323). There is also
an increase in CD4+ CD28-negative cells in HIV infection,
albeit not so marked as in the CD8 subset (324). Indeed,
disease progression in AIDS is reported to be marked by an
accumulation of CD28-negative cells unable to secrete IL 2,
whereas long-term non-progressor patients maintain CD28
levels and IL 2 secretion capacity (325). The rate of
destruction of HIV-infected cells in young and old patients
seems similar, leading to the suggestion that the elderly
cannot replace CD4 cells as rapidly as the young (326). It has
been found that T cell responses in HIV patients are
characterized by severe TCRVB biases and clonal expansions
in CD4 cells, and that such responses are exaggerated with
disease progression (327). Despite this, others have found no
evidence for increased CD4 turnover in HIV infection on the
basis of lack of truncation of telomere length in CD4 cells
during progressive disease, although this was clearly
confirmed in CD8 cells (328). However, virally infected cells
may conceivably express dysregulated telomerase.
Independent evidence for enhanced cycling of CD4 cells in
HIV derives from measurements of mutations in the hprt
locus, which showed that mutation rates in the CD8 and CD4
cells were similarly high (329), consistent with an increased
division rate in both subsets. The cytokine secretion profile of
mutant CD4 clones (from healthy or HIV patients) was
predominantly Th2-like, whereas the CD8 mutants had the
same pattern as wild-type.

For non-viral antigens, and thymus-independent
regeneration of T cells in general, it is probable that antigen-
driven peripheral expansion commonly occurs (330),
implying that a finite proliferative lifespan of the T cells
would be of critical import for the functional integrity of the
immune system. Experimental data have implicated a sort of
TCR cross-reactivity responsible for maintaining numbers of
T cells, eg. in the case of CD4 cells via class II molecules
regardless of their peptide loading (331).

5.4.  Activation-induced cell death and aging
 Further light has been cast on the aging of human
CD4+ T cells using the mAb PD7/26 specific for the CD45RB
isoform. Salmon et al (332) reported that whereas CD45RA
expression is lost rapidly after activation of naive cells in
vitro, loss of RB expression is gradual, occurring over many
cell cycles, and reciprocating the increase in RO expression.
The progressive shift from RBhi+ to RBlo+ is paralleled by
gradual loss of bcl-2 (which protects against apoptosis) and
acquisition of fas (which can mediate apoptosis), as well as
gradual loss of ability to secrete enough IL 2 to maintain
autocrine proliferation (whereas IL 4 secretion remains
intact). This eventually results in their becoming dependent on
exogenous IL 2 not only for growth but also for their survival,
because without enough IL 2 they undergo apoptosis.
Longevity extension for T cell clones might therefore be
achievable by upregulation of bcl-2 or bcl-2 family-member
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bcl-x(L). It may be bcl-x(L) which is critical here, because
apoptosis prevention in resting T cells cultured on fibroblast
monolayers is associated with maintenance of bcl-x(L)
expression but not of bcl-2 expression (333). However, the
down-side of this could be that suppression of apoptosis by
bcl-2 or bcl-x(L) would result in enhanced tumorigenesis,
because radiation-induced mutagenesis is increased under
these circumstances, consistent with the original isolation of
bcl-2 as an oncogene (334).

Studies on CD45RB in vivo in elderly humans
confirmed that CD4+ cells in old donors showed significantly
decreased CD45RB expression (335). In agreement with the
in vitro data, the percentage of human CD4 and CD8 fas+
cells also increased with age in vivo (336,337). The majority
of these expressed CD45RO, and CD25 and CD69 activation
markers (338). It must be mentioned, however, that one study
has reported an age-associated decrease in both CD4+
CD45RA+ (but not CD45RO+) and CD45RA+ and RO+
CD8+ cells coexpressing fas (CD95); only this latter study
actually examined subjects at an advanced age (339). Hence,
the frequency of CD95+ cells may rise through adulthood, but
go on to decrease in certain but not all subsets in old age
(339). A decrease of CD95+ cells in advanced age following a
rise through adulthood has also been observed by others
(Caruso et al., unpublished results). On the other hand,
another recent study examining CD95 expression in the
elderly found increased levels of expression of both fas and
fas ligand on CD4 and CD8 cells, and these did not seem to
decrease at more advanced age  (340). Thus, in the Aggarwal
study, 6% of CD4+ CD45RA+ cells in the young were
CD95+ but 17% of the old, whereas in the Aspinall study
these figures were 5% and 1% respectively. In the CD4+
CD45RO+ subset in the young-versus-old these figures were
25% and 40% respectively in the Aggarwal study, but 11%
and 9% respectively in the Aspinall study (both with
unstimulated cells). In the CD8 subsets, differences between
the two data sets are just as extreme. The reasons for these
differences are unknown, although the percentages of CD95+
cells in unstimulated cells of the Aggarwal study do seem
rather high, possibly due to their use of donors not selected by
strict criteria such as the SENIEUR protocol. The two studies
each employed only one single CD95 mAb (UB-2 and DX-2),
perhaps contributing to these disparate data. If so, this would
be a serious problem in interpreting such results, as most
studies do not use multiple mAb to the same CD antigen. The
6th CD workshop determined that at least three CD95
epitopes were detected by the submitted CD95 mAb, one of
which was DX-2 (341). In the Aggarwal study but not in the
Aspinall study the CD95 changes were noted on CD45RO+
cells as well, together with decreased levels of bcl-2 and
correspondingly increased levels of CD95 antibody-triggered
apoptosis in all subsets with increased CD95 expression
(340). In a different system, in which T cells were stimulated
by PHA and cultured with IL 2 for up to 6 days, apoptosis
(not induced by CD95 mAb) was reported to be increased in
CD45RO-negative but not RO-positive cells in the elderly
compared to the young (342). It was therefore suggested that
differential susceptibility to apoptosis late after T cell
stimulation might contribute to explaining the preponderance
of CD45RO+ cells in the elderly, although the differences
actually measured in these studies were minimal (46.0 +/-
4.5% versus 57.6 +/- 6.1, P < 0.01, but n = only 7 in each
group, with wide inter-individual variation and no information

given on donor selection criteria). Lack of enhanced
susceptibility of CD45RO+ cells to apoptosis is also contrary
to findings noted above in vitro and in vivo (107,332,340),
and careful inspection of the data in the above publication
revealed that there was in fact a greater degree of
susceptibility to apoptosis by CD45RO+ cells in the elderly as
well (27%-versus-36% respectively, a difference of 9%
compared to 11% in the RO-negatives; hardly an impressive
difference).

The amount of soluble fas in the blood of elderly
donors was also reported to be significantly increased
compared to young donors (343). Moreover, several studies
have shown increased CD3- or PHA-mediated AICD and
hence decreased proliferation in the elderly (344-346). This
was found not to be due to IL 2 deprivation, nor was it
associated with decreased bcl-2 expression (344). There is a
possibility that increased AICD might be associated with
decreased levels of IL 6 because IL 6 has been reported to
protect neonatal T cells from AICD (347) as well as adult T
cells in an IL 2-independent, fas/fas-ligand-dependent manner
(348). However, IL 6 production seems not to be decreased in
older individuals, as discussed above. Consistent with the
findings of increased susceptibility to AICD ex vivo, CD4+ T
cell clones aged in culture also become increasingly
susceptible to AICD (107); moreover, although T cell lines
derived from old donors upregulated CD95 more slowly than
those derived from young donors, their loss of ability to
downregulate CD95 occurred faster, resulting in more rapidly
increased susceptibility to fas-mediated apoptosis (345). In
mice in vivo, evidence for increased apoptotic death of
superantigen-stimulated T cells has been forthcoming (349).
In humans, similar phenomena may be reflected in
pathological states such as chronic phase HIV infection,
where the fraction of apoptotic cells is greatly increased,
especially amongst those with an activated (CD45RO+, DR+,
Fas+, CD38+) phenotype, suggesting that chronic stimulation
leads to clonal exhaustion by increased susceptibility to AICD
(350). Consistent with this is the finding that in vitro anti-
oxidant treatment, which can inhibit AICD, can to some
extent restore the proliferative defect of HIV-infected CD4
cells (351). Also consistent with the idea of clonal exhaustion,
monitoring HIV-infected individuals for strength and breadth
of proliferative responses to HIV peptides revealed that
patients with weaker responses progressed more slowly than
those with higher responses (352). This could be interpreted
to mean that stronger proliferative responses, while
neuroprotective (352), result in more rapid clonal exhaustion
and therefore disease progression.

However, the idea that increased levels of AICD
are detrimental to functioning of the immune system must be
reconciled with data from several sources suggesting an age-
associated increase in resistance to apoptosis on the part of
cells from various tissues including lymphocytes. Thus, Zhou
et al. (353) generated fas transgenic mice and compared
immunological status of young and old transgenics with wild-
type littermates. They found that fas expression (like the
expression of some other receptors in the same family, eg.
TNF-R) and fas-induced apoptosis was decreased in old wt
mice, but not old transgenics. In old wt mice, there was an
increase in CD44+ fas-negative cells, decrease in autocrine
proliferation, decreased IL 2 production and increased IL 4
and IL 10 production. In the transgenics these changes were
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not found. Even age-related thymic involution was prevented
in the fas-transgenics. It was therefore suggested that some of
the manifestations of aging on the immune system were
related to downregulated apoptosis (353). However, the
lifespans of the transgenics were not increased and this
seemed to be associated with enhanced production of IL 6 and
other factors in these mice (354). How might the transgenic
fas expression exert these effects? Perhaps by removing
defective cells by apoptosis and making room for fresh cells?
More likely may be the alternative function of fas, ie. that of
lymphocyte stimulation rather than killing. Thus, low to
intermediate fas expression (and ligation) results in apoptosis,
whereas high level expression can protect against cell death
(355), and thereby result in enhanced responsiveness.
Spaulding et al. (356) provided evidence partly consistent
with that of Zhou et al. in normal mice, where they
demonstrated that T cell apoptosis induced by irradiation, heat
shock or CD3-stimulation was reduced in old compared to
young mice, unless the former had been maintained on a
calorically restricted diet. Polyak et al. (357) also reported
higher levels of in vivo and in vitro lymphocyte apoptosis
after irradiation in young compared to old mice. Consistent
with the above data in mice, human CD8+ T cell cultures that
reach replicative senescence become markedly resistant to
apoptosis and show increased bcl-2 expression (Spaulding,
Wei & Effros, manuscript submitted for publication). These
data are reminiscent of fibroblast cultures, which show similar
senescence-associated changes (358). Some further
supporting data for the concept of decreased apoptosis in aged
cells may be found in the report of Lechner et al. (345) who
found decreased inducibility of CD95 after CD3-stimulation
of old persons´ T cells compared to young. However, as
already discussed above, susceptibility to AICD of T cell lines
established from old donors was greater than those from
young donors (345) and culture-aged CD4+ T cell clones
show enhanced AICD compared to young cells from the same
clone, although they do not express higher levels of CD95
(107). In this respect, therefore, human CD4 and CD8 cells
may behave markedly differently, partly explaining the
altered CD4:8 ratio seen in the elderly (see section 6). Ex vivo
T cells from very old mice have also been reported to be more
susceptible to TCR-mediated AICD than those from young or
old mice (359), and expression of CD95 by CD4 cells of old
mice infected with M. tuberculosis is not decreased (360).
Other tissues may also show increasing susceptibility to
apoptosis with age, as is the case with hepatocytes (361).
Here, caloric restriction also reverses the age-associated
effects and reduced apoptosis, the opposite of its effect on
lymphocytes.

6. ALTERATIONS IN T CELL SUBSETS,
REPERTOIRE AND MARKERS WITH AGING

6.1. T cell subsets
 The composition of the T cell compartment
changes during aging as a result of antigen exposure, clonal
expansion and contraction, regulatory T cell interactions and
memory cell formation, and changed thymic output, as
discussed above. Thus, many studies have addressed the
question of whether the numbers and proportions of T cells
and other lymphocytes are altered during aging. In general,
alterations in numbers of T cells are relatively small and may
be influenced by underlying disease (362), although not all
studies agree on this (363). It is probably true to say that all in

all, the consensus is that age-associated alterations in T cell
numbers are minimal (364). However, age-associated changes
in the proportions of T cell subsets have been repeatedly
documented in rodents and humans. Mice seem to show a
relative loss of CD4 cells in the blood with age compared to
CD8 cells (365), and the same may be true in humans,
although the reduction in CD4 cells is also associated with
poor nutritional status  (210).

There are clearly more CD4+ CD45RO+ "memory-
phenotype" cells and less CD45RA+ "naive-phenotype" cells
in PBMC from elderly individuals (24,366,367). These
changes are also observed in strictly selected elderly
populations and seem to occur independently of health and
nutritional status (210). If the CD45RO+ cells represent
memory cells, and if exportation of naive CD45RA+ cells
from the thymus decreases with age, then an accumulation of
CD45RO+ memory cells would be expected in elderly donors.
This would be coupled with a predicted reduced ability to
respond to new antigens, and a retained ability to respond to
recall antigens, as long as the memory cells remained present
and functional. However, not only does the proportion of
memory-phenotype cells increase with aging, but in mice at
least the memory cells themselves function less well in old
than in young donors (368-370). Moreover, in the oldest old,
decreases in memory cell phenotype RO+ cells have also been
recorded (238) and in whole blood analyses, a relative
decrease of CD45RO+ cells may also be seen in the CD8 but
not in the CD4 population (214). Nonetheless, in exceptional
individuals (healthy centenarians) the decrease of RA+ cells,
especially in the CD8 subset, may be markedly less than in
the ordinary old population (371). The meaning of this is
unclear, because functional tests were not performed, and it is
known from other studies that the CD4+ cells responsible for
the increase of RO+ elements express lower levels of
CD45RO than do young CD45RO+ cells, but whether this is
related to their impaired function is not yet known (372).
More subtle analyses may reveal further differences in surface
phenotype and function, which remain to be collated and
understood. In mice, for example, aging leads to an increase
in the proportion of splenic cells expressing high activity P-
glycoprotein (Pgphi) and therefore able to extrude rhodamine
123. Pgp is known also to participate in the transportation and
secretion of cytokines including IL 2, IL 4 and IFN-gamma
(373), although Pgp-knockout mice appear to proliferate and
produce cytokines normally (Eisenbraun & Miller, pers.
comm., December, 1998). Nevertheless, mAb against Pgp
block IL 2 release in PHA-activated T cells, demonstrating a
role for this molecule in T cell function (374). Despite this,
high Pgp expression in old T cells is associated with
dysfunctional status. Possibly the Pgp itself is dysfunctional
and over-expression represents an attempted compensation.
There is an age-associated increase in the expression of MHC
class I molecules on these PGPhi CD4+ memory cells. In spite
of this, the levels of TAP1 decrease in old mice (TAP1
transporter is usually required for class I peptide loading and
antigen presentation). The Pgp and TAP1 molecules are
related, so Pgp may be taking over the function of TAP1 in
old cells and increasing the level of expression of MHC class
I molecules. This question remains to be clarified (375).
Recent data in the human system, however, suggest that Pgp
is unable to substitute for TAP as a peptide transporter and
that it does not enhance MHC class I expression in T2 cells
(376). The failure of the murine Pgphi cells to respond to



T cell immunosenescence

233

TCR-mediated stimulation cannot be overcome by CD28
signalling, PMA, IL 4 or IL 12 or combinations of these, and
may therefore be considered "anergic". Not only do Pgphi

cells fail to secrete IL 2 but also show impaired IL 5 and IL 10
production and proliferation. Oddly, however, their ability to
secrete IFN-gamma increases with age (377).

The question of whether antigen-independent
functional changes in naive T cells can occur has also been
addressed. As discussed above, differentiation of T cells to
memory cells coupled with age-related changes in memory
cell characteristics may be responsible for much of the altered
functional phenotype of the aged individual. Linton et al.
looked at TCR-transgenic mice with T cell specificity for
pigeon cytochrome C antigen, which lacks cross-reactivity
with environmental antigens. They found that in aged
animals, the TCR- transgenic CD4+ cells were decreased in
number and in antigen responsiveness but that they
maintained a naive cell phenotype. They concluded that the
defects observed were therefore due to aging of the naive cells
per se and not to environmental stimulatory influences (378).
Such findings are clearly consistent with several studies
showing different patterns of cytokine production by young
and old cells despite possession of the same "naive"
phenotype (379).

In human, most T cells are CD7+, but the
frequency of CD7-negative cells increases with age (380) and
although isolated T cell clones retain stable expression of their
CD7-positive or negative phenotype (381), repeated
stimulation and propagation of uncloned lines results in
accumulation of CD7-negative cells in the CD4 but not CD8
subset (382). Increased proportions of CD7-negative cells are
found in situations of chronic antigenic stimulation in vivo,
eg. in rheumatoid arthritis (383) and in kidney transplant
recipients (384). Such CD7-negative cells show low
proliferative responses to CD3-stimulation, low IL 2 secretion
but high IL 4 and IL 10 secretion (385). These results suggest
that loss of CD7 expression may be age-associated, but the
fact that long-term cultured T cell clones retain high CD7
levels imply that factors other than merely the number of  PD
undergone are critical for CD7 expression.

Thus far, CD28 is perhaps the closest to a
biomarker of aging found for human lymphocytes. Both in
vivo and in vitro, the proportion of CD28+ cells decreases
with age. In monoclonal populations, the density of
expression of CD28 decreases with age (386). Effros et al.
were the first to observe a decreasing percentage of CD8 cells
carrying CD28 in the elderly, paralleling their observations in
T cell lines aging in culture (133). Others have confirmed that
particularly the CD8 subset shows progressively decreasing
CD28 expression with age (134). CD4+ T cells, almost all of
which are CD28+ in young adults, also show an increasing
CD28-negative fraction in the elderly (136). The fraction of
CD8+ CD28-negative cells in centenarians is somewhat
higher than in the elderly (70-90 year-old) population (136).
Moreover, telomere lengths in the CD28-negative cells were
less than in the CD28+ cells from the same donors, implying
that the former had undergone more rounds of cell division
than the latter (387) (see section 5.2). This type of
proliferative senescence may therefore be responsible for the
commonly observed accumulation of CD28-negative
oligoclonal populations in elderly people (388). Although

originally described only in CD8 cells, the number of
individuals with such clonal expansions in both CD4 and CD8
cells was found to be very similar when sensitive
spectratyping methods were used to examine
complementarity-determining region 3 (CDR3) of the TCR
(ca. 70% of individuals over 65); moreover, these expansions
were stable over a two-year observation period (389). Similar
observations on clonal expansions in CD4 populations have
also now been made in mouse (364). It may well be that the
origin of at least some of these clonal expansions resides in
anti-viral immunity (390).

In diseases with chronic antigenic stimulation,
further circumstantial evidence in favour of the hypothesis of
proliferative senescence indicated by downregulated CD28
expression can be garnered. To give some examples: the
percentage of CD28+ cells decreases during Chagasic
progression (391); both CD4 and CD8 cells show decreased
CD28 expression in chronic B lymphocytic leukemia (392)
and in hairy cell leukaemia (393); in Crohn´s Disease, the
ability of CD28 to mediate costimulation of CD4 cells is
compromised (394). It may also be interesting to note that in
long-term allogeneic kidney graft transplant recipients,
decreased CD28 expression correlated with graft survival
over extended periods of time (395) and this was
accompanied by reduced proliferation in vitro by graft
recipent lymphocytes stimulated by donor cells (396). Others
have also found that the percentage of CD28+ cells goes
down and the percentage of CD57+ cells goes up on both
CD4 and CD8 cells from long-term kidney graft recipients
(397). In rheumatoid arthritis, the percentage of CD4 cells
carrying CD28 is reduced (398) and in both RA patients and
normal controls the CD4+ CD28-negative cells show TCRVB
oligoclonality (399). Such CD4+ CD28-negative cells appear
also to be CD7-negative (399). This phenomenon is
influenced by HLA type, however, with RA-associated HLA-
DRB1*0401+ donors having higher proportions of
CD4+CD28-negative cells (400), and it is not yet clear
whether this is due to selective presentation of autoantigen by
these particular HLA-DR-alleles. It is however clear that T
cell clones derived from these cells are in fact autoreactive
(399,400). These cells differ from in vitro expanded
CD4+CD28-negative cells in that they are more not less
resistant to apoptosis (401). In systemic lupus erythematosus
(SLE), T cells also show increased levels of bcl-2 (402). The
relationship of these CD28-negative cells to ageing as
opposed to genetically-influenced autoimmune disease is
therefore unclear at present. However, it is clearly not
generally the case that CD28-negative cells ex vivo are
apoptosis-resistant; for example, in B-CLL and hairy cell
leukaemia, the CD28-negative cells while retaining normal
functions such as cytotoxicity and cytokine release, show
decreased clonal expansion capacity and increased
susceptibility to apoptosis (393). The difference therefore may
be related to clearly distinct pathological process in
autoimmune disease and other situations of chronic antigen
stimulation. In the former, eg. in RA and SLE, T cells are
pathogenic partly at least because of their resistance to
apoptosis, whereas in chronic infections and cancer, "normal"
replicative senescence occurs. These examples suffice to
illustrate the range of situations in which T cell proliferative
senescence may play a role in modulating immune responses
independently of the age of the host. The effects of this kind
of "clonal exhaustion" in the elderly may simply be more
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noticeable than in the young because of thymic involution
reducing effective generation of naive T cells and because T
cells present in the old may already have undergone many
rounds of division.

It is conceivable that alterations in other surface
molecules might compromise T cell function, but this has not
been studied extensively. Human T cell clones do not show
obvious alterations of integrins and other adhesion molecules
during long-term culture (156). However, the in vivo
expression of CD11a, CD49e, CD54 and CD62L has been
reported to show age-related alterations in mice (403).

6.2. T cell repertoire
 Accumulating evidence suggests that even where
the overall numbers of T cells are not obviously changed, and
even within a particular T cell subset as characteriazed above,
there may be further age-associated alterations in terms of the
specificities of the TCR expressed. For example, whereas the
TCR2 (alpha beta) repertoire of CD4 cells in mice was
initially reported not to be obviously changed compared to
young cells, the CD8 repertoire was found to be markedly
altered in early reports, suggesting expansion of a small
number of CD8 cells during aging (404). In human, early
reports also indicated that it was the CD8 cells rather than the
CD4 cells which were primarily affected in this way. Thus, in
CD8+ but not CD4+ T cells, up to 30% of the entire population
may consist of oligo- or even monoclonal cells expressing the
same TCR-Vß markers (388). Surveys have shown that
childhood illnesses or vaccination histories do not explain the
oligoclonal expansions seen in later life, and whether they are
antigen-driven still remains obscure  (405). Within the CD8+

cells, these oligo- or monoclonal populations are prevalent in
the CD28-negative subset (388) and the CD57-positive
subset, which essentially overlaps with the CD28-negatives
(406). It is interesting to note that it is this CD28-negative,
CD8-positive subpopulation which was identified many years
ago as containing so-called "suppressor" cells (407). These
data may explain the observation that alterations in
proportions of different T cell subsets may also be more
marked in CD8+ than in CD4+ cells of aged humans (132).
However, this phenomenon seems not be absolutely limited to
CD8 cells. Although "forbidden" CD4 clones are not present
in 24 month-old mice (usually the uppermost limit in mouse
aging studies), they do appear in those few mice reaching 30
months of age (408). It was suggested that these potentially
self-reactive CD4 cells were derived extra-thymically because
thymectomy increased rather than decreased their numbers. If
this is generally the case, then the possibility of enhancing
extra-thymic development with factors such as oncostatin-M
may offer the opportunity for manipulation of this pathway
(409). Moreover, the realisation that mature thymus-derived T
cells can re-acquire sensitivity to positive and negative
selection outside the thymus, in germinal centers (410),
indicates that in theory the generation and selection of T cells
may take place even in the absence of a functional thymus.
The generation of functional mature T cells with diverse
TCR2 repertoires from CD34+ human stem cells in the
absence of thymic influence in vitro indicates a potential
approach to enhance T cell generation despite compromised
thymic function (411).

More sensitive methods of TCR analysis (CDR3
spectratyping) recently showed that oligoclonal expansions

are not commonly limited to CD8 cells in human or mouse.
One study found that every old mouse tested presented a
skewed spectratype for at least one of the 24 Vß families
examined, some even 50% (412). Moreover, this was clearly
the case to the same extent for the CD4 as well as CD8 cells
(412). Each individual mouse presented a different variant
spectratype, although they were genetically identical and
shared the same environment. The meaning of these findings
for the immune response status of the mice remained to be
determined in that study (412), but even ´though quantitative
differences in CD4+ cells of old mice are not always found,
qualitative changes in function can be dramatic eg. a striking
decline in the ability of CD4+ cells to cause rejection of
allogeneic skin grafts (413). In human, although not observed
by all investigators (414), it may be the rarer CD4 expansions
which are observed at increasing frequency in the aged (415).
CD4 expansions may be easier to find in the CD45RO
memory-phenotype population in the oldest old (416). In
contrast, in some disease states, eg. rheumatoid arthritis, CD4
cells may show striking oligoclonal expansions (417). Whilst
not seen in normal donors, it is interesting to note that such
CD4 expansions were also seen in unaffected siblings of
rheumatoid arthritis patients, suggesting that they are a risk
factor for rather than a consequence of rheumatoid arthritis
(417). As with the CD8+ cells, in normal donors, the CD4 cell
expansions were found in the CD28-negative population
(418); moreover, the same CDR3 spectratype was identified
in a subset of CD4+CD8+ cells (but not single-positive CD8
cells) which are rare in young donors but also increased in the
elderly in these donors. This led the authors to suggest that the
double-positive cells (expressing CD4 and CD8 alpha/alpha
homodimer) originated from the CD4 single-positive CD28-
negative cells (418). That these cells indeed represented late-
differentiation stage terminal cells was supported by their lack
of expression of CD7, and their possession of the unusual
phenotype CD45RA/RO double-positive.

7. CLINICAL RELEVANCE OF IMMUNO-
SENESCENCE

7.1. Infectious disease and cancer
The incidence and severity of infectious disease is

increased in the elderly, as shown for pneumonia, meningitis,
sepsis, urinary tract infections, RSV, HIV, influenza, etc.
(419-424). The relative mortality rates of many infectious
diseases in the elderly are more than twice those of the young;
in the case of tuberculosis and urinary tract infection this rises
to a factor of ten (425). Autopsy data on the very old suggest
that the accepted prime age-associated causes of death in the
"younger old" (ie. cardiovascular, cancer) do not necessarily
apply to the very old. Studies from Leiden, Geneva and
Tokyo have found the prime cause of death to be infectious
disease in the over 80´s (however, whether these were really
opportunistic infections is still not clear). An extensive study
on major causes of death in Japan between 1951 and 1990
suggests that unlike those causes showing deceleration or
neutrality with advancing age, those showing acceleration in
old age (ie. pneumonia, influenza, gastroenteritis, bronchitis)
mostly involve infectious agents (426). According to some
data, a major predictor of mortality in the elderly is lung
function (427). Immunosenescence may also play an
important role here, since the defence of this most common
pathogen entry portal is critical. In support of this concept,
Meyer et al. (428) have provided evidence for immune
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dysregulation in the aging human lung. This was associated
with the presence of higher numbers of neutrophils and more
IL 8 in the elderly compared to young, suggesting that low-
grade inflammation is present in many apparently clinically
normal lungs in the elderly (429). In studies done in mice, it
was found that the inflammatory response to teflon fumes in
the lungs of old mice was greater, particularly in terms of
TNF-alpha induction, than in young mice (430). On the other
hand, allergic reactions may decrease with age for the same
reason, as with the well-known "growing out" of asthma. In a
rat model of asthma, it was found that the level of specific IgE
antibody and eosinophils in bronchoalveolar lavage was
markedly higher in young rats. This correlated with increased
IFN-gamma production and decreased IL 5 in old rats T cells
(431).

 However, despite the findings discussed above, it
remains the case that the precise clinical relevance of T cell
immunosenescence is hard to define. Indeed, there are studies
suggesting that the NK status of subjects may also be
important or more important than T cells. Thus, Ogata et al.
reported that not the numbers but the functional activity of
NK cells was the only parameter correlating with death (due
to infection) in the follow-up period for 44 elderly subjects
(432). However, they did not test T cell function, only
numbers, and therefore a contribution of T cells cannot be
excluded, particularly since there is a reported correlation in
the elderly between high NK activity and high T cell
proliferative responses (433). Moreover, inclusion of T cell
functional parameters has been shown to predict mortality in a
Swedish prospective study (11). In mice, there are several
models where age-associated alterations in immune
responsiveness correlate with a decreased ability to cope with
infection, eg. by trypanosomes (434). On the other hand, in a
mouse model of fungal infection, where clear T cell
deficiencies can be demonstrated in vitro in old mice, greater
susceptibility to the infectious agent in vivo was not observed;
however, in this model, the explanation may be that T cell
responses are in fact detrimental (435). In human, Varicella
zoster reactivation is commonly invoked in support of the
relevance of immunosenescence, and specific abnormalities in
anti-viral immunity have been distinguished in the elderly in
some studies (436). For example, the well-known age-related
increased incidence of shingles in the elderly is associated
with a decrease in the frequency of VSV-specific T cells
which produce IFN-gamma and decreased amounts secreted
compared to young immune donors, while the production of
IL 4 in the same donors was unchanged (437).
Correspondingly, antibody levels to VSV are maintained in
the elderly, but this is clearly not always enough to prevent
reactivation of infection.

7.2. Vaccination (see also section 4.1)
Decreased T cell function in the elderly is shown

most clearly in vivo by DTH tests to recall antigens (438) as
well as to clinically relevant immunisation procedures where
T cell-dependent antibody production is depressed, eg. see
refs. (439,440). However, the confounding effects of
underlying disease make studies of age-related changes in the
response to vaccination even more fraught with difficulty than
for the cytokine secretion data (see section 4.4). Thus,
although antibody responses following primary
immunisations in the elderly are often reported to be
decreased, immune responsiveness to the primary antigen

Helix pomatia haemocyanin was retained in healthy elderly
donors who fitted the SENIEUR protocol (441). By contrast,
elderly subjects not fulfilling the SENIEUR criteria had a
decreased immune responsiveness to this antigen. Nutritional
status of the elderly is also very important in determining the
success of vaccination, as indicated, for example, in studies
showing up to 40% non-responders to influenza vaccine in
undernourished subjects (442). Even when initially
successful, vaccination may have a less long-lasting effect in
older donors (443). Responses to secondary antigens may
normalize after boosting in elderly donors, but the improved
response may not be sustained for the same duration as in the
young (444). Consistent with this, the majority (62%) of
elderly individuals vaccinated with tetanus had antibodies to
tetanus up to 10 years after vaccination, but this halved (to
33%) for vaccination more than 10 years previously. In
contrast, almost all young donors retained tetanus antibodies
even > 10 years after vaccination (445). Confirmation of
weaker immunity to tetanus in the elderly, in terms of
decreased frequency and level of cellular immune reactivity,
has also been provided in a later study by Schatz et al. (446).

There may also be more subtle differences between
the responses of young and old individuals, such as a selective
impairment of particular classes of antibody production, for
example, of IgG1 responses to inactivated influenza virus
vaccine in the elderly (447,448). This possibly reflects less
efficient or altered T cell help. This shift in immunoglobulin
(sub)class distribution may be a reflection of altered cytokine
patterns. The response to influenza vaccination may also be
highly dependent on the flu strain involved, as several authors
have shown (449-453). They found that while the majority  of
elderly people responded to strains of the influenza A H3N2
subtype, only few  responded to strains of the influenza A
H1N1 subtype (449-453). These findings are probably due to
pre-exposure of the elderly and young to different strains of
flu viruses (454). PBMC from the healthy elderly may
produce lower levels of IFN-gamma both pre- and post-
vaccination compared to the young, although levels do go up
after vaccination in both young and old (455). Moreover,
underlining the importance of IFN-gamma, these investigators
found that although elderly individuals often responded only
with either a cellular or a humoral response to vaccination,
production of IFN-gamma was correlated with the presence of
both (456). The production of a potentially inhibitory
cytokine, IL 10, was also found to be greater in the young,
whereas IL 6 production was similar  (455). Others have
found increased IL 10 production in the elderly (457); the
reason for this apparent discrepancy is not clear, but may be
related to these latter investigators findings that responses to
different strains of flu virus differ markedly (457). The same
group had previously shown that the elderly may also have
lower IL-2 production following in vitro stimulation with flu
vaccine (458), although this is also partly dependent on the
strain used (457). Accordingly, subcutaneous low-dose IL 2
treatment prior to vaccination has been reported to enhance
protection of the elderly to ´flu (459). Similar findings
concerning antibody titer (but not lymphoproliferative
responses) have been reported for tetanus toxoid vaccination
(460). Another study has examined IgG responses of the
elderly to pneumococcal vaccination and found no decrease in
the old 4 - 6 weeks after vaccination with Streptococcus
pneumoniae (461). However, it could also be that the 4 - 6
week period examined in the latter study after immunisation is
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not long enough to be informative. For example, old mice did
not show a decline in antibody responses after an
immunisation with Streptococcus pneumoniae, but
nonetheless, after a second immunisation, the old mice
showed a marked decrease in antibody production compared
to the young. This was traced to a defective function of CD4+

T cells (462). Another recent study of the efficacy of ´flu
vaccinations in the elderly found that annually repeated
vaccination resulted in an improvement of humoral responses
to several virus strains, rather than a decrease that might be
predicted from clonal senescence (463). Thus, it may also be
the case that in those studies where poorer responses of the
elderly to vaccination were observed, this may reflect their
state of health and consumption of medication more than
anything else. This was illustrated in a recent study on ´flu
vaccination, where response was correlated with the well-
being of the vaccinees as assessed according to the "activities
of daily living" (ADL) scale (464) and in a study on responses
to hepatitis B vaccination (465).

Efforts to increase the efficacy of vaccination in the
elderly are currently intense but mostly empirical as the
underlying mechanisms of suboptimal responsiveness are not
yet properly understood. In this regard, there is interest in
using immunopotentiating drugs; thus far a randomised
double-blind placebo-controlled clinical trial using aspirin
has been carried out on 281 donors >65 yr. immunised with
influenza vaccine. Aspirin did not affect post-immunisation
levels of IL 2 secretion or blastogenesis in vitro after
vaccine-stimulation, but there was a 4-fold increase in
specific antibody titer in the aspirin compared to placebo
group. Moreover, this increase in the aspirin group was
even more marked in individuals >75 yr. old (466).

Other approaches to enhance responses recently
explored may be to use "naked" DNA vaccines, as
illustrated by studies in old mice (467,468), or to use
technical variations on the theme of viral inactivation-
versus-attenuation in elderly humans (469). Further
approaches currently being assessed include the use of
ISCOM preparations in an effort to enhance
immunogenicity of the vaccine (470) or the use of highly
active dendritic cells as "professional antigen presenters" to
provide a stronger stimulus to the T cells (471).
Experimentally, stress also reduces the efficacy of
influenza vaccination, theoretically also offering the
possibility of enhancing vaccination efficacy by stress
reduction approaches (472).

8. PREDICTORS OF MORTALITY AND LONGEVITY
(SEE ALSO SECTION 2)

Lifespan is influenced by genetic makeup, most
clearly demonstrated so far for the association between
longevity and MHC type in mice (473) and possibly
humans  (230,474-476). One mechanism accounting for
this association may be a relationship between MHC alleles
and rate of thymic involution (477). Another may relate to
the differences in DNA repair capacity in lymphocytes
observed between mice of different MHC types (478).
However, data from twin studies suggest that in humans the
genetic component accounts at most for only one-third of
the variance in longevity (479).

The lifespan of allophenic mice produced from a
long-lived and a short-lived strain (480) is positively
correlated with the proportion of lymphocytes derived from
the long-lived strain, showing the importance of the immune
system to overall lifespan (481), perhaps via the effect of
mature T cells on maintenance of the thymic environment
alluded to above (see section 3). The association may be by
way of susceptibility to lymphomas: it has been shown that
mice which have higher levels of memory cells, lower levels
of naive cells and lower proliferative responses at 6 months of
age retain these patterns in later life, and that in genetically
heterogeneous populations, mice with this phenotype have
significantly shorter lifespans caused by increase incidence of
lymphomas (482). The CD4 memory correlation holds
regardless of whether the mice died of lymphoma,
fibrosarcoma, mammary carcinoma or other terminal disease
(483). Further genetic analysis of longevity in mice revealed
five markers on different chromosomes associated with
longevity in males, and two others in females, out of 82 loci
genotyped (484). Although the products of these loci are
unknown, they may all have something to do with cancer
susceptibility, because the old mice in this study all died of
various different types of cancer.

Another approach to investigating the contribution
of genetics to longevity in inbred mouse strains showed that
the vigor of T cell responses in old mice is influenced by
MHC type, with those mice possessing "low responder"
phenotypes succumbing at an earlier age than those with
"high responder" phenotypes, mostly due to their increased
susceptibility to lymphomas (485). Increased levels of IL 6 in
old mice may play a role in the increased occurrence of
lymphoma (486). Therefore, the mechanism of the genetic
association of MHC with lifespan in mice may be a reflection
of decreased immunosurveillance against lymphoma and
other tumors, as a result of immunosenescence. Mice
genetically selected for high antibody responses were found to
have longer lifespans, and this was also associated with lower
incidence of lymphoma (487). On the other hand, mice
selected for high or low T cell responses to PHA also have
lower and higher lymphoma incidences respectively, but do
not differ in longevity; whereas mice selected for resistance to
chemical carcinogenesis show altered tumor incidence and
longevity without corresponding alterations in immunity
(487). A recent large longitudinal study examined a broad
range of behavioral, physiological, anti-oxidative and immune
function biomarkers in genetically heterogeneous (not inbred)
mice, and concluded that independent mortality predictors
could be found in certain behavioral parameters, but also in
natural killer cell activity and T cell proliferative responses to
the mitogen concanavalin A (488). What these results may
mean in longer-lived, less tumor-prone species like man is
unclear.

There are certainly also other genetic influences on
immune responsiveness, upon which the effects of aging may
be superimposed, that must be taken into account. For
example, the CD4:CD8 ratio, which is also affected by age, is
different in males and females and in family segregation
analysis has been shown to be under genetic control (489).
The MHC type of the individual may also affect the absolute
numbers of lymphocytes in the periphery; for example, it has
been reported that HLA-B8, DR3-haplotype-bearing donors
have lower levels of peripheral lymphocytes than other



T cell immunosenescence

237

donors, possibly because of increased levels of spontaneous
apoptosis (490). It may be interesting to note that this
HLA-B8, DR3 haplotype was one of those found very
rarely in a recent study of elderly Greeks (in 1.6% of
SENIEUR elderly versus 10% of young controls (476)).
Several groups are searching for genetic markers of
longevity, and some data are now beginning to appear, eg.
the finding that a particular allele, C2, of the proto-
oncogene transcription factor ETS-1 is represented at
significantly higher levels in the elderly compared to
teenagers (491). The relevance to mammalian aging of the
recently defined mutations in "gerontogenes" in
roundworms and other invertebrate species is unclear, but
will be an exciting area of investigation (492).

In most aging studies in human, individuals > 60
years are commonly considered "old". Longitudinal studies
are required to establish the critical changes within the
immune system and what may be associated with "healthy
aging". There may be surprises, as in the recent report that in
the over-85´s, high cholesterol levels were associated with
greater survival over a ten-year follow-up (493).
Cardiovascular death rates were similar in high and low
cholesterol groups, but the high cholesterol group had lower
mortality from infectious disease - perhaps implicating an
immunological mechanism (as diets high in unsaturated fatty
acids may be immunosuppressive). Studies of the very old (ie.
the survivors) may also be informative. Centenarians may be
considered to be that very small proportion of successfully
aged individuals. An examination of healthy centenarians
would show whether immunological aging is divorced from
overall physiological aging. Were the immune system to be
senescent despite health in these individuals, this would
indicate the lack of importance of immunity for healthy aging.
Healthy centenarians are indeed found to have well-preserved
immune functions, much more similar to the "young" immune
system than average for less extremely old donors. Thus, as
summarized by Franceschi (10), T cell proliferative responses
are well-maintained (albeit taking place more slowly), the T
cell repertoire still contains all Vß families, hematopoiesis is
maintained, autoantibodies are absent, and interestingly, there
is a high level of lymphocyte genomic stability (low
spontaneous breaks etc., which otherwise are thought to
increase with age in average, non-centenarian, donors (494)).
There were some data suggesting that healthy centenarians
represented a group with the best retention of thymic structure
and function and that these individuals were also
characterized by lower DNA damage (89).

9. POSSIBLE APPROACHES TO INTERVENTIONIST
MANIPULATIONS

9.1. Vitamins and minerals; anti-oxidants
Immunogerontological parameters may be affected

by many outside influences rather than aging per se,
particularly if donors are not selected for perfect health using
strict clinical criteria. Some of these may be subject to
manipulation. For example, much attention has been paid
recently to the effects of exercise on immune function in the
elderly, although details of the mechanisms involved in any
observed improvement in immune function are completely
unknown (495). In fact, exercise might even be considered an
immune-restorative intervention, due to its beneficial effects
on cytokine secretion, T cell function and NK activity (496).

It is difficult to dissect the effects of the many different
interacting and confounding factors, including health status,
nutritional status, psychological status etc., which overlay a
background genetic influence. However, some factors are
easily manipulated and have encouraged interventionist
approaches simply because these are feasible. Even in
carefully selected donors, for example, nutritional status
may play a significant role in exacerbating immunological
differences (210,497-499). However, studies have also
concluded that there is an age-increment which influences
immunological status independently of nutritional effects
(210). Nonetheless, nutritional status does seem to
contribute significantly to immune status and may be
relatively amenable to correction by dietary
supplementation. "Correction" of immunological
parameters coupled with a beneficial effect on resistance to
infectious disease has been reported in some studies (500)
but not others (501). However, there are many possible
explanations for these different results, and more data are
needed. There is extensive data in on vitamin C
supplementation, which enhances the mitogenic responses
of lymphocytes from elderly people (502) and has even
been reported to slow down the rate of telomere attrition in
dividing cells (62). There is also extensive data on Vitamin
E supplementation which enhances lymphocyte
proliferative responses and IL 2 production in vitro and
DTH in vivo in elderly people (503). This correlated with a
decline in prostaglandin E2 (PGE2) synthesis, which is
known to increase with aging. Vitamin E accomplishes this
blockade of PGE synthesis via its inhibitory effects post-
translationally on COX expression (504). The
immunosuppressive effects of PGE2 are predominantly
mediated by increasing cAMP levels; therefore agents
which decrease cAMP levels might also be expected to
enhance lymphocyte responses. These may include insulin
and chromium (505). Unlike a number of other proposed
factors, the benefits of vitamin E supplementation have
been subjected to fairly rigorous scientific testing. A recent
substantial study concluded that vitamin E supplementation
for 4 months improved a number of clinically-relevant
indices of cell-mediated immunity in the healthy elderly,
including DTH and antibody responses to hepatitis B and
tetanus vaccines but without increasing autoantibody titers
(506). Parameters of immune function in vivo, such as
DTH responses, may also normalise in the nutritionally-
deficient elderly following appropriate dietary vitamin and
mineral supplementation for shorter periods  (507).
However, as noted above, studies actually recording
clinical infection in these trials are few and far between.

In mice, some data indicate that certain senescence-
associated biochemical changes which can be measured on T
cells are prevented by in vivo treatment of mice with the anti-
oxidant vitamin E (508). Thus, vitamin E supplementation
prevented the observed age-related decline of anion transport
by lymphocytes in mice and inhibited the generation of the
"senescent cell antigen" (SCA) from the anion transporter
"band 3". Prevention or delaying of band 3 aging and
subsequent generation of SCA has the consequence that the
lymphocytes are not eliminated from the system via SCA-
mediated interactions with the reticuloendothelial system. By
analogy with the mouse, vitamin E supplementation might be
expected to have a greater impact on the old than the young;
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thus, in a mouse influenza model, high-dose vitamin E
significantly enhanced lung virus clearance in old mice, with
little effect on young mice (509). However, it is not known
whether these effects of vitamin E are attributable to its anti-
oxidant or some other function. In addition to vitamins,
several other anti-oxidant substances are being screended for
anti-aging effects, and some of these are found to have
beneficial effects on the immune system (510,511).

A poor vitamin D status is also frequently
encountered in the elderly (512). The significant association
of NK cell number and activity with vitamin D stores is of
great concern and is consistent with the observations in vitro
that vitamin D deficiency in humans and animals is associated
with reduced innate immunity. Supplementation of
1,25(OH2)D3 in elderly subjects significantly increases
circulating levels of IFN-alpha, one of the cytokines involved
in modulating NK activity (513). In addition, vitamin D
enhances the differentiation and proliferation of cells that
possess the corresponding receptor. These activities may be
responsible for antineoplastic effects, because vitamin D,
together with IL 12 and retinoids, is a potent inhibitor of
angiogensis induced by tumor cells (514). Therefore, it is
possible that maintained vitamin D3 levels and NK activity
help to protect individuals from cancer in old age.

Another supplement commonly believed to
enhance immunity is often taken along with other factors,
namely ß-carotene. However, results of two careful recent
studies do not support immunoenhancing effects of either
short (3 weeks) or long-term (up to 12 years) ß-carotene
supplementation in randomised double-blind placebo-
controlled longitudinal comparisons. There were no pre- to
post-intervention changes measured in DTH, lymphocyte
proliferation, IL 2 production, PGE2-production or
lymphocyte subset composition (515).

Not only vitamin- but also trace element-
deficiencies in the elderly may contribute to
immunodeficiency. For example, levels of selenium decrease
in rat lymphoid tissues with increasing age (516) and
selenium supplementation has been reported to reverse low
levels of proliferation and CTL generation in aged mice (517).
In elderly people, selenium supplementation was reported to
enhance lymphocyte proliferative responses to pokeweed
mitogen (PWM) (518). Moreover, it is well established that
the availability of certain essential micronutrients decreases
with age; for example, low copper levels result in decreased T
cell proliferative response (519). Another very important
mineral factor may be zinc (520,521). Zinc is necessary for
the function of many hormones and enzymes, including those
known to affect immune responses (eg. testosterone (522)).
The elderly have lower zinc levels and the disabled elderly,
lower still. Moreover, the copper to zinc ratio may be more
informative than zinc alone, as this ratio may tell us
something about the systemic redox balance of the individual
(523). This has practical implications, because even if
absorption is compromised in the elderly, sufficient
supplementation might still overcome the problem (524). In
rats, there is also a decrease in serum zinc, and the levels
found in the thymus are lower compared to young animals as
well (525). These observations on zinc levels may not be
limited to rodents, because in humans, zinc supplementation
studies have indeed suggested improvement of some

parameters of immune function (526,527). One reason for this
may be the zinc-enhancement of otherwise age-associated
lowered levels of interferon-alpha production in the aged
(528). Experimental zinc depletion and repletion of healthy
humans revealed that secretion of the Th1-type cytokines
IFN-gamma and IL 2 was decreased during zinc deficiency,
whereas Th2-type cytokines (IL 4, IL 6, IL 10) were not
affected (529). In animals, Mocchegiani et al. (530)
confirmed that oral zinc supplementation resulted in a
recovery of thymic function (and also demonstrated its
influence on extrathymic T cell differentiation pathways
(531)) and showed that thymic regrowth was associated with
a partial reconstitution of peripheral immune function (as
measured by mitogen stimulated proliferation and NK
activity). Moreover, low levels of activity of the zinc-
dependent hormone thymulin were not dependent on the state
of the thymus itself, but on decreased zinc saturation of the
synthesized hormone. The authors concluded that age-
dependent thymic involution and compromised thymic
hormone function were not preprogrammed but were caused
by the decreased availability of zinc. T cell apoptosis may
also be blocked or partially blocked by zinc (359). In this
context it is interesting to note the claim that the beneficial
effects of melatonin supplementation or pineal grafting are
associated with increased plasma zinc levels in old mice in the
absence of exogenous zinc supplementation (532) (although
melatonin may have direct effects on lymphocytes, which
express melatonin receptors (533), ligation of which results in
signal transduction and diacylglycerol production (534)). It is
argued by Fabris et al. that the common pathway of several
life-extending endocrinological manipulations is in fact via
zinc bioavailability (535). Thus, even such a well-established
concept as the inevitability of the age-associated process of
thymic involution and the resulting perturbation of T cell
generation may not be immutable. However, the beneficial
effects of zinc supplementation are controversial and others
have found no benefit of zinc replacement even in elderly
populations confirmed to show serum zinc deficiency
(214,536). Moreover, thymopentin alone in vitro may increase
the precursor frequency of proliferating T cells from old
subjects (537). In some studies, even inhibitory effects of zinc
supplementation have been reported (538). It has also been
found that the degree of decrease of lymphoproliferative
responses observed in the elderly does not correlate with
decreased levels of plasma zinc (or vitamin E, retinol or ß-
carotene) (539). Other recent studies have also found little or
no effect of supplementation over a year with minerals such
as zinc and selenium, either alone or combination with
vitamins (C, E, ß-carotene) on lymphocyte proliferation or
subset distribution (540). The situation is therefore not yet
clarified.

In mice, T cells from old animals stimulated by
CD3 + CD4 ligation mobilise less calcium ions than T cells
from young animals. They also perform less tyrosine
phosphorylation of phospholipase C gamma 1 and other
phosphoproteins. Moreover, these events appear to be
sensitive to anti-oxidant levels, such that Grossmann et al.
suggested that one reason for decreased PLC gamma-1-
dependent signalling was the decrease in antioxidant levels in
old cells in rats (541). The general importance of anti-oxidant
systems is illustrated by the report that although resting young
and old rat splenocytes did not differ in their content of the
important anti-oxidant reduced glutathione, in proliferating
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cells from old animals, the expected increase in glutathione
was delayed. This correlated with an increasing number of
cells showing evidence of mitochondrial dysfunction in terms
of depolarised membrane potential and decreased
mitochondrial mass. Impairment was completely prevented by
addition of extra glutathione to the medium (542). An in vivo
relevance for these findings is suggested by the fact that
reduced, but not oxidised, glutathione levels in the plasma are
decreased in elderly compared to young donors (543).
Another report has also documented age-associated decreases
in plasma GSH levels and confirmed that this is more
oxidised in the elderly than in the young (544). Measurements
of concentrations of glutathione actually within human
lymphocytes have found age-associated decreases, with GSH
levels in lymphocytes from both male and female 60 - 80
year-olds being significantly lower than in 20 - 40 and 40 - 60
year-old groups (545). In mice, however, the age-associated
reduction of GSH levels did not correlate with increased
susceptibility of lymphocytes to oxidative damage. This was
found to be due to a predominance of memory cells in the
aged animals and the fact that memory cells, despite lower
GSH, were more resistant (in young and old mice) to
oxidative damage (546). Measurements of anti-oxidant
function in rats indicated that levels of anti-oxidant activity in
several tissues decreased with age (547). Some evidence
consistent with a decrease of anti-oxidant activity with age
was also found in human plasma, but only in males and then
only over the age 74 (548). Hack et al. reported a significant
age-associated increase in plasma cystine levels and decrease
in plasma thiol levels in 205 donors of both sexes (549).
Another study has confirmed decreased antioxidant activity in
aged rat plasma but failed to show the same in man (550).
Despite the above data, interventionist approaches with
antioxidants remain attractive because of their cheapness and
easiness. Results thus far, however, are not very positive even
in rodents (551,552), although recent studies using N-acetyl-
cysteine may be more encouraging (549).

9.2. Hormones
Aging of the immune system will most likely affect

other organ systems and eventually impact upon the lifespan
of the individual (553). Manipulations said to increase
lifespan of mice by injecting melatonin or by transplanting
pineal glands are accompanied by maintenance of T cell
immune responsiveness (as measured by DTH) and
prevention of thymic involution (554). Melatonin may have
direct effects on CD4 but not CD8 cells because of a direct
effect on gene regulation via binding the putative nuclear
melatonin receptor (555). However, in vivo treatment with
melatonin is reported not to reconstitute age-associated
impairment of NK activity or lymphoproliferative responses
in mice (556). Consistent with these results in vitro
supplementation also failed to reconstitute proliferation or IL
2 production in old rat cells (557) or old mouse cells (558).
On the other hand, melatonin is one of many hormones the
levels of which are decreased in the elderly (559). It is,
however, unclear whether and how melatonin influences
immunosenescence. For a critical review of the "anti-ageing"
effects of melatonin, see (560).

Age-associated changes in secretion of growth
hormone (GH) and related hormones, releasing factors and
binding factors may contribute to immunosenescence. Thus,
GH substitution may reverse some immune defects in humans

and primates, as reviewed in (561). Administration of low-
dose GH to elderly adults for 6 months resulted in an increase
in IGF-1 levels (which are reduced in aging (562)) and an
improvement in some physiological parameters, such as
muscle strength (563). Immunological parameters were not
reported. However, it has been known for some time that GH
and/or prolactin supplementation can improve some
parameters of immune function in old rats, albeit not to the
level seen in young rats (564). In humans, a comparison of
plasma IGF-1 levels with T cell (but not B cell) proliferative
responses in 34 healthy young and 41 healthy elderly donors
revealed a significant correlation between the two (565).
However, levels of free IGF-1 are reported not to decline with
age; indeed the very elderly showed increases in IGF-1 levels,
possibly again suggesting selective pressure to maintain levels
of this hormone (566). Increased IGF-1 availability may also
increase thymic cellularity and presumably thymic output in
some animal models (567). However, in general, findings
with GH supplementation do not favour a major benefit from
use of this factor in the elderly (568). In fact, overexpression
of GH in transgenic mice is associated with reduced life
expectancy and symptoms of premature ageing (569),
although supplementation of mice or rats did not have this
effect (570). However, this latter study also found no benefits
of GH supplementation in animal ageing (570).

 The same considerations may apply to other
factors, eg. the native steroid DHEA or DHEA sulphate
(DHEAS), which, like most steroids, has immunomodulating
activity. Whereas levels of cortisol increase with age in both
men and women (571), and may induce suppression (572), in
general the levels of DHEA decline with age (573). However,
long-term longitudinal studies suggest a great deal of inter-
individual variation, and can even show age-associated
increases in DHEAS levels in a sizeable proportion of the
population (574). Some of the variation may be due to
confounding factors such as smoking or obesity (575). It has
been suggested that decreases of DHEA could be associated
in some way with immunosenescence, because treatment of
old mice with DHEA augments the otherwise decreased
capacity of T cells to produce IL 2 and IFN-gamma. It also
decreases the spontaneous secretion of IL 6 (576) and IL 10
observed in old mice and reverses their hypersensitivity to
endotoxin-stimulated release of both IL 6 and IL 10 (577),
and enhances lymphocyte activation (578). Analogously, it
prevents the retrovirus-induced increased IL 6 and IL 10
secretion seen in old mice, prevents decreases of IL 2 and
IFN-gamma production and enhances their T and B cell
proliferative responses (579). IL 6 may be the critical cytokine
here, because treating aged mice with IL 6- but not IL 1-
neutralizing antibody resulted in a reversion of their cytokine
production pattern to that characteristic of young animals
(580). Some of the effects of DHEA may be mediated through
its ability to minimize damage associated with elevated
oxidation and loss of anti-oxidants in aging and retroviral
infection (581), and restoration of the redox balance via
activation and reconstitution of PPAR as mentioned in
Section 4.4 above (200). DHEA reverses the senescent
phenotype (as defined by the pattern of cytokine secretion) in
mice and enhances the effects of vaccination of old mice to
hepatitis B (582). Application of DHEA together with
melatonin may have a limited additive effect (583). There is a
reported association in human as well as mice between
decreased DHEA and increased IL 6 in the aged; furthermore,
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DHEA was shown to inhibit IL 6 secretion from mononuclear
cells of the elderly (584). In man, DHEA also enhances IL 2
production (585) and DHEA supplementation trials have been
carried out (eg. see (586)), but there are few immunological
studies. Khorram et al. (587) found that DHEA administration
to men resulted in a significant augmentation of serum IGF-1
and decreased IGFBP-1, which may contribute to immune
enhancement. They also found an increase of monocytes
during treatment, as well as increases in mitogenic responses
of both T cells and B cells. The numbers and activity of NK
cells were also enhanced. Increases in NK activity had been
found in women after a shorter period of DHEA
supplementation (588).

In contrast to DHEA, dihydrotestosterone (DHT)
downregulates IL 4, IL 5 and IFN-gamma production but
does not affect IL 2 (589). DHT levels also decrease with age
(590), and a recent cross-sectional study found that
bioavailable testesterone correlated best with significantly
age-associated cognitive and physical parameters (591).
However, a recent longitudinal study found no correlation
between entry-point testosterone levels and death rates over
the 15 year follow-up period in 77 men (592). Together,
DHEA and DHT supplementation alter the cytokine profile of
old mice such that it again resembles that of young mice; such
an activity could be measured in vivo as well as in vitro (589).
Exogenous hormone supplementation might correct age-
associated defects insofar as these are dependent upon
cytokine profiles. This has been tested in a mouse model of
influenza virus vaccination. Danenberg et al. (593) reported
that DHEA supplementation resulted in a reversal of the age-
associated decline in immune responsiveness in mice,
reflected by increased humoral responses in treated mice and
increased resistance to challenge with live virus. In another
study, Ravaglia et al. (594) reported on the relationship
between DHEA levels and health in free-living people over
the age of 90. They found five-fold lower levels of DHEA in
both males and females aged 90-106, compared to young
controls. Thus, even "successfully" aged persons had
greatly reduced levels, leading to the question of whether
this matters. Ravaglia et al. demonstrated that it can matter,
because within the old male group at least, the level of
DHEA correlated with their health, as measured on the
ADL scale. On the other hand, DHEA levels are clearly
reduced in the aged although the degree of reduction fails
to correlate with health status as assessed by the strict
SENIEUR protocol (595). A supplementation trial to assess
the effects of DHEA on responses to tetanus and influenza
vaccination in man did not yield as dramatic effects as seen
in mice (596): there was a trend toward increased antibody
titers to influenza but not tetanus, and even this failed to
reach significance (596). Danenberg et al. even reported a
decrease in attainment of protective antibody titer in elderly
volunteers given DHEA in a prospective randomised
placebo-controlled double-blind study of the effects of
DHEA on influenza vaccination (597). Thus, the decreased
flu response in elderly humans, unlike that in mice, could
not be reversed by DHEA, and a higher baseline level of
DHEA was also not found to be predictive of better flu
vaccination outcome (597).

Given the known or suspected interactions
between the endocrinological and immunological systems
and the well-established impact of sex and other hormones

on immune responses, it is perhaps surprising that few
studies have addressed the question not only of gender
differences but also the effects of pregnancies on
immunosenescence. Some investigators have begun to
approach this by surveying leukocyte subsets in mice of
varied gynecological histories. One such study concluded
that both gender and pregnancies affect the age-related
distribution of lymphoid and macrophage populations in
the spleens of C57Bl/6 mice, for example (598).

9.3. Caloric restriction
Many studies have examined some aspects of the

biochemical changes associated with T cell activation and
their alteration with aging. In some animal models other
than mouse, results comparable to those in humans have
been obtained; thus, in rhesus monkeys, CD4+ cells from
old donors respond less well to CD3-stimulation, and this is
partly associated with a decreased frequency of responding
cells and is reflected in lower calcium-mobilsation in old
cells (599). The same investigators also reported that one of
the major strategies to prolong rodent life, which is
associated with improved immune function, namely caloric
restriction (CR), did not alter the depressed calcium-
mobilsation rates in old monkeys. It did, however, retard
the marked age-associated decline of DHEAS levels in
rhesus monkeys (600). It also ameliorated the levels of lipid
peroxidation of lymphocytes, supporting the view that CR
effects are at least partly mediated through reduced free-
radical damage (601). Moreover, CR reduced levels of a
marker of oxidative DNA damage in old rats (602). Limited
biochemical studies employing SENIEUR donors have
indicated that membrane lipid alterations in the elderly may
be important for altered immunological function (603).
Rather than the membrane lipid constitution per se that was
different between young and old, it was the changes
observed upon blastic transformation of stimulated
lymphocytes which correlated with decreased proliferative
function. CR has multiple effects which are only now being
elucidated, eg. some data show that old CR mice retain
better GH receptor function than old ad libitum-fed mice
(604). A major mechanism may be via the lowering of
nutritionally-driven insulin exposure which lowers overall
growth factor exposure (605). One relatively clear finding
in monkeys is that CR reduced body temperature, as a
result of decreasing energy expenditure, consistent with the
"rate of living" theory of aging (606). Further evidence that
any longevity enhancement by CR in rhesus monkeys is not
correlated with improvement of immune responses, stems
from the study of Roecker et al. (607). They showed that
mitogen-stimulated proliferation, NK activity, and antibody
production were all reduced in CR monkeys compared to
controls, with no effects discernible on cell number or
surface markers. On the other hand, in a long-lived rat
strain, CR clearly resulted in improved T cell proliferation
after mitogenic stimulation. This, and the cytokine (higher
IL 2, lower IL 6 and TNF-alpha) and surface marker
(higher OX-22) profiles of the T cells suggested that the
CR animals had a higher fraction of "naive" cells compared
to the controls with more "memory" cells (608). However,
in two other rat strains, Konno  (609) had shown
accelerated thymic involution in CR animals, and either a
slight decrease or no change in immune function. This
suggests that the genetic background has a major impact on
the effects of CR. In mice as well, CR results in decreases
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in the otherwise age-associated increased constitutive
serum levels of IL 6 and TNF-alpha (610), and resulted in
preserved thymic cellularity (but not size) coupled with
preservation of the levels of naive peripheral T cells (611).

9.4. Mutations and DNA repair
Dietary caloric restriction may have many

physiological effects which are only indirectly relevant to
immunity; for example, CR slows down the age-related
increase in mutations (612), perhaps via effects on DNA
polymerase-alpha (613). There is an age-related increase in
basal levels of DNA damage in human lymphocytes
(614,615), and an increase in chromosomal abnormalities in
the elderly was demonstrated many years ago (616).
Mechanisms for recognition of DNA damage and its repair
are important in maintaining cellular integrity. If these are
reduced during aging, this would also contribute to failing
function. There are many reports that this is indeed the case,
as  reviewed some time ago by Rattan (617). More recently,
these analyses have been refined; eg. Boerrigter et al. (618)
found that the rate of disappearance of a particular kind of
chemically-induced DNA damage was age-dependent in
mice, and also varied between strains, with longer-lived
strains having better damage repair capacity than shorter-lived
strains of the same age. Early reports had suggested a
correlation between DNA repair capacity and maximum
species lifespan (619). Cortopassi & Wang recently
summarised various publications to survey agreement on rates
of DNA repair in different species and the correlation between
repair and maximal lifespan (620). They concluded that large
differences in DNA repair capacity were found in different
species and that the correlation between maximal lifespan and
repair was indeed good, although not excellent. Moreover,
DNA repair capacity within a particular species may correlate
with age of the individual. Thus, there is an age-related
decrease in post-UV-irradiation DNA repair capacity in
cultured skin fibroblasts from normal human donors,
estimated at -0.6% per year up to the age of > 90 years (621).
Furthermore, the same group estimated a corresponding
increase in mutability of DNA in B cell lines from these
donors of + 0.6% per year (621), suggesting that DNA repair
decrease with age and this correlates with increased
mutability. An underlying mechanism responsible for changes
in DNA repair with aging may be decreased expression and
function of DNA topoisomerase I, an enzyme that alters the
superhelicity of DNA (622).

One key event in the earliest steps leading to DNA
repair is the poly(ADP-ribosyl)ation of nuclear proteins by the
enzyme poly(ADP-ribose) polymerase (PARP), which binds
to single or double-stranded breaks in DNA. The level of
activity of PARP measured in different species is related to
their longevity, with long-lived animals showing the highest
levels of enzymatic activity irrespective of the quantity of
PARP protein present (623,624). Moreover, in B cell lines
from centenarians, levels of PARP activity were found to be
greater than in younger controls (625). PARP may therefore
be important in maintaining the integrity of the lymphocyte
genome and qualitative and quantitative differences in PARP
would therefore impact on immunosenescence. It may do this
also by virtue of its association with telomeres, whereby it
binds a negative regulator of telomere length maintenance,
thus possibly directly helping to prevent telomere loss (626).

In T cells, studies of mutations (unrepaired DNA
damage) revealed that background mutant frequency (MF) at
an oft-studied marker locus, the hprt locus, increases with age
up to advanced middle age (494,627), although there is a wide
inter-individual variation in mutant frequency, some of which
may be due to individuals possessing clonal expansions of T
cells with mutator phenotypes (628). However, when older
aged individuals were examined, basal levels of DNA damage
in lymphocytes from donors 75-80 years old were similar to
those of the 35-39 year-old group (494). There was also no
significant difference between frequency of mutation at the
hprt locus in the young and more aged populations, nor was
there any difference in DNA repair capacity after hydrogen
peroxide-induced DNA damage (629). These findings may
possibly be explained by donor selection pressures resulting
in an association of longevity with retention of DNA repair
capacity. T cells with mutations measured at the hprt locus
show a reduced proliferation rate in vitro and may therefore
have a selective disadvantage (630). Together with the
increased levels of anti-oxidants glutathione peroxidase,
catalase and ceruloplasmin in the elderly (629), these data
suggest that those individuals with best retention of DNA
repair mechanisms and anti-oxidant defences form a group
with extended longevity. Concordant with this idea, treatment
with anti-oxidants may also decrease DNA damage in human
lymphocytes. Thus, dietary anti-oxidant supplementation was
found to reduce hprt mutant frequency in murine lymphocytes
(631), and Duthie et al. showed that supplementation of 50-59
yr. old men with high-dose vitamin C, vitamin E and ß-
carotene for 20 weeks resulted in a protective effect against
oxidative DNA damage both by decreasing endogenous
oxidative damage and increasing lymphocyte resistance to
exogenous oxidative damage caused by hydrogen peroxide
(632). However, Collins et al. reported that levels of oxidative
DNA damage as measured by 8-oxydeoxyguanosine (8-oxo-
dG) levels in lymphocytes, were not affected by carotenoid
supplementation, not did they correlate with baseline levels of
serum anti-oxidants (633). Interestingly, in this latter study, 8-
oxo-dG levels varied greatly in males from five different
countries studied (in donors of age 25 - 45 yr). Another study
has shown that supplementation with 500 µg of Vitamin C per
day reduces levels of 8-oxo-dG in serum and in lymphocyte
DNA, correlating well with the levels of Vitamin C achieved
in the plasma (634).

Not only is the frequency of the various hprt
mutations increased with age, but possibly also in situations of
chronic antigen stimulation resulting in clonal expansion.
Thus, the hprt mutant frequency was estimated to be five
times higher in peripheral blood T cells of RA patients
compared to normal controls. This increased to 10-fold higher
in T cells obtained from synovial tissue (635).

Mutations at several other loci have also been
examined in the context of ageing (636). There is a significant
age-associated increase in the number of CD4+ T cells
expressing variant (presumably mutant) TCR, as Kyoizumi et
al. demonstrated using 127 normal donors from < 10 to > 80
yr. old (637). Age-related increases in mutations of HLA
genes have also been reported (638). Translocations
associated with oncogenesis in younger donors also show age-
associated increases in frequencies, most of which fail to
result in overt tumorigenesis (639,640). However, despite
increase with age, the frequency of these events is too low to
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be causative of immune depression, even though they may
offer good biomarkers for T cell aging. Nonetheless, they may
indirectly indicate parameters which do have a causative
effect, for example, overall DNA damage. In parallel with the
age-related increase in hprt MF, for example, an age-related
decrease in DNA repair capacity for hydrogen peroxide-
induced DNA damage has been observed (641). The repair of
unavoidable damage may conceivably be facilitated by
transfection of DNA repair enzymes, at least under certain
experimental conditions (642).

Circumvention of growth arrest programs by
blocking the action of mitotic inhibitors may extend T cell
longevity, and can be accomplished by components of
transforming viruses. The clear drawback here is of course the
danger of tumorigenesis. However, use of antisense
technology to temporarily prevent growth arrest and allow a
limited number of extra cell divisions might still be beneficial.
Thus, use of combined p53 and Rb antisense was reported to
extend the lifespan of fibroblasts by 10 PD (643), and use of
p33ING1 antisense to extend fibroblast lifespan by 7 PD (644).
Recent work has demonstrated that transfection of telomerase
into certain fibroblasts and epithelial cells can result in their
immortalization (310,311,645), but only if p16INK4 is
inactivated beforehand (646). None of these approaches has
yet been attempted with lymphocytes, although expression of
a p16-specific ribozyme, which downmodulates p16
expression, has been found to accelerate cell cycle
progression in a mouse erythroleukaemia cell line (647).
Although it was previously thought that p16 was not
expressed in T cells, more recent work by Erickson et al.
showed that both p16 and p15 proteins accumulate as PHA-
stimulated T cells age in culture, and that there was increased
binding of p16 to its target Cdk6 kinase (648). In contrast, p21
levels were only slightly elevated (648) and p53 levels were
unchanged in resting T cells from the elderly but decreased in
PHA-activated old T cells (649). Therefore, p16 may play the
most important role in growth control of lymphocytes as well
as fibroblasts etc. and could possibly be a target for
manipulation in immunosenescence. However, once again, in
the experiments of Erickson et al., PHA was used to stimulate
T cells which were subsequently grown with IL 2 until
proliferation ceased. Thus, like those of  Pan et al.  (306),
these experiments were not measuring T cell senescence but
quiescence, despite the decrease of surface CD28 expression
measured, and, interestingly, an increase in ß-galactosidase
(ß-gal.) (648). Both of these are taken to be markers of
senescence, but here appear at quiescence, as previously
argued for ß-gal. by Rubin (279,313). Erickson et al. believed
that they had proven their cultured T cells to be senescent by
restimulating them with PHA and IL 2; however, failure to
stimulate precultured T cells under these conditions merely
reflects the lack of accessory cells or APC required for
presentation of PHA.

9.5. Stress
 It has been argued that one of the unifying factors
shared by life-extension manipulations and mutations is the
adjustment of the organism to low levels of stress. It is
hypothesised that activation of stress-protective mechanisms
early in life may result in their better function later in life and
that stress-resistance is a determining factor of longevity
(492). In man, senescent T cells do show a reduced stress
response as reflected by decreased production of hsp70 after

heat shock, associated with decrease in binding of nuclear
extracts to the consensus heat shock element. The progressive
decline in hsp70 response with increasing age of T cells in
culture was found to correlate with the percent of proliferative
lifespan already completed (650). An age-dependent decrease
of heat shock factor-1 (HSF-1) binding in isolated human
lymphocytes ex vivo, as well as gradual loss of heat-iducible
HSF-1 in cultured T cells as they age has also been observed
by Jurivich et al. (651). A member of the hsp70 family,
mortalin, has been proposed as a marker for cells committed
to apoptosis. Some recent data implicate hsp70 as a protector
against apoptosis (652), others show that overexpression of
transfected hsp70 enhances AICD in T cells (653). The
expression not only of the hsp70 family, but also hsp90 family
stress proteins has been reported to be reduced after PHA
stimulation of aged T cells directly ex vivo, suggesting that
results with cultured cells are relevant to the in vivo situation
(196). There is now some evidence that hsp90 plays a part in
CD28-mediated T cell activation (654), suggesting that
reduction of hsp90 might further reduce the already
compromised function of CD28 in aging and help to explain
lack of function even of the CD28 still expressed on old
(mouse) cells (see section 4.2.1).

Interventions which would enhance the stress
response may therefore also be directly relevant to delaying
senescence (492). Even low-level irradiation may fall into this
category. Thus, multiple low-dose irradiation of human
fibroblast cultures extended their lifespan by one-quarter
(655); this was not accompanied by specific chromosome
abberations or activation of telomerase  (655). Furthermore, in
a large study involving 900 mice, Caratero et al. (656)
demonstrated that low-dose irradiation (25-50-fold
background) resulted in a significant increase in longevity
compared to the control group (673 days compared to 549
days for 50% survival of the starting population). Moreover,
in C. elegans, the mutations conferring extended longevity
also confer resistance to stress; and the same is true for the
recently discovered trk-1 gene, overexpression of which can
increase lifespan by up to 100% (657). This tyrosine kinase
receptor gene may have homologies amongst the numerous
such receptors expressed by lymphocytes and in this way be
relevant to immunosenescence.

10. PERSPECTIVES

We suggest the following simple interpretation (figure 1):

As the organism ages, the output of T cell
precursors from the BM decreases. Those precursors that
enter the progressively involuting thymus are doubly
compromised in their ability to generate new T cells: firstly
because of their intrinsic deficiencies and secondly because of
the reduced thymic function. There is therefore a quantitative
and qualitative component to the dysregulated generation of
naive T cells which becomes greater the older the individual
is. In addition, naive cells produced by the thymus of the
individual when young and surviving for extended periods in
the periphery, themselves age even in the quiescent state. T
cells which have been activated at some time during the life of
the individual may remain present as memory cells and
respond to rechallenge by antigen. However, because memory
cells are maintained in a proliferative state even in the absence
of antigen, they are subject to the aging limitations of
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Figure 1. Senescence affects T cell differentiation and function at
different levels. First, there is a decreased number of bone marrow
precursors migrating to the thymus. In the involuting thymus the function
of both the thymocytes and the cells from the microenvironment is
compromized in the ability to support T cell differentiation, resulting in a
decreased output of new naive T cells in the elderly. Long lived naive T
cells suffer antigen-independent post-mitotic senescence even in their
quiescent state. T cells which have been activated and become memory
cells are maintained in a proliferative state and are, therefore, subjected to
replicative senescence and clonal exhaustion. These changes result in a
defective capacity of T cells to collaborate in other aspects of the immune
response, hematopoiesis and lymphopoiesis.

proliferating cells and eventually undergo "replicative
senescence". Even before they reach this terminal state, their
function is altered and impaired compared to young cells, for
example in terms of their altered cytokine secretion patterns and
increased susceptibility to activation-induced cell death. Since
these cells cannot be so easily replaced by freshly activated naive
cells as efficiently in old as in young individuals, the resulting
immune response is reduced and generation of memory
compromised in the elderly.

11. ACKNOWLEDGEMENTS

This is an updated version of a review originally
conceived under the aegis of the European Union Concerted
Action on the Molecular Biology of Immunosenescence
(EUCAMBIS; Biomed 1 contract CT94-1209) and subsequently
extended and updated. GP is grateful to the Deutsche
Forschungsgemeinschaft, the Deutsche Krebshilfe, the Sandoz
Foundation for Gerontological Research, the Dieter Schlag
Foundation, the VERUM Foundation and EU Biomed II
contract CT98-3058 for support. RBE is supported by grants
from the NIH (#AG10415) and the Seigel Life Fund. RS is
supported by the Fondo de Investigación Sanitaria (FIS 95/1242
and 98/1052). YB is supported by DevR Funding and the
Department of Health and Social Services, Northern Ireland. CC
was supported by MURST (60%), Rome, and the University of
Palermo (International Scientific Cooperation) ER was
supported by the Dutch Prevention Fund, grant 28-2732.

12. REFERENCES

1.  G. Pawelec & R. Solana: Immunosenescence. Immunol
Today 18, 514-6 (1997)

 2.  R. Segal, M. Dayan, A. Globerson, B. Habut, G. M. Shearer
& E. Mozes: Effect of aging on cytokine production in normal
and experimental systemic lupus erythematosus afflicted mice.
Mech Ageing Dev 96, 47-58 (1997)

 3.  R. K. Zetterman, S. H. Belle, J. H. Hoofnagle, S. Lawlor, Y.
L. Wei, J. Everhart, R. H. Wiesner & J. R. Lake: Age and liver
transplantation - A report of the liver transplantation database.
Transplantation 66, 500-6 (1998)

 4.  M. L. Thoman & W. O. Weigle: The cellular and subcellular
bases of immunosenescence. Adv Immunol 46, 221-62 (1989)
 5.  F. J. Tielen, A. C. M. Vanvliet, B. Degeus, L. Nagelkerken &
J. Rozing: Age-Related Changes in CD4+ T-Cell Subsets
Associated with Prolonged Skin Graft Survival in Aging Rats.
Transplant Proc 25, 2872-4 (1993)

 6. I. C. Roberts-Thomson, S. Whittingham, U. Youngchaiyud &
I. R. Mackay: Ageing, immune response and mortality. Lancet 2,
368-70 (1974)

 7.  D. M. Murasko, P. Weiner & D. Kaye: Association of lack
of mitogen induced lymphocyte proliferation with increased
mortality in the elderly. Aging: Immunology and Infectious
Disease 1, 1-23 (1988)

 8.  S. J. Wayne, R. L. Rhyne, P. J. Garry & J. S. Goodwin: Cell-
mediated immunity as a predictor of morbidity and mortality in
subjects over 60. J Gerontol 45, 45-8 (1990)

 9.  B. S. Bender, J. E. Nagel, W. H. Adler & R. Andres:
Absolute peripheral blood lymphocyte count and subsequent
mortality of elderly men. The Baltimore Longitudinal Study of
Aging. J Am Geriatr Soc 34, 649-54 (1986)

10.  C. Franceschi, D. Monti, P. Sansoni & A. Cossarizza: The
immunology of exceptional individuals: the lesson of
centenarians. Immunol Today 16, 12-6 (1995)
11.  F. G. Ferguson, A. Wikby, P. Maxson, J. Olsson & B.
Johansson: Immune parameters in a longitudinal study of a very
old population of Swedish people: A comparison between
survivors and nonsurvivors. J Gerontol Ser A-Biol Sci Med 50,
B378-82 (1995)

12.  M. Menon, B. N. Jaroslow & R. Koesterer: The decline of
cell-mediated immunity in aging mice. J Gerontol 29, 499-505
(1974)

13.  D. Rukavina, G. Laskarin, G. Rubesa, N. Strbo, I.
Bedenicki, D. Manestar, M. Glavas, S. E. Christmas & E. R.
Podack: Age-related decline of perforin expression in human
cytotoxic T lymphocytes and natural killer cells. Blood 92, 2410-
20 (1998)

14.  E. H. Greeley, R. D. Kealy, J. M. Ballam, D. F. Lawler &
M. Segre: The influence of age on the canine immune system.
Vet Immunol Immunopathol 55, 1-10 (1996)

15.  X. H. Yang, J. Stedra & J. Cerny: Relative contribution of T
and B cells to hypermutation and selection of the antibody
repertoire in germinal centers of aged mice. J Exp Med 183, 959-
70 (1996)

16.  A. Ben Yehuda, P. Szabo, R. Dyall & M. E. Weksler: Bone
marrow declines as a site of B-cell precursor differentiation with
age: Relationship to thymus involution. Proc Natl Acad Sci USA
91, 11988-92 (1994)

17.  P. Szabo, K. S. Zhao, I. Kirman, J. LeMaoult, R. Dyall, W.
Cruikshank & M. E. Weksler: Maturation of B cell precursors is
impaired in thymic-deprived nude and old mice. J Immunol 161,
2248-53 (1998)

18.  A. C. Theodore, D. M. Center, J. Nicoll, G. Fine, H.
Kornfeld & W. W. Cruikshank: CD4 ligand IL-16 inhibits the
mixed lymphocyte reaction. J Immunol 157, 1958-64 (1996)

19.  V. Rumsaeng, W. W. Cruikshank, B. Foster, C. Prussin, A.
S. Kirshenbaum, T. A. Davis, H. Kornfeld, D. M. Center & D.
D. Metcalfe: Human mast cells produce the CD4(+) T
lymphocyte chemoattractant factor, IL-16. J Immunol 159,
2904-10 (1997)

20.  J. K. Franz, S. A. Kolb, K. M. Hummel, F. Lahrtz, M.
Neidhart, W. K. Aicher, T. Pap, R. E. Gay, A. Fontana & S.



T cell immunosenescence

244

Gay: Interleukin-16, produced by synovial fibroblasts,
mediates chemoattraction for CD4(+) T lymphocytes in
rheumatoid arthritis. Eur J Immunol 28, 2661-71 (1998)

21.  J. E. Nagel, F. J. Chrest & W. H. Adler: Enumeration of
T lymphocyte subsets by monoclonal antibodies in young
and aged humans. J Immunol 127, 2086-8 (1981)

22.  J. J. O'Leary, R. Fox, N. Bergh, K. J. Rodysill & H. M.
Hallgren: Expression of the human T cell antigen receptor
complex in advanced age. Mech Ageing Dev 45, 239-52
(1988)

23.  L. Lehtonen, J. Eskola, O. Vainio & A. Lehtonen:
Changes in lymphocyte subsets and immune competence in
very advanced age. J Gerontol 45, M108-12 (1990)

24.  M. Utsuyama, K. Hirokawa, C. Kurashima, M.
Fukayama, T. Inamatsu, K. Suzuki, W. Hashimoto & K.
Sato: Differential Age-Change in the Numbers of
CD4+CD45RA+ and CD4+CD29+ T-Cell Subsets in Human
Peripheral Blood. Mech Ageing Dev 63, 57-68 (1992)

25.  J. Born, D. Uthgenannt, C. Dodt, D. Nunninghoff, E.
Ringvolt, T. Wagner & H. L. Fehm: Cytokine production
and lymphocyte subpopulations in aged humans. An
assessment during nocturnal sleep. Mech Ageing Dev 84,
113-26 (1995)

26.  D. K. Flaherty, C. A. Wagner, C. J. Gross & M. A.
Panyik: Aging and lymphocyte subsets in the spleen and
peripheral blood of the Sprague-Dawley rat.
Immunopharmacol Immunotoxicol 19, 185-95 (1997)

27.  J. W. Albright, R. C. Mease, C. Lambert & J. F.
Albright: Effects of aging on the dynamics of lymphocyte
organ distribution in mice: use of a radioiodinated cell
membrane probe. Mech Ageing Dev 101, 197-211 (1998)

28.  M. E. Poynter, H. H. Mu, X. P. Chen & R. A. Daynes:
Activation of NK1.1(+) T cells in vitro and their possible role
in age-associated changes in inducible IL-4 production. Cell
Immunol 179, 22-9 (1997)

29.  A. Tsukahara, S. Seki, T. Iiai, T. Moroda, H. Watanabe,
S. Suzuki, T. Tada, H. Hiraide, K. Hatakeyama & T. Abo:
Mouse liver T cells: Their change with aging and in
comparison with peripheral T cells. Hepatology 26, 301-9
(1997)

30.  D. PortalesPerez, D. AlarconSegovia, L. Llorente, A.
RuizArguelles, C. AbudMendoza, L. Baranda, H.
delaFuente, T. Ternynck & R. GonzalezAmaro: Penetrating
anti-DNA monoclonal antibodies induce activation of human
peripheral blood mononuclear cells. J Autoimmun 11, 563-
71 (1998)

31.  G. Candore, G. Dilorenzo, P. Mansueto, M. Melluso, G.
Frada, M. Livecchi, M. E. Pellitteri, A. Drago, A. Disalvo &
C. Caruso: Prevalence of organ-specific and non organ-
specific autoantibodies in healthy centenarians. Mech Ageing
Dev 94, 183-90 (1997)

32.  S. Mariotti, L. Chiovato, C. Franceschi & A. Pinchera:
Thyroid autoimmunity and aging. Exp Gerontol 33, 535-41
(1998)

33.  A. Nobrega, M. Haury, R. Gueret, A. Coutinho & M. E.
Weksler: The age-associated increase in autoreactive
immunoglobulins reflects a quantitative increase in
specificities detectable at lower concentrations in young
mice. Scand J Immunol 44, 437-43 (1996)

34.  S. K. Ray, C. Putterman & B. Diamond: Pathogenic
autoantibodies are routinely generated during the response to
foreign antigen: A paradigm for autoimmune disease. Proc
Natl Acad Sci USA 93, 2019-24 (1996)

35.  M. E. Weksler & P. B. Hausman: Effects of aging in the
immune response. In: Basic and clinical immunology. Eds:
Stites D. P., Stobo J. B., Fedenberg H. H., Lange Medical
Publications, Los Altos pp. 306-313 (1982)

36.  H. M. Hallgren & E. Yunis: Suppressor lymphocytes in
young and aged humans. J Immunol 118, 2004-8 (1977)

37.  S. Antonaci, E. Jirillo, M. Gallitelli, A. R. Garofalo & L.
Bonomo: Impairment of T immunoregulatory activities inn
the induction of antibody specific responses in aged humans.
Mech Ageing Dev 30, 251-9 (1985)

38.  J. P. Antel & B. G. W. Arnason: Suppressor cell function
in man: evidence for altered sensitivity of responder cells
with age. Clin Immunol Immunopathol 13, 119-24 (1979)

39.  C. Russo, E. P. Cherniack, A. Wali & M. E. Weksler:
Age-Dependent Appearance of Non-Major
Histocompatibility Complex-Restricted Helper T-Cells. Proc
Natl Acad Sci USA 90, 11718-22 (1993)

40.  R. Schwab, C. Russo & M. E. Weksler: Altered Major
Histocompatibility Complex-Restricted Antigen Recognition
by T-Cells from Elderly Humans. Eur J Immunol 22, 2989-
93 (1992)

41.  G. M. Crisi, L. Z. Chen, C. Huang & G. J. Thorbecke:
Age-related loss of immunoregulatory function in peripheral
blood CD8 T cells. Mech Ageing Dev 103, 235-54 (1998)

42.  E. A. Burns & J. S. Goodwin: Immunodeficiency of
aging. Drug Aging 11, 374-97 (1997)

43.  J. S. Goodwin: Decreased immunity and increased
morbidity in the elderly. Nutr Rev 53, S41-4 (1995)

44.  J. P. Buchanan, C. A. Peters, C. J. Rasmussen & G.
Rothstein: Impaired expression of hematopoietic growth
factors: A candidate mechanism for the hematopoietic defect
of aging. Exp Gerontol 31, 135-44 (1996)

45.  D. Cheleuitte, S. Mizuno & J. Glowacki: In vitro
secretion of cytokines by human bone marrow: Effects of age
and estrogen status. J Clin Endocrinol Metab 83, 2043-51
(1998)



T cell immunosenescence

245

46.  H. Nilsson-Ehle, B. Swolin & J. Westin: Bone marrow
progenitor cell growth and karyotype changes in healthy 88-
year-old subjects. Eur J Haematol 55, 14-8 (1995)

47.  P. M. Lansdorp, W. Dragowska, T. E. Thomas, M. T.
Little & H. Mayani: Age-related decline in proliferative
potential of purified stem cell candidates. Blood Cells 20,
376-81 (1994)

48.  V. I. Rebel, C. L. Miller, C. J. Eaves & P. M. Lansdorp:
The repopulation potential of fetal liver hematopoietic stem
cells in mice exceeds that of their adult bone marrow
counterparts. Blood 87, 3500-7 (1996)

49.  H. Vaziri, W. Dragowska, R. C. Allsopp, T. E. Thomas,
C. B. Harley & P. M. Lansdorp: Evidence for a mitotic clock
in human hematopoietic stem cells: Loss of telomeric DNA
with age. Proc Natl Acad Sci USA 91, 9857-60 (1994)

50.  C. P. Chiu, W. Dragowska, N. W. Kim, H. Vaziri, J.
Yui, T. E. Thomas, C. B. Harley & P. M. Lansdorp:
Differential expression of telomerase activity in
hematopoietic progenitors from adult human bone marrow.
Stem Cells 14, 239-48 (1996)

51.  J. Yui, C. P. Chiu & P. M. Lansdorp: Telomerase
activity in candidate stem cells from fetal liver and adult
bone marrow. Blood 91, 3255-62 (1998)

52.  M. Engelhardt, R. Kumar, J. Albanell, R. Pettengell, W.
Han & M. A. S. Moore: Telomerase regulation, cell cycle,
and telomere stability in primitive hematopoietic cells. Blood
90, 182-93 (1997)

53.  J. A. Thomson, J. ItskovitzEldor, S. S. Shapiro, M. A.
Waknitz, J. J. Swiergiel, V. S. Marshall & J. M. Jones:
Embryonic stem cell lines derived from human blastocysts.
Science 282, 1145-7 (1998)

54.  H. Niida, T. Matsumoto, H. Satoh, M. Shiwa, Y.
Tokutake, Y. Furuichi & Y. Shinkai: Severe growth defect in
mouse cells lacking the telomerase RNA component. Nat
Genet 19, 203-6 (1998)

55.  W. Klapper, K. Heidorn, K. Kuhne, R. Parwaresch & G.
Krupp: Telomerase activity in 'immortal' fish. FEBS Lett
434, 409-12 (1998)

56.  W. Klapper, K. Kuhne, K. K. Singh, K. Heidorn, R.
Parwaresch & G. Krupp: Longevity of lobsters is linked to
ubiquitous telomerase expression. FEBS Lett 439, 143-6
(1998)

57.  A. Keating: The hematopoietic stem cell in elderly
patients with leukemia. Leukemia 10, S30-2 (1996)

58.  R. F. Wynn, M. A. Cross, C. Hatton, A. M. Will, L. S.
Lashford, T. M. Dexter & N. G. Testa: Accelerated telomere
shortening in young recipients of allogeneic bone-marrow
transplants. Lancet 351, 178-81 (1998)

59.  R. Notaro, A. Cimmino, D. Tabarini, B. Rotoli & L.
Luzzatto: In-vivo dynamics of human hematopoietic stem
cells. Proc Natl Acad Sci USA 94, 13782-5 (1997)

60.  W. E. Wright, D. Brasiskyte, M. A. Piatyszek & J. W.
Shay: Experimental elongation of telomeres extends the
lifespan of immortal x normal cell hybrids. EMBO J 15,
1734-41 (1996)

61.  B. Van Steensel & T. De Lange: Control of telomere
length by the human telomeric protein TRF1. Nature 385,
740-3 (1997)

62.  K. Furumoto, E. Inoue, N. Nagao, E. Hiyama & N.
Miwa: Age-dependent telomere shortening is slowed down
by enrichment of intracellular vitamin C via suppression of
oxidative stress. Life Sci 63, 935-48 (1998)

63.  P. Anderlini, D. Przepiorka, J. Lauppe, D. Seong, S.
Giralt, R. Champlin & M. Korbling: Collection of peripheral
blood stem cells from normal donors 60 years of age or
older. Br J Haematol 97, 485-7 (1997)

64.  A. Globerson: Thymocytopoiesis in aging: the bone
marrow-thymus axis. Arch Gerontol Geriatr 24, 141-55
(1997)

65.  G. Doria, C. Mancini, M. Utsuyama, D. Frasca & K.
Hirokawa: Aging of the recipients but not of the bone
marrow donors enhances autoimmunity In syngeneic
radiation chimeras. Mech Ageing Dev 95, 131-42 (1997)

66.  S. G. Yu, L. Abel & A. Globerson: Thymocyte
progenitors and T cell development in aging. Mech Ageing
Dev 94, 103-11 (1997)

67.  S. J. Morrison, A. M. Wandycz, K. Akashi, A.
Globerson & I. L. Weissman: The aging of hematopoietic
stem cells. Nature Med 2, 1011-6 (1996)

68.  G. De Haan, W. Nijhof & G. Van Zant: Mouse strain-
dependent changes in frequency and proliferation of
hematopoietic stem cells during aging: Correlation between
lifespan and cycling activity. Blood 89, 1543-50 (1997)

69.  G. De Haan & G. Van Zant: Intrinsic and extrinsic
control of hemopoietic stem cell numbers: Mapping of a
stem cell gene. J Exp Med 186, 529-36 (1997)

70.  X. Q. Yan, Y. Chen, C. Hartley, P. McElroy, F. Fletcher
& I. K. McNiece: Marrow repopulating cells in mobilised
PBPC can be serially transplanted for up to five generations
or be remobilised in PBPC reconstituted mice. Bone Marrow
Transplant 21, 975-81 (1998)

71.  J. M. Bertho, C. Demarquay, N. Moulian, A.
Vandermeeren, S. Berrihaknin & P. Gourmelon: Phenotypic
and immunohistological analyses of the human adult thymus:
Evidence for an active thymus during adult life. Cell
Immunol 179, 30-40 (1997)

72.  F. K. Kong, C. L. H. Chen & M. D. Cooper: Thymic
function can be accurately monitored by the level of recent T
cell emigrants in the circulation. Immunity 8, 97-104 (1998)

73.  F. Livak & D. G. Schatz: T-cell receptor alpha locus
V(D)J recombination by-products are abundant in



T cell immunosenescence

246

thymocytes and mature T cells. Mol Cell Biol 16, 609-18
(1996)

74.  H. Spits, B. Blom, A. C. Jaleco, K. Weijer, M. C. M.
Verschuren, J. J. M. vanDongen, M. H. M. Heemskerk & P.
C. M. Res: Early stages in the development of human T,
natural killer and thymic dendritic cells. Immunol Rev 165,
75-86 (1998)

75.  M. C. M. Verschuren, I. L. M. WolversTettero, T. M.
Breit & J. J. M. VanDongen: T-cell receptor V delta-J alpha
rearrangements in human thymocytes: the role of V delta-J
alpha rearrangements in T-cell receptor-delta gene deletion.
Immunology 93, 208-12 (1998)

76.  D. C. Douek, R. D. McFarland, P. H. Keiser, E. A. Gage,
J. M. Massey, B. F. Haynes, M. A. Polis, A. T. Haase, M. B.
Feinberg, J. L. Sullican, B. D. Jamieson, J. A. Zack, L. J.
Picker & R. A. Koup: Changes in thymic function with age
and during the treatment of HIV infection. Nature 396, 690-5
(1998)

77.  H.-R. Rodewald: The thymus in the age of retirement.
Nature 396, 630-1 (1998)

78.  K. Hirokawa, M. Utsuyama, M. Kasai, C. Kurashima, S.
Ishijima & Y. X. Zeng: Understanding the mechanism of the
age-change of thymic function to promote T cell
differentiation. Immunol Lett 40, 269-77 (1994)

79.  D. Quaglino, M. Capri, G. Bergamini, E. Euclidi, L.
Zecca, C. Franceschi & I. P. Ronchetti: Age-dependent
remodeling of rat thymus. Morphological and
cytofluorimetric analysis from birth up to one year of age.
Eur J Cell Biol 76, 156-66 (1998)

80.  J. Goverman, T. Brabb, E. S. Huseby & A. G. Farr: TCR
signaling regulates thymic organization: Lessons from TCR-
transgenic mice. Immunol Today 18, 204-8 (1997)

81.  R. Aspinall: Age-associated thymic atrophy in the mouse
due to a deficiency affecting rearrangement of the TCR
during intrathymic T cell development. J Immunol 158,
3037-45 (1997)

82.  K. Schuh, B. Kneitz, J. Heyer, U. Bommhardt, E.
Jankevics, F. BerberichSiebelt, K. Pfeffer, H. K.
MullerHermelink, A. Schimpl & E. Serfling: Retarded
thymic involution and massive germinal center formation in
NF-ATp-deficient mice. Eur J Immunol 28, 2456-66 (1998)

83.  M. L. Thoman: Effects of the aged microenvironment on
CD4(+) T cell maturation. Mech Ageing Dev 96, 75-88
(1997)

84.  R. Mehr, A. S. Perelson, M. Fridkishareli & A.
Globerson: Feedback regulation of T cell development:
Manifestations in aging. Mech Ageing Dev 91, 195-210
(1996)

85.  M. Utsuyama, S. Kobayashi & K. Hirokawa: Induction
of thymic hyperplasia and suppression of splenic T cells by
lesioning of the anterior hypothalamus in aging Wistar rats. J
Neuroimmunol 77, 174-80 (1997)

86.  K. S. Madden, D. L. Bellinger, S. Y. Felten, E. Snyder,
M. E. Maida & D. L. Felten: Alterations in sympathetic
innervation of thymus and spleen in aged mice. Mech
Ageing Dev 94, 165-75 (1997)

87.  M. D. Kendall, H. R. M. Johnson & J. Singh: The weight
of the human thymus gland at necropsy. Journal of Anatomy
131, 485-99 (1980)

88.  M. D. Kendall: Functional anatomy of the thymic
microenvironment. Journal of Anatomy 177, 1-29 (1991)

89.  G. Steinmann & M. Hartwig: Immunology of
centenarians. Immunol Today 16, 549 (1995)

90.  M. Hartwig & G. Steinmann: On a causal mechanism of
chronic thymic involution in man. Mech Ageing Dev 75,
151-6 (1994)

91.  C. L. Mackall, J. A. Punt, P. Morgan, A. G. Farr & R. E.
Gress: Thymic function in young/old chimeras: substantial
thymic T cell regenerative capacity despite irreversible age-
associated thymic involution. Eur J Immunol 28, 1886-93
(1998)

92.  A. J. T. George & M. A. Ritter: Thymic involution with
ageing: Obsolescence or good housekeeping? Immunol
Today 17, 267-72 (1996)

93.  P. W. Turke: Thymic involution. Immunol Today 18,
407 (1997)

94.  L. Li, J. H. Zhou & S. T. Xing: Thymus influences liver
functions through hypothalamus-pituitary-gonad axis in rats.
Advan Neuroimmunol 6, 289-93 (1996)

95.  M. L. Thoman: The pattern of T lymphocyte
differentiation is altered during thymic involution. Mech
Ageing Dev 82, 155-70 (1995)

96.  V. Nalet & C. Fournier: Human autologous rosette-
forming cells. I. Expression of cell surface antigens in
relation to age and lymphoid organ distribution. Cell
Immunol 82, 403-14 (1983)

97.  J. J. O'Leary, D. R. Jackolus, H. M. Hallgren, M.
Abbasnezhad & W. G. Yasminesh: Evidence for a less
differentiated subpopulation of lymphocytes in people of
advanced age. Mech Ageing Dev 39, 263-79 (1983)

98.  G. J. Ligthart, P. C. Van Vlokhoven, H. R. E. Schuit &
W. Hijmans: The expanded null cell compartment in ageing:
increase in the number of natural killer cells and changes in T
cell and NK cell subsets in human blood. Immunology 59,
353-7 (1986)

99.  J. E. Alés-Martinez, M. Alvarez-Mon, F. Merino, F.
Bonilla, C. Martinez-A, A. Durántez & A. De la Hera:
Decreased Tcr-CD3+ T cell numbers in healthy aged
humans. Evidence that T cell defects are masked by a
reciprocal increase of Tcr-CD3-CD2+ natural killer cells. Eur
J Immunol 18, 1827-30 (1988)



T cell immunosenescence

247

100.  C. Miyaji, H. Watanabe, M. Minagawa, H. Toma, T.
Kawamura, Y. Nohara, H. Nozaki, Y. Sato & T. Abo:
Numerical and functional characteristics of lymphocyte
subsets in centenarians. J Clin Immunol 17, 420-9 (1997)

101.  J. C. Rice & R. P. Bucy: Differences in the degree of
depletion, rate of recovery, and the preferential elimination of
naive CD4(+) T cells by anti-CD4 monoclonal antibody
(GK1.5) in young and aged mice. J Immunol 154, 6644-54
(1995)

102.  M. C. Jendro, T. Ganten, E. L. Matteson, C. M.
Weyand & J. J. Goronzy: Emergence of oligoclonal T cell
populations following therapeutic T cell depletion in
rheumatoid arthritis. Arthritis Rheum 38, 1242-51 (1995)

103.  C. L. Mackall, T. A. Fleisher, M. R. Brown, M. P.
Andrich, C. C. Chen, I. M. Feuerstein, M. E. Horowitz, I. T.
Magrath, A. T. Shad, S. M. Steinberg, L. H. Wexler & R. E.
Gress: Age, thymopoiesis, and CD4+ T-lymphocyte
regeneration after intensive chemotherapy. N Engl J Med
332, 143-9 (1995)

104.  C. L. Mackall, F. T. Hakim & R. E. Gress: T-cell
regeneration: All repertoires are not created equal. Immunol
Today 18, 245-51 (1997)

105.  C. L. Mackall, T. A. Fleisher, M. R. Brown, M. P.
Andrich, C. C. Chen, I. M. Feuerstein, I. T. Magrath, L. H.
Wexler, D. S. Dimitrov & R. E. Gress: Distinctions between
CD8(+) and CD4(+) T-cell regenerative pathways result in
prolonged T-cell subset imbalance after intensive
chemotherapy. Blood 89, 3700-7 (1997)

106.  C. L. Mackall & R. E. Gress: Thymic aging and T-cell
regeneration. Immunol Rev 160, 91-102 (1997)

107.  G. Pawelec, D. Sansom, A. Rehbein, M. Adibzadeh &
I. Beckman: Decreased proliferative capacity and increased
susceptibility to activation-induced cell death in late-passage
human CD4(+) TCR2(+) cultured T cell clones. Exp
Gerontol 31, 655-68 (1996)

108.  M. Connors, J. A. Kovacs, S. Krevat, J. C.
Geabanacloche, M. C. Sneller, M. Flanigan, J. A. Metcalf, R.
E. Walker, J. Falloon, M. Baseler, R. Stevens, I. Feuerstein,
H. Masur & H. C. Lane: HIV infection induces changes in
CD4(+) T-cell phenotype and depletions within the CD4(+)
T-cell repertoire that are not immediately restored by
antiviral or immune-based therapies. Nature Med 3, 533-40
(1997)

109.  J. Storek, R. P. Witherspoon & R. Storb: T cell
reconstitution after bone marrow transplantation into adult
patients does not resemble T cell development in early life.
Bone Marrow Transplant 16, 413-25 (1995)

110.  G. Koehne, W. Zeller, M. Stockschlaeder & A. R.
Zander: Phenotype of lymphocyte subsets after autologous
peripheral blood stem cell transplantation. Bone Marrow
Transplant 19, 149-56 (1997)

111.  A. Heitger, N. Neu, H. Kern, E. R. Panzer-Grumayer,
H. Greinix, D. Nachbaur, D. Niederwieser & F. M. Fink:

Essential role of the thymus to reconstitute naive
(CD45RA(+)) T-helper cells after human allogeneic bone
marrow transplantation. Blood 90, 850-7 (1997)

112.  E. Roux, C. Helg, B. Chapuis, M. Jeannet & E.
Roosnek: T-cell repertoire complexity after allogeneic bone
marrow transplantation. Hum Immunol 48, 135-8 (1996)

113.  G. J. Ligthart, J. X. Corberand, H. G. M. Goertzen, A.
E. Minders, D. L. Knook & W. Hijmans: Necessity of the
assessment of health status in human immunogerontological
studies: evaluation of the SENIEUR protocol. Mech Ageing
Dev 55, 89-98 (1990)

114.  P. Sansoni, F. Fagnoni, R. Vescovini, M. Mazzola, V.
Brianti, G. Bologna, E. Nigro, G. Lavagetto, A. Cossarizza,
D. Monti, C. Franceschi & M. Passeri: T lymphocyte
proliferative capability to defined stimuli and costimulatory
CD28 pathway is not impaired in healthy centenarians. Mech
Ageing Dev 96, 127-36 (1997)

115.  I. Beckman, K. Dimopoulos, X. Xaioning, J. Bradley,
P. Henschke & M. Ahern: T cell activation in the elderly:
Evidence for specific deficiencies in T cell/accessory cell
interactions. Mech Ageing Dev 51, 265-76 (1990)

116.  A. Chrysostomou, R. Seshadri & A. A. Morley:
Decreased cloning efficiency of lymphocytes from elderly
individuals. Scand J Immunol 19, 293-6 (1984)

117.  R. B. Effros & R. L. Walford: The effect of age on the
antigen presenting mechanism in limiting dilution precursor
cell frequency analysis. Cell Immunol 88, 531-9 (1984)

118.  M. Conconi & B. Friguet: Proteasome inactivation
upon aging and on oxidation-effect of HSP 90. Mol Biol Rep
24, 45-50 (1997)

119.  B. Anselmi, M. Conconi, C. Veyrat-Durebex, F.
Biville, J. Alliot & B. Friguet: Dietary self-selection can
compensate an age-related decrease of rat liver 20 S
proteosome activity observed with standard diet. J Gerontol
Ser A Biol Sci Med 53, B173-9 (1998)

120.  J. A. McLachlan, C. D. Serkin, K. M. Morreyclark &
O. Bakouche: Immunological functions of aged human
monocytes. Pathobiology 63, 148-59 (1995)

121.  Y. Gon, S. Hashimoto, S. Hayashi, T. Koura, K.
Matsumoto & T. Horie: Lower serum concentrations of
cytokines in elderly patients with pneumonia and the
impaired production of cytokines by peripheral blood
monocytes in the elderly. Clin Exp Immunol 106, 120-6
(1996)

122.  D. Lio, C. D'Anna, F. Gervasi, L. Scola, M. Potestio, G.
Di Lorenzo, F. Listi, A. Columbo, G. Candore & C. Caruso:
Interleukin 12-release by mitogen-stimulated mononuclear
cells in the elderly. Mech Ageing Dev 102, 211-9 (1998)

123.  B. A. Maletto, A. Gruppi, G. Moron & M. C.
Pistoresipalencia: Age-associated changes in lymphoid and
antigen-presenting cell functions in mice immunised with



T cell immunosenescence

248

Trypanosoma cruzi antigens. Mech Ageing Dev 88, 39-47
(1996)

124.  M. Garg, W. Luo, A. M. Kaplan & S. Bondada:
Cellular basis of decreased immune responses to
pneumococcal vaccines in aged mice. Infect Immun 64,
4456-62 (1996)

125.  I. Beckman, K. Shepherd, F. Firgaira & M. Ahern:
Age-related defects in CD2 receptor-induced activation in
human T-cell subsets. Immunology 86, 533-6 (1995)

126.  M. M. Steger, C. Maczek & B. Grubeck-Loebenstein:
Morphologically and functionally intact dendritic cells can be
derived from the peripheral blood of aged individuals. Clin
Exp Immunol 105, 544-50 (1996)

127.  M. M. Steger, C. Maczek & B. Grubeck-Loebenstein:
Peripheral blood dendritic cells reinduce proliferation in in
vitro aged T cell populations. Mech Ageing Dev 93, 125-30
(1997)

128.  E. A. Rich, M. A. Mincek, K. B. Armitage, E. G.
Duffy, D. C. Owen, J. D. Fayen, D. L. Hom & J. J. Ellner:
Accessory Function and Properties of Monocytes from
Healthy Elderly Humans for T-Lymphocyte Responses to
Mitogen and Antigen. Gerontology 39, 93-108 (1993)

129.  G. Wick & B. Grubeck-Loebenstein: Primary and
secondary alterations of immune reactivity in the elderly:
impact of dietary factors and disease. Immunol Rev 160,
171-84 (1997)

130.  K. L. Holmes, C. T. Schnizlein, E. H. Perkins & J. C.
Tew: The effect of age on antigen retention in lymphoid
follicles and collagenous tissue of mice. Mech Ageing Dev
25, 243-9 (1984)

131.  A. K. Szakal, J. K. Taylor, J. P. Smith, M. K. Kosco, G.
F. Burton & J. G. Tew: Morphometry and kinetics of antigen
transport and developing antigen retaining reticulum of
follicular dendritic cells in lymph nodes of aging immune
mice. Aging: Immunology and Infectious Disease 1, 7-22
(1988)

132.  T. Hoshino, A. Yamada, J. Honda, Y. Imai, M. Nakao,
M. Inoue, K. Sagawa, M. M. Yokoyama, K. Oizumi & K.
Itoh: Tissue-Specific Distribution and Age-Dependent
Increase of Human CD11b+ T-Cells. J Immunol 151, 2237-
46 (1993)

133.  R. B. Effros, N. Boucher, V. Porter, X. M. Zhu, C.
Spaulding, R. L. Walford, M. Kronenberg, D. Cohen & F.
Schachter: Decline in CD28(+) T cells in centenarians and in
long-term T cell cultures: A possible cause for both in vivo
and in vitro immunosenescence. Exp Gerontol 29, 601-9
(1994)

134.  F. F. Fagnoni, R. Vescovini, M. Mazzola, G. Bologna,
E. Nigro, G. Lavagetto, C. Franceschi, M. Passeri & P.
Sansoni: Expansion of cytotoxic CD8(+) CD28(-) T cells in
healthy ageing people, including centenarians. Immunology
88, 501-7 (1996)

135.  K. H. Nam, H. Akari, K. Terao, H. Ohto, S. Itagaki &
Y. Yoshikawa: Age-dependent remodeling of peripheral
blood CD4(+) CD8(+) T lymphocytes in Cynomolgus
monkeys. Dev Comp Immunol 22, 239-48 (1998)

136.  N. Boucher, T. DufeuDuchesne, E. Vicaut, D. Farge, R.
B. Effros & F. Schachter: CD28 expression in T cell aging
and human longevity. Exp Gerontol 33, 267-82 (1998)

137.  M. Adibzadeh, H. Pohla, A. Rehbein & G. Pawelec:
Long-term culture of monoclonal human T lymphocytes:
models for immunosenescence? Mech Ageing Dev 83, 171-
83 (1995)

138.  A. N. Vallejo, A. R. Nestel, M. Schirmer, C. M.
Weyand & J. J. Goronzy: Aging-related deficiency of CD28
expression in CD4+ T cells is associated with the loss of
gene-specific nuclear factor binding activity. J Biol Chem
273, 8119-29 (1998)

139.  R. Dobber, M. Tielemans, H. Deweerd & L.
Nagelkerken: Mel14(+) CD4(+) T cells from aged mice
display functional and phenotypic characteristics of memory
cells. Int Immunol 6, 1227-34 (1994)

140.  C. R. Engwerda, B. S. Handwerger & B. S. Fox: Aged
T Cells Are Hyporesponsive to Costimulation Mediated by
CD28. J Immunol 152, 3740-7 (1994)

141.  C. R. Engwerda, B. S. Handwerger & B. S. Fox: An
age-related decrease in rescue from T cell death following
costimulation mediated by CD28. Cell Immunol 170, 141-8
(1996)

142.  A. T. Vella, T. Mitchell, B. Groth, P. S. Linsley, J. M.
Green, C. B. Thompson, J. W. Kappler & P. Marrack: CD28
engagement and proinflammatory cytokines contribute to T
cell expansion and long-term survival in vivo. J Immunol
158, 4714-20 (1997)

143.  V. A. Boussiotis, B. J. Lee, G. J. Freeman, J. G.
Gribben & L. M. Nadler: Induction of T cell clonal anergy
results in resistance, whereas CD28-mediated costimulation
primes for susceptibility to Fas- and Bax-mediated
programmed cell death. J Immunol 159, 3156-67 (1997)

144.  L. S. K. Walker, J. D. McLeod, G. Boulougouris, Y. I.
Patel, N. D. Hall & D. M. Sansom: Down-regulation of
CD28 via Fas (CD95): Influence of CD28 on T-cell
apoptosis. Immunology 94, 41-7 (1998)

145.  L. H. Boise, P. J. Noel & C. B. Thompson: CD28 and
apoptosis. Curr Opin Immunol 7, 620-5 (1995)

146.  R. B. Effros, R. Allsopp, C. P. Chiu, M. A. Hausner, K.
Hirji, L. L. Wang, C. B. Harley, B. Villeponteau, M. D. West
& J. V. Giorgi: Shortened telomeres in the expanded CD28-
CD8+ cell subset in HIV disease implicate replicative
senescence in HIV pathogenesis. AIDS 10, F17-22 (1996)

147.  J. Monteiro, F. Batliwalla, H. Ostrer & P. K.
Gregersen: Shortened telomeres in clonally expanded
CD28(-)CD8(+) T cells imply a replicative history that is



T cell immunosenescence

249

distinct from their CD28(+)CD8(+) counterparts. J Immunol
156, 3587-90 (1996)

148.  G. Lombardi, S. Sidhu, R. Batchelor & R. Lechler:
Anergic T cells as suppressor cells in vitro. Science 264,
1587-9 (1994)

149.  I. M. Dozmorov, V. V. Kalinichenko, I. A. Sidorov &
R. A. Miller: Antagonistic interactions among T cell subsets
of old mice revealed by limiting dilution analysis. J Immunol
154, 4283-93 (1995)

150.  C. A. Chambers & J. P. Allison: Co-stimulation in T
cell responses. Curr Opin Immunol 9, 396-404 (1997)

151.  A. Wakikawa, M. Utsuyama & K. Hirokawa: Altered
expression of various receptors on T cells in young and old
mice after mitogenic stimulation: A flow cytometric analysis.
Mech Ageing Dev 94, 113-22 (1997)

152.  C. Tortorella, M. P. Loria, G. Piazzolla, H.
Schulzekoops, P. E. Lipsky, E. Jirillo & S. Antonaci: Age-
related impairment of T cell proliferative responses related to
the decline of CD28(+) T cell subsets. Arch Gerontol Geriatr
26, 55-70 (1997)

153.  C. Miller, G. Kelsoe & S. Han: Lack of B7-2
expression in the germinal centers of aged mice. Aging:
Immunology and Infectious Disease 5, 249-57 (1994)

154.  D. R. Jackola & H. M. Hallgren: Diminished cell-cell
binding by lymphocytes from healthy, elderly humans:
Evidence for altered activation of LFA-1 function with age. J
Gerontol Ser A-Biol Sci Med 50, B368-77 (1995)

155.  C. M. Weyand, J. C. Brandes, D. Schmidt, J. W.
Fulbright & J. J. Goronzy: Functional properties of
CD4+CD28- T cells in the aging immune system. Mech
Ageing Dev 102, 131-47 (1998)

156.  G. Pawelec, A. Rehbein, K. Haehnel, A. Merl & M.
Adibzadeh: Human T-cell clones in long-term culture as a
model of immunosenescence. Immunol Rev 160, 31-42
(1997)

157.  W. R. Godfrey, F. F. Fagnoni, M. A. Harara, D. Buck
& E. G. Engleman: Identification of a human OX-40 ligand,
a costimulator of CD4+ T cells with homology to tumor
necrosis factor. J Exp Med 180, 757-62 (1994)

158.  S. Gupta: Membrane signal transduction in T cells in
aging humans. Ann NY Acad Sci 568, 277-82 (1989)

159.  R. L. Whisler, Y. G. Newhouse, R. L. Donnerberg & C.
M. Tobin: Characterization of intracellular ionized calcium
responsiveness and inisitol phosphate production among
resting and stimulated peripheral blood T cells from elderly
humans. Aging: Immunology and Infectious Disease 3, 27-
36 (1991)

160.  D. Lio, G. Candore, D. Cigna, C. Danna, G. Dilorenzo,
C. Giordano, G. Lucania, P. Mansueto, M. Melluso, M. A.
Modica & C. Caruso: In vitro T cell activation in elderly

individuals: Failure in CD69 and CD71 expression. Mech
Ageing Dev 89, 51-8 (1996)

161.  G. G. Garcia & R. A. Miller: Differential tyrosine
phosphorylation of zeta chain dimers in mouse CD4 T
lymphocytes: Effect of age. Cell Immunol 175, 51-7 (1997)

162.  R. L. Whisler, C. I. Karanfilov, Y. G. Newhouse, C. C.
Fox, R. R. Lakshmanan & B. Q. Liu: Phosphorylation and
coupling of zeta-chains to activated T-cell receptor
(TCR)/CD3 complexes from peripheral blood T-cells of
elderly humans. Mech Age Dev 105, 115-35 (1998)

163.  M. Utsuyama, Z. Varga, K. Fukami, Y. Homma, T.
Takenawa & K. Hirokawa: Influence of Age on the Signal
Transduction of T-Cells in Mice. Int Immunol 5, 1177-82
(1993)

164.  M. Utsuyama, A. Wakikawa, T. Tamura, H. Nariuchi
& K. Hirokawa: Impairment of signal transduction in T cells
from old mice. Mech Ageing Dev 93, 131-44 (1997)

165.  R. L. Whisler, Y. G. Newhouse, I. S. Grants & K. V.
Hackshaw: Differential expression of the alpha- and beta-
isoforms of protein kinase C in peripheral blood T and B
cells from young and elderly adults. Mech Ageing Dev 77,
197-211 (1995)

166.  T. Fulop, C. Leblanc, G. Lacombe & G. Dupuis:
Cellular distribution of protein kinase C isozymes in CD3-
mediated stimulation of human T lymphocytes with aging.
FEBS Lett 375, 69-74 (1995)

167.  R. A. Quadri, O. Plastre, M. A. Phelouzat, A. Arbogast
& J. J. Proust: Age-related tyrosine-specific protein
phosphorylation defect in human T lymphocytes activated
through CD3, CD4, CD8 or the IL-2 receptor. Mech Ageing
Dev 88, 125-38 (1996)

168.  R. L. Whisler, S. E. Bagenstose, Y. G. Newhouse & K.
W. Carle: Expression and catalytic activities of protein
tyrosine kinases (PTKs) Fyn and Lck in peripheral blood T
cells from elderly humans stimulated through the T cell
receptor (TCR)/CD3 complex. Mech Ageing Dev 98, 57-73
(1997)

169.  C. W. Tinkle, D. Lipschitz & U. Ponnappan: Decreased
association of p56(lck) with CD4 may account for lowered
tyrosine kinase activity in mitogen-activated human T
lymphocytes during aging. Cell Immunol 186, 154-60 (1998)

170.  L. Guidi, L. Antico, C. Bartoloni, M. Costanzo, A.
Errani, A. Tricerri, M. Vangeli, G. Doria, L. Gatta, C. Goso,
L. Mancino & D. Frasca: Changes in the amount and level of
phosphorylation of p56lck in PBL from aging humans. Mech
Ageing Dev 102, 177-86 (1998)

171.  B. Chakravarti, D. N. Chakravarti, J. Devecis, B. Seshi
& G. N. Abraham: Effect of age on mitogen induced protein
tyrosine phosphorylation in human T cell and its subsets:
down-regulation of tyrosine phosphorylation of ZAP-70.
Mech Ageing Dev 104, 41-58 (1998)



T cell immunosenescence

250

172.  M. A. Pahlavani, M. D. Harris & A. Richardson:
Activation of p21(ras)/MAPK signal transduction molecules
decreases with age in mitogen-stimulated T cells from rats.
Cell Immunol 185, 39-48 (1998)

173.  R. L. Whisler, Y. G. Newhouse & S. E. Bagenstose:
Age-related reductions in the activation of mitogen-activated
protein kinases p44(mapk)/ERK1 and p42(mapk)/ERK2 in
human T cells stimulated via ligation of the T cell receptor
complex. Cell Immunol 168, 201-10 (1996)

174.  G. Gorgas, E. R. Butch, K. L. Guan & R. A. Miller:
Diminished activation of the MAP kinase pathway in CD3-
stimulated T lymphocytes from old mice. Mech Ageing Dev
94, 71-83 (1997)

175.  A. Buckler, H. Vie, G. Sonenshein & R. A. Miller:
Defective T lymphocytes in old mice: diminished production
of mature c-myc mRNA after mitogen exposure not
attributable to alterations in transcription or RNA stability. J
Immunol 140, 2442-6 (1988)

176.  D. A. Gamble, R. Schwab, M. E. Weksler & P. Szabo:
Decreased steady state c-myc mRNA in activated T cell
cultures from old humans is caused by a smaller proportion
of T cells that transcribe the c-myc gene. J Immunol 144,
3569-73 (1990)

177.  L. J. Song, J. M. Stephens, S. Kittur, G. D. Collins, J.
E. Nagel, P. H. Pekala & W. H. Adler: Expression of c-fos,
c-jun and jun-b in Peripheral Blood Lymphocytes from
Young and Elderly Adults. Mech Ageing Dev 65, 149-56
(1992)

178.  C. Pieri, R. Recchioni, F. Moroni, F. Marcheselli & G.
Lipponi: Phytohemagglutinin Induced Changes of
Membrane Lipid Packing, c-myc and c-myb Encoded Protein
Expression in Human Lymphocytes During Aging. Mech
Ageing Dev 64, 177-87 (1992)

179.  N. L. Perillo, F. Naeim, R. L. Walford & R. B. Effros:
The Invitro Senescence of Human T-Lymphocytes - Failure
to Divide Is Not Associated with a Loss of Cytolytic Activity
or Memory T-Cell Phenotype. Mech Ageing Dev 67, 173-85
(1993)

180.  N. L. Perillo, F. Naeim, R. L. Walford & R. B. Effros:
Invitro Cellular Aging in T-Lymphocyte Cultures - Analysis
of DNA Content and Cell Size. Exp Cell Res 207, 131-5
(1993)

181.  R. Rana, R. Di Pietro, L. Centurione, M. Vitale, L.
Zamai, A. Sciscio & G. Mazzotti: Age-Related Events in
Active T Lymphocyte Subpopulation -A Morphological
Study. Mech Ageing Dev 73, 17-25 (1994)

182.  R. A. Quadri, A. Arbogast, M. A. Phelouzat, S. Boutet,
O. Plastre & J. J. Proust: Age-associated decline in cdk1
activity delays cell cycle progression of human T
lymphocytes. J Immunol 161, 5203-9 (1998)

183.  A. Tugores, M. A. Alonso, F. Sanchez-Madrid & M. O.
Delandazuri: Human T-Cell Activation Through the

Activation-Inducer Molecule/CD69 Enhances the Activity of
Transcription Factor-AP-1. J Immunol 148, 2300-6 (1992)

184.  A. Granelli-Piperno, P. Nolan, K. Inaba & R. M.
Steinman: The effect of immunosuppressive agents on the
induction of nuclear factors that bind to sites on the
interleukin 2 promoter. J Exp Med 172, 1869-72 (1990)

185.  S. M. Kang, B. Beverly, A. C. Tran, K. Brorson, R. H.
Schwartz & M. J. Lenardo: Transactivation by AP-1 Is a
Molecular Target of T-Cell Clonal Anergy. Science 257,
1134-8 (1992)

186.  R. L. Whisler, B. Q. Liu, L. C. Wu & M. Chen:
Reduced Activation of Transcriptional Factor-AP-1 Among
Peripheral Blood T-Cells from Elderly Humans After PHA
Stimulation - Restorative Effect of Phorbol Diesters. Cell
Immunol 152, 96-109 (1993)

187.  R. L. Whisler, B. Q. Liu & M. Chen: Age-related
decreases in IL-2 production by human T cells are associated
with impaired activation of nuclear transcriptional factors
AP-1 and NF-AT. Cell Immunol 169, 185-95 (1996)

188.  A. R. Salkind: Influence of age on the production of
Fos and Jun by influenza virus-exposed T cells. J Leukocyte
Biol 56, 817-20 (1994)

189.  M. A. Pahlavani, M. D. Harris & A. Richardson: The
age-related decline in the induction of IL-2 transcription is
correlated to changes in the transcription factor NFAT. Cell
Immunol 165, 84-91 (1995)

190.  P. S. Mattila, K. S. Ullman, S. Fiering, E. A. Emmel,
M. McCutcheon, G. R. Crabtree & L. A. Herzenberg: The
actions of cyclosporin A and FK506 suggest a novel step in
the activation of T lymphocytes. EMBO J 9, 4425-33 (1990)

191.  J. P. Northrop, S. N. Ho, L. Chen, D. J. Thomas, L. A.
Timmerman, G. P. Nolan, A. Admon & G. R. Crabtree: NF-
AT components define a family of transcription factors
targeted in T-cell activation. Nature 369, 497-502 (1994)

192.  K. Schuh, T. Twardzik, B. Kneitz, J. Heyer, A. Schimpl
& E. Serfling: The interleukin 2 receptor alpha chain/CD25
promoter is a target for nuclear factor of activated T cells. J
Exp Med 188, 1369-73 (1998)

193.  S. Pucci, G. Doria, S. Barile, C. Pioli & D. Frasca:
Inhibition of IL-2 production by Nil-2-a in murine T cells. Int
Immunol 10, 1435-40 (1998)

194.  G. U. Trebilcock & U. Ponnappan: Induction and
regulation of NF kappa B during aging: Role of protein
kinases. Clin Immunol Immunopathol 79, 87-91 (1996)

195.  G. U. Trebilcock & U. Ponnappan: Evidence for
lowered induction of nuclear factor kappa B in activated
human T lymphocytes during aging. Gerontology 42, 137-46
(1996)

196.  A. E. Faasen, J. J. O'Leary, K. J. Rodysill, N. Bergh &
H. M. Hallgren: Diminished heat shock protein synthesis



T cell immunosenescence

251

following mitogen stimulation of lymphocytes from aged
donors. Exp Cell Res 183, 326-34 (1989)

197.  S. Xanthoudakis, J. P. B. Viola, K. T. Y. Shaw, C. Luo,
J. D. Wallace, P. T. Bozza, T. Curran & A. Rao: An
enhanced immune response in mice lacking the transcription
factor NFAT1. Science 272, 892-5 (1996)

198.  M. A. Pahlavani & M. D. Harris: The age-related
changes in DNA binding activity of AP-1, NF-kappa B, and
OCT-1 transcription factors in lymphocytes from rats. Age
19, 45-54 (1996)

199.  N. F. L. Spencer, M. E. Poynter, S. Y. Im & R. A.
Daynes: Constitutive activation of NF-kappa B in an animal
model of aging. Int Immunol 9, 1581-8 (1997)

200.  M. E. Poynter & R. A. Daynes: Peroxisome
proliferator-activated receptor alpha activation modulates
cellular redox status, represses nuclear factor-kappa B
signaling, and reduced inflammatory cytokine production in
aging. J Biol Chem 273, 32833-41 (1998)

201.  S. Gillis, R. Kozak & M. Durante: Immunological
studies of aging. Decreased production of and response to T
cell growth factor by lymphocytes from aged humans. J Clin
Invest 67, 937-42 (1981)

202.  C. R. Engwerda, B. S. Fox & B. S. Handwerger:
Cytokine production by T lymphocytes from young and aged
mice. J Immunol 156, 3621-30 (1996)

203.  I. Kirman, K. S. Zhao, I. Tschepen, P. Szabo, G.
Richter, H. Nguyen & M. E. Weksler: Treatment of old mice
with IL-2 corrects dysregulated IL-2 and IL-4 production. Int
Immunol 8, 1009-15 (1996)

204.  C. Kurashima, M. Utsuyama, M. Kasai, S. A. Ishijima,
A. Konno & K. Hirokawa: The role of thymus in the aging of
T-h cell subpopulations and age-associated alteration of
cytokine production by these cells. Int Immunol 7, 97-104
(1995)

205.  S. Shinkai, H. Kohno, K. Kimura, T. Komura, H. Asai,
R. Inai, K. Oka, Y. Kurokawa & R. J. Shephard: Physical
activity and immune senescence in men. Med Sci Sports
Exerc 27, 1516-26 (1995)

206.  P. Lissoni, F. Rovelli, O. Brivio & L. Fumagalli:
Circadian secretions of IL-2, IL-12, IL-6 and IL-10 in
relation to the light/dark rhythm of the pineal hormone
melatonin in healthy humans. Nat Immun 16, 1-5 (1998)

207.  G. J. Ligthart, J. X. Corberand, C. Fournier, P.
Galanaud, W. Hijmans, B. Kennes, H. K. Müller-Hermelink
& G. G. Steinmann: Admission criteria for
immunogerontological studies in man: the SENIEUR
protocol. Mech Ageing Dev 28, 47-55 (1984)

208.  E. W. P. Nijhuis, E. J. Remarque, B. Hinloopen, T.
Vanderpouwkraan, R. A. W. Van Lier, G. J. Ligthart & L.
Nagelkerken: Age-related increase in the fraction of CD27-
CD4+ T cells and IL-4 production as a feature of CD4+ T

cell differentiation in vivo. Clin Exp Immunol 96, 528-34
(1994)

209.  J. Sindermann, A. Kruse, H. J. Frercks, R. M. Schutz &
H. Kirchner: Investigations of the Lymphokine System in
Elderly Individuals. Mech Ageing Dev 70, 149-59 (1993)

210.  L. Mazari & B. M. Lesourd: Nutritional influences on
immune response in healthy aged persons. Mech Ageing Dev
104, 25-40 (1998)

211.  G. Candore, G. Di Lorenzo, M. Melluso, D. Cigna, A.
T. Colucci, M. A. Modica & C. Caruso: gamma-Interferon,
Interleukin-4 and Interleukin-6 in vitro Production in Old
Subjects. Autoimmunity 16, 275-80 (1993)

212.  L. Guidi, C. Bartoloni, D. Frasca, L. Antico, R. Pili, F.
Cursi, E. Tempesta, C. Rumi, E. Menini, P. Carbonin, G.
Doria & G. Gambassi: Impairment of Lymphocyte Activities
in Depressed Aged Subjects. Mech Ageing Dev 60, 13-24
(1991)

213.  D. R. Jackola, J. K. Ruger & R. A. Miller: Age-
Associated Changes in Human T-Cell Phenotype and
Function. Aging 6, 25-34 (1994)

214.  I. Cakman, J. Rohwer, R. M. Schutz, H. Kirchner & L.
Rink: Dysregulation between TH1 and TH2 T cell
subpopulations in the elderly. Mech Ageing Dev 87, 197-209
(1996)

215.  S. Castle, K. Uyemura, W. Wong, R. Modlin & R.
Effros: Evidence of enhanced type 2 immune response and
impaired upregulation of a type 1 response in frail elderly
nursing home residents. Mech Ageing Dev 94, 7-16 (1997)

216.  H. J. Cohen, C. F. Pieper, T. Harris, K. M. K. Rao &
M. S. Currie: The association of plasma IL-6 levels with
functional disability in community-dwelling elderly. J
Gerontol Ser A-Biol Sci Med 52, M201-8 (1997)

217.  D. Maugeri, M. S. Russo, C. Franze, V. Motta, M.
Motta, G. Destro, S. Speciale, A. Santangelo, P. Panebianco
& M. Malaguarnera: Correlations between C-reactive
protein, interleukin-6, tumor necrosis factor-alpha and body
mass index during senile osteoporosis. Arch Gerontol Geriatr
27, 159-63 (1998)

218.  C. Renne, K. J. Kallen, J. Mullberg, T. Jostock, J.
Grotzinger & S. RoseJohn: A new type of cytokine receptor
antagonist directly targeting gp130. J Biol Chem 273, 27213-
9 (1998)

219.  P. K. Peterson, C. C. Chao, P. Carson, S. X. Hu, K.
Nichol & E. N. Janoff: Levels of tumor necrosis factor alpha,
interleukin 6, interleukin 10, and transforming growth factor
beta are normal in the serum of the healthy elderly. Clin
Infect Dis 19, 1158-9 (1994)

220.  L. Guidi, A. Tricerri, D. Frasca, M. Vangeli, A. Errani
& C. Bartoloni: Psychoneuroimmunology and Aging.
Gerontology 44, 247-61 (1998)



T cell immunosenescence

252

221.  T. B. Herbert & S. Cohen: Depression and immunity: a
meta-analytic review. Psychol Bull 113, 472-86 (1993)

222.  T. B. Herbert & S. Cohen: Stress and immunity in
humans: a meta-analytic review. Psychosom Med 55, 364-9
(1993)

223.  J. K. Kiecolt-Glaser, R. Glaser, S. Gravenstein, W. B.
Malarkey & J. Sheridan: Chronic stress alters the immune
response to influenza virus vaccine in older adults. Proc Natl
Acad Sci USA 93, 3043-7 (1996)

224.  A. Hernanz, E. Tato, M. De la Fuente, E. De Miguel &
F. Arnalich: Differential effects of gastrin-releasing peptide,
neuropeptide Y, somatostatin and vasoactive intestinal
peptide on interleukin-1 beta, interleukin-6 and tumor
necrosis factor-alpha production by whole blood cells from
healthy young and old subjects. J Neuroimmunol 71, 25-30
(1996)

225.  P. Barili, E. Bronzetti, L. Felici, F. Ferrante, A. Ricci,
D. Zaccheo & F. Amenta: Age-dependent changes in the
expression of dopamine receptor subtypes in human
peripheral blood lymphocytes. J Neuroimmunol 71, 45-50
(1996)

226.  C. Pallister, S. S. Jung, I. Shaw, J. Nalbantoglu, S.
Gauthier & N. R. Cashman: Lymphocyte content of amyloid
precursor protein is increased in Down's syndrome and
aging. Neurobiol Aging 18, 97-103 (1997)

227.  G. J. M. Maestroni: The photoperiod transducer
melatonin and the immune-hematopoietic system. J
Photochem Photobiol B Biol 43, 186-92 (1998)

228.  F. Barrat, B. Lesourd, H. J. Boulouis, D. Thibault, S.
Vintcent-Naulleau, B. Gjata, A. Louise, T. Neway & C. Pilet:
Sex and parity modulate cytokine production during murine
ageing. Clin Exp Immunol 109, 562-8 (1997)

229.  M. A. Modica, G. Cammarata & C. Caruso: HLA-
B8,DR3 phenotype and lymphocyte responses to
phytohaemagglutinin. J Immunogenet 17, 101-7 (1990)

230.  R. Ivanova, N. Hénon, V. Lepage, D. Charron, E.
Vicaut & F. Schächter: HLA-DR alleles display sex-
dependent effects on survival and discriminate between
individual and familial longevity. Hum Mol Genet 7, 187-94
(1998)

231.  R. Thorpe, M. Wadhwa, C. R. Bird & A. R. Mire-Sluis:
Detection and Measurement of Cytokines. Blood Rev 6, 133-
48 (1992)

232.  L. O'Mahony, J. Holland, J. Jackson, C. Foeghery, T. P.
J. Hennesey & K. Mealy: Quantitative intracellular cytokine
measurement: age-related changes in proinflammatory
cytokine production. Clin Exp Immunol 113, 213-9 (1998)

233.  Y. P. Huang, J. C. Pechere, M. Michel, L. Gauthey, M.
Loreto, J. A. Curran & J. P. Michel: Invivo T-Cell
Activation, Invitro Defective IL-2 Secretion, and Response
to Influenza Vaccination in Elderly Women. J Immunol 148,
715-22 (1992)

234.  D. Moskophidis, F. Lechner, H. Pircher & R. M.
Zinkernagel: Virus Persistence in Acutely Infected
Immunocompetent Mice by Exhaustion of Antiviral
Cytotoxic Effector T-Cells. Nature 362, 758-61 (1993)

235.  D. Gray & P. Matzinger: T-Cell Memory Is Short-
Lived in the Absence of Antigen. J Exp Med 174, 969-74
(1991)

236.  C. A. Michie, A. McLean, C. Alcock & P. C. L.
Beverley: Lifespan of Human Lymphocyte Subsets Defined
by CD45 Isoforms. Nature 360, 264-5 (1992)

237.  C. Franze, F. Di Stefano, M. Motta, D. Maugeri, F.
Stivala, A. Favetta & G. Carnazzo: Comparison between
serum interleukin-2 concentrations in healthy adult and
elderly subjects. Arch Gerontol Geriatr, 469-71 (1996)

238.  I. M. Rea, M. Stewart, P. Campbell, H. D. Alexander,
A. D. Crockard & T. C. M. Morris: Changes in lymphocyte
subsets, interleukin 2, and soluble interleukin 2 receptor in
old and very old age. Gerontology 42, 69-78 (1996)

239.  C. Caruso, G. Dilorenzo, M. A. Modica, G. Candore,
M. R. Portelli, G. Crescimanno, A. Ingrassia, G. B. Sangiorgi
& A. Salerno: Soluble Interleukin-2 Receptor Release Defect
Invitro in Elderly Subjects. Mech Ageing Dev 59, 27-35
(1991)

240.  M. N. Manoussakis, E. D. Stavropoulos, G. S.
Germanidis, C. A. Papasteriades, K. L. Garalea, A. S. Dontas
& H. M. Moutsopoulos: Soluble interleukin 2 receptors and
autoantibodies in the serum of healthy elderly individuals.
Autoimmunity 7, 129-37 (1990)

241.  C. J. Froelich, J. S. Burkett, S. Guiffaut, R. Kingsland
& D. Brauner: Phytohemagglutinin-induced proliferation by
aged lymphocytes: reduced expression of high affinity
interleukin 2 receptors and interleukin 2 secretion. Life Sci
43, 1583-90 (1988)

242.  H. Hara, T. Tanaka, S. Negoro, Y. Deguchi, S. Nishio,
O. Saiki & S. Kishimoto: Age-related changes of expression
of IL-2 receptor subunits and kinetics of IL-2 internalization
in T cells after mitogenic stimulation. Mech Ageing Dev 45,
167-75 (1988)

243.  R. K. Chopra, N. J. Holbrook, D. C. Powers, M. T.
McCoy, W. H. Adler & J. E. Nagel: Interleukin 2, interleukin
2 receptor, and interferon-gamma synthesis and mRNA
expression in phorbol myristate acetate and calcium
ionophore A23187-stimulated T cells from elderly humans.
Clin Immunol Immunopathol 53, 297-308 (1989)

244.  G. Candore, G. Dilorenzo, C. Caruso, M. A. Modica,
A. T. Colucci, G. Crescimanno, A. Ingrassia, G. B. Sangiorgi
& A. Salerno: The Effect of Age on Mitogen Responsive T-
Cell Precursors in Human Beings Is Completely Restored by
Interleukin-2. Mech Ageing Dev 63, 297-307 (1992)

245.  E. Mariani, P. Roda, A. R. Mariani, M. Vitale, A.
Degrassi, S. Papa & A. Faccini: Age-associated changes in
CD8+ and CD16+ cell reactivity: clonal analysis. Clin Exp
Immunol 81, 479-84 (1990)



T cell immunosenescence

253

246.  R. Paganelli, E. Scala, R. Rosso, A. Cossarizza, L.
Bertollo, D. Barbieri, A. Fabrizi, E. A. Lusi, U. Fagiolo & C.
Franceschi: A shift to Th0 cytokine production by CD4(+)
cells in human longevity: Studies on two healthy
centenarians. Eur J Immunol 26, 2030-4 (1996)

247.  J. A. Clark & T. C. Peterson: Cytokine production and
aging: Overproduction of IL-8 in elderly males in response to
lipopolysaccharide. Mech Ageing Dev 77, 127-39 (1994)

248.  U. Fagiolo, A. Cossarizza, E. Scala, E. Fanalesbelasio,
C. Ortolani, E. Cozzi, D. Monti, C. Franceschi & R.
Paganelli: Increased Cytokine Production in Mononuclear
Cells of Healthy Elderly People. Eur J Immunol 23, 2375-8
(1993)

249.  A. D. Del Pedro, M. J. Barjavel, Z. Mamdouh, S. Faure
& O. Bakouche: Signal transduction in LPS-activated aged
and young monocytes. J Interferon Cytokine Res 18, 429-37
(1998)

250.  D. Han, T. Hosokawa, A. Aoike & K. Kawai: Age-
related enhancement of tumor necrosis factor (TNF)
production in mice. Mech Ageing Dev 84, 39-54 (1995)

251.  G. P. Pawelec, A. Rehbein, K. Schaudt & F. W. Busch:
IL-4-responsive human helper T cell clones are resistant to
growth inhibition by tumor necrosis factor-alpha. J Immunol
143, 902-6 (1989)

252.  A. P. Cope, R. S. Liblau, X. D. Yang, M. Congia, C.
Laudanna, R. D. Schreiber, L. Probert, G. Kollias & H. O.
McDevitt: Chronic tumor necrosis factor alters T cell
responses by attenuating T cell receptor signaling. J Exp Med
185, 1573-84 (1997)

253.  A. Catania, L. Airaghi, P. Motta, M. G. Manfredi, G.
Annoni, C. Pettenati, F. Brambilla & J. M. Lipton: Cytokine
antagonists in aged subjects and their relation with cellular
immunity. J Gerontol Ser A-Biol Sci Med 52, B93-7 (1997)

254.  J. Mysliwska, E. Bryl, J. Foerster & A. Mysliwski:
Increase of interleukin 6 and decrease of interleukin 2
production during the ageing process are influenced by the
health status. Mech Ageing Dev 100, 313-28 (1998)

255.  J. A. Riancho, M. T. Zarrabeitia, J. A. Amado, J. M.
Olmos & J. Gonzalezmacias: Age-Related Differences in
Cytokine Secretion. Gerontology 40, 8-12 (1994)

256.  S. E. Wiedmeier, H. H. Mu, B. A. Araneo & R. A.
Daynes: Age- and Microenvironment-Associated Influences
by Platelet-Derived Growth Factor on T Cell Function. J
Immunol 152, 3417-26 (1994)

257.  T. R. Mosmann & S. Sad: The expanding universe of
T-cell subsets: Th1, Th2 and more. Immunol Today 17, 138-
46 (1996)

258.  S. Romagnani, P. Parronchi, M. M. Delios, P.
Romagnani, F. Annunziato, M. P. Piccinni, R. Manetti, S.
Sampognaro, C. Mavilia, M. Decarli, E. Maggi & G. F.
Delprete: An update on human Th1 and Th2 cells. Int Arch
Allergy Immunol 113, 153-6 (1997)

259.  G. M. Shearer: Th1/Th2 changes in aging. Mech
Ageing Dev 94, 1-5 (1997)

260.  S. L. Constant & K. Bottomly : Induction of TH1 and
TH2 CD4+ T cell responses: The alternative approaches.
Annu Rev Immunol; 15,297-322 (1997).

261.  C. Caruso, G. Candore, M. A. Modica, C. T. Bonanno,
G. Sireci, F. Dieli & A. Salerno: Major histocompatibility
complex regulation of cytokine production. J Interferon
Cytokine Res 16, 983-8 (1996)

262.  A. D'Andrea, M. Rengaraju, N. M. Valiante, J.
Chehimi, M. Kubin, M. Aste, S. H. Chan, M. Kobayashi, D.
Young, E. Nickbarg, R. Chizzonite, S. F. Wolf & G.
Trinchieri: Production of Natural Killer Cell Stimulatory
Factor (Interleukin-12) by Peripheral Blood Mononuclear
Cells. J Exp Med 176, 1387-98 (1992)

263.  M. Kubin, M. Kamoun & G. Trinchieri: Interleukin 12
synergizes with B7/CD28 interaction in inducing efficient
proliferation and cytokine production of human T cells. J
Exp Med 180, 211-22 (1994)

264.  M. McCarron, Y. Osborne, C. Story, J. L. Dempsey, R.
Turner & A. Morley: Effect of age on lymphocyte
proliferation. Mech Ageing Dev 41, 211-8 (1987)

265.  B. Grubeck-Loebenstein, H. Lechner & K. Trieb:
Long-term in vitro growth of human T cell clones: Can
postmitotic 'senescent' cell populations be defined? Int Arch
Allergy Immunol 104, 232-9 (1994)

266.  N. L. Perillo, R. L. Walford, M. A. Newman & R. B.
Effros: Human T lymphocytes possess a limited in vitro life
span. Exp Gerontol 24, 177-87 (1989)

267.  R. B. Effros & R. L. Walford: Neonatal T cells as a
model system to study the possible in vitro senescence of
lymphocytes. Exp Gerontol 22, 307-16 (1987)

268.  R. Duquesnoy & A. Zeevi: Immunogenetic analysis of
the HLA complex with alloreactive T cell clones. Human
Immunology 8, 17-23 (1983)

269.  R. B. Effros & R. L. Walford: T cell cultures and the
Hayflick limit. Human Immunology 9, 49-65 (1984)

270.  R. L. Walford, S. Q. Jawaid & F. Naeim: Evidence for
in vitro senescence of T-lymphocytes cultured from normal
human peripheral blood. Age 4, 67-70 (1981)

271.  V. J. Cristofalo, R. G. Allen, R. J. Pignolo, B. G.
Martin & J. C. Beck: Relationship between donor age and
the replicative lifespan of human cells in culture: A
reevaluation. Proc Natl Acad Sci USA 95, 10614-9 (1998)

272.  B. M. Broker, A. Y. Tsygankov, I. Muller-Fleckenstein,
A. H. Guse, N. A. Chitaev, B. Biesinger, B. Fleckenstein &
F. Emmrich: Immortalization of Human T-Cell Clones by
Herpesvirus-Saimiri - Signal Transduction Analysis Reveals
Functional CD3, CD4, and IL-2 Receptors. J Immunol 151,
1184-92 (1993)



T cell immunosenescence

254

273.  R. B. Effros, N. L. Perillo, S. Bhuta & R. Walford: In
vitro studies of human T lymphocyte senescence. In: UCLA
Symposium. Molecular Biology of Aging. Eds: Finch C.,
Johgnson T., Alan R. Liss, Inc., New York pp. 265-279
(1990)

274.  Q. Chen, A. Fischer, J. D. Reagan, L. J. Yan & B. N.
Ames: Oxidative DNA damage and senescence of human
diploid fibroblast cells. Proc Natl Acad Sci USA 92, 4337-41
(1995)

275.  H. T. Yuan, T. Kaneko & M. Matsuo: Relevance of
oxidative stress to the limited replicative capacity of cultured
human diploid cells: The limit of cumulative population
doublings increases under low concentrations of oxygen and
decreases in response to aminotriazole. Mech Ageing Dev
81, 159-68 (1995)

276.  G. Saretzki, J. L. Feng, T. vonZglinicki & B.
Villeponteau: Similar gene expression pattern in senescent
and hyperoxic-treated fibroblasts. J Gerontol Ser A Biol Sci
Med 53, B438-42 (1998)

277.  E. Flescher, H. Tripoli, K. Salnikow & F. J. Burns:
Oxidative stress suppresses transcription factor activities in
stimulated lymphocytes. Clin Exp Immunol 112, 242-7
(1998)

278.  E. GarciaArumi, A. L. Andreu, J. LopezHellin & S.
Schwartz: Effect of oxidative stress on lymphocytes from
elderly subjects. Clin Sci 94, 447-52 (1998)

279.  H. Rubin: Cell aging in vivo and in vitro. Mech Ageing
Dev 98, 1-35 (1997)

280.  R. S. Freedman, B. Tomasovic, S. Templin, E. N.
Atkinson, A. Kudelka, C. L. Edwards & C. D. Platsoucas:
Large-Scale Expansion in Interleukin-2 of Tumor-Infiltrating
Lymphocytes from Patients with Ovarian Carcinoma for
Adoptive Immunotherapy. J Immunol Methods 167, 145-60
(1994)

281.  U. Reinhold, G. Pawelec, A. Fratila, S. Leippold, R.
Bauer & H.-W. Kreysel: Phenotypic and functional
characterization of tumor infiltrating lymphocytes in mycosis
fungoides: Continuous growth of CD4+ CD45R+ T-cell
clones with suppressor-inducer activity. J Invest Dermatol
94, 304-9 (1990)

282.  K. Kaltoft, C. B. Pedersen, B. H. Hansen, A. S.
Lemonidis, J. Frydenberg & K. Thestrup-Pedersen: In vitro
genetically aberrant T cell clones with continuous growth are
associated with atopic dermatitis. Arch Dermatol Res 287,
42-7 (1994)

283.  K. Kaltoft, C. B. Pedersen, B. H. Hansen & K.
Thestruppedersen: Appearance of isochromosome 18q can
be associated with in vitro immortalization of human T
lymphocytes. Cancer Genet Cytogenet 81, 13-6 (1995)

284.  K. Kaltoft: Cytokine-driven immortalization of in vitro
activated human T lymphocytes - CD28 expression
correlates inversely with cell population doublings. Exp Clin
Immunogenet 15, 84-9 (1998)

285.  C. B. Harley, A. B. Futcher & C. W. Greider:
Telomeres shorten during ageing of human fibroblasts.
Nature 345, 458-60 (1990)

286.  J. Lindsay, N. I. McGill, L. A. Lindsay, D. K. Green &
H. J. Cooke: In vivo loss of telomeric repeats with age in
humans. Mutation Research 256, 45-8 (1991)

287.  R. C. Allsopp & C. B. Harley: Evidence for a critical
telomere length in senescent human fibroblasts. Exp Cell Res
219, 130-6 (1995)

288.  P. E. Slagboom, S. Droog & D. I. Boomsma: Genetic
determination of telomere size in humans: A twin study of
three age groups. Am J Hum Genet 55, 876-82 (1994)

289.  H. Satoh, K. Hiyama, M. Takeda, Y. Awaya, K.
Watanabe, Y. Ihara, H. Maeda, S. Ishioka & M. Yamakido:
Telomere shortening in peripheral blood cells was related
with aging but not with white blood cell count. Jpn J Hum
Genet 41, 413-7 (1996)

290.  R. C. Allsopp, H. Vaziri, C. Patterson, S. Goldstein, E.
V. Younglai, A. B. Futcher, C. W. Greider & C. B. Harley:
Telomere Length Predicts Replicative Capacity of Human
Fibroblasts. Proc Natl Acad Sci USA 89, 10114-8 (1992)

291.  H. Vaziri, F. Schachter, I. Uchida, L. Wei, X. M. Zhu,
R. Effros, D. Cohen & C. B. Harley: Loss of Telomeric DNA
During Aging of Normal and Trisomy-21 Human
Lymphocytes. Am J Hum Genet 52, 661-7 (1993)

292.  R. W. Frenck, E. H. Blackburn & K. M. Shannon: The
rate of telomere sequence loss in human leukocytes varies
with age. Proc Natl Acad Sci USA 95, 5607-10 (1998)

293.  H. Iwama, K. Ohyashiki, J. H. Ohyashiki, S. Hayashi,
N. Yahata, K. Ando, K. Toyama, A. Hoshika, M. Takasaki,
M. Mori & J. W. Shay: Telomeric length and telomerase
activity vary with age in peripheral blood cells obtained from
normal individuals. Hum Genet 102, 397-402 (1998)

294.  K. Hiyama, Y. Hirai, S. Kyoizumi, M. Akiyama, E.
Hiyama, M. A. Piatyszek, J. W. Shay, S. Ishioka & M.
Yamakido: Activation of telomerase in human lymphocytes
and hematopoietic progenitor cells. J Immunol 155, 3711-5
(1995)

295.  B. A. Kosciolek & P. T. Rowley: Human lymphocyte
telomerase is genetically regulated. Gene Chromosome
Cancer 21, 124-30 (1998)

296.  P. A. Kruk, N. J. Rampino & V. A. Bohr: DNA
damage and repair in telomeres: Relation to aging. Proc Natl
Acad Sci USA 92, 258-62 (1995)

297.  U. M. Martens, J. M. J. M. Zijlmans, S. S. S. Poon, W.
Dragowska, J. Yui, E. A. Chavez, R. K. Ward & P. M.
Lansdorp: Short telomeres on human chromosome 17p. Nat
Genet 18, 76-80 (1998)

298.  N. P. Weng, B. L. Levine, C. H. June & R. J. Hodes:
Human naive and memory T lymphocytes differ in telomeric



T cell immunosenescence

255

length and replicative potential. Proc Natl Acad Sci USA 92,
11091-4 (1995)

299.  N. D. Hastie, M. Dempster, M. G. Dunlop, A. M.
Thompson, D. K. Green & R. C. Allshire: Telomere
reduction in human colorectal carcinoma and with ageing.
Nature 346, 866-8 (1990)

300.  D. Broccoli, J. W. Young & T. De Lange: Telomerase
activity in normal and malignant hematopoietic cells. Proc
Natl Acad Sci USA 92, 9082-6 (1995)

301.  N. P. Weng, L. D. Palmer, B. L. Levine, H. C. Lane, C.
H. June & R. J. Hodes: Tales of tails: Regulation of telomere
length and telomerase activity during lymphocyte
development, differentiation, activation, and aging. Immunol
Rev 160, 43-54 (1997)

302.  K. S. Hathcock, N. P. Weng, R. Merica, M. K. Jenkins
& R. Hodes: Antigen-dependent regulation of telomerase
activity in murine T cells. J Immunol 160, 5702-6 (1998)

303.  K. J. Buchkovich & C. W. Greider: Telomerase
regulation during entry into the cell cycle in normal human T
cells. Mol Biol Cell 7, 1443-54 (1996)

304.  O. Yamada, T. Motoji & H. Mizoguchi: Up-regulation
of telomerase activity in human lymphocytes. Bba-Mol Cell
Res 1314, 260-6 (1996)

305.  A. G. Bodnar, N. W. Kim, R. B. Effros & C. P. Chiu:
Mechanism of telomerase induction during T cell activation.
Exp Cell Res 228, 58-64 (1996)

306.  C. G. Pan, B. H. Xue, T. M. Ellis, D. J. Peace & M. O.
Diaz: Changes in telomerase activity and telomere length
during human T lymphocyte senescence. Exp Cell Res 231,
346-53 (1997)

307.  C. Strahl & E. H. Blackburn: Effects of reverse
transcriptase inhibitors on telomere length and telomerase
activity in two immortalised human cell lines. Mol Cell Biol
16, 53-65 (1996)

308.  T. M. Bryan, A. Englezou, L. Dallapozza, M. A.
Dunham & R. R. Reddel: Evidence for an alternative
mechanism for maintaining telomere length in human tumors
and tumor-derived cell lines. Nature Med 3, 1271-4 (1997)

309.  M. K. Kang, W. T. Guo & N. H. Park: Replicative
senescence of normal human oral keratinocytes is associated
with the loss of telomerase activity without shortening of
telomeres. Cell Growth Differ 9, 85-95 (1998)

310.  H. Vaziri & S. Benchimol: Reconstitution of
telomerase activity in normal human cells leads to elongation
of telomeres and extended replicative life span. Curr Biol 8,
279-82 (1998)

311.  A. G. Bodnar, M. Ouellette, M. Frolkis, S. E. Holt, C.
P. Chiu, G. B. Morin, C. B. Harley, J. W. Shay, S.
Lichtsteiner & W. E. Wright: Extension of life-span by
introduction of telomerase into normal human cells. Science
279, 349-52 (1998)

312.  C. M. Counter, M. Meyerson, E. N. Eaton, L. W.
Ellisen, S. D. Caddle, D. A. Haber & R. A. Weinberg:
Telomerase activity is restored in human cells by ectopic
expression of hTERT (hEST2), the catalytic subunit of
telomerase. Oncogene 16, 1217-22 (1998)

313.  H. Rubin: Telomerase and cellular lifespan: Ending the
debate? Nat Biotechnol 16, 396-7 (1998)

314.  A. R. McLean & C. A. Michie: In vivo estimates of
division and death rates of human T lymphocytes. Proc Natl
Acad Sci USA 92, 3707-11 (1995)

315.  P. C. L. Beverley, C. A. Michie & J. L. Young:
Memory and the Lifespan of Human T-Lymphocytes.
Leukemia 7, S50-4 (1993)

316.  L. Bruno, H. Von Boehmer & J. Kirberg: Cell division
in the compartment of naive and memory T lymphocytes.
Eur J Immunol 26, 3179-84 (1996)

317.  C. Tanchot, F. A. Lemonnier, B. Perarnau, A. A.
Freitas & B. Rocha: Differential requirements for survival
and proliferation of CD8 naive or memory T cells. Science
276, 2057-62 (1997)

318.  S. L. Swain, L. M. Bradley, M. Croft, S. Tonkonogy,
G. Atkins, A. D. Weinberg, D. D. Duncan, S. M. Hedrick, R.
W. Dutton & G. Huston: Helper T-Cell Subsets - Phenotype,
Function and the Role of Lymphokines in Regulating Their
Development. Immunol Rev 123, 115-44 (1991)

319.  R. B. Effros & G. Pawelec: Replicative senescence of T
lymphocytes: does the Hayflick Limit lead to immune
exhaustion? Immunol Today 18, 450-4 (1997)

320.  B. Rehermann, C. Ferrari, C. Pasquinelli & F. V.
Chisari: The hepatitis B virus persists for decades after
patients' recovery from acute viral hepatitis despite active
maintenance of a cytotoxic T-lymphocyte response. Nature
Med 2, 1104-8 (1996)

321.  H. C. Lane: The generation of CD4 T lymphocytes in
patients with HIV infection. J Biol Regulat Homeost Agent
9, 107-9 (1995)

322.  E. N. Mugnaini, A. Spurkland, T. Egeland, M. Sannes
& J. E. Brinchmann: Demonstration of identical expanded
clones within both CD8(+) CD28(+) and CD8(+) CD28(-)
T cell subsets in HIV type 1-infected individuals. Eur J
Immunol 28, 1738-42 (1998)

323.  J. P. Pommier, L. Gautheir, J. Livartowski, P.
Galanaud, F. Boue, A. Dulioust, D. Marce, C. Ducray, L.
Sabatier, J. Lebeau & F. D. Boussin: Immunosenescence in
HIV pathogenesis. Virology 231, 148-54 (1997)

324.  R. Kammerer, A. Iten, P. C. Frei & P. Burgisser:
Expansion of T cells negative for CD28 expression in HIV
infection. Relation to activation markers and cell adhesion
molecules, and correlation with prognostic markers. Med
Microbiol Immunol 185, 19-25 (1996)



T cell immunosenescence

256

325.  S. Zanussi, C. Simonelli, M. Dandrea, C. Caffau, M.
Clerici, U. Tirelli & P. Depaoli: CD8(+) lymphocyte
phenotype and cytokine production in long-term non-
progressor and in progressor patients with HIV-1 infection.
Clin Exp Immunol 105, 220-4 (1996)

326.  W. H. Adler, P. V. Baskar, F. J. Chrest, B. Dorsey-
Cooper, R. A. Winchurch & J. E. Nagel: HIV infection and
aging: Mechanisms to explain the accelerated rate of
progression in the older patient. Mech Ageing Dev 96, 137-
55 (1997)

327.  M. Roglic, R. D. Macphee, S. R. Duncan, F. R. Sattler
& A. N. Theofilopoulos: T cell receptor (TCR) BV gene
repertoires and clonal expansions of CD4 cells in patients
with HIV infections. Clin Exp Immunol 107, 21-30 (1997)

328.  K. C. Wolthers, G. B. A. Wisman, S. A. Otto, A. M. D.
Husman, N. Schaft, F. Dewolf, J. Goudsmit, R. A. Coutinho,
A. G. J. Vanderzee, L. Meyaard & F. Miedema: T cell
telomere length in HIV-1 infection: No evidence for
increased CD4(+) T cell turnover. Science 274, 1543-7
(1996)

329.  C. Paganin, D. S. Monos, J. D. Marshall, I. Frank & G.
Trinchieri: Frequency and cytokine profile of HPRT mutant
T cells in HIV-infected and healthy donors: Implications for
T cell proliferation in HIV disease. J Clin Invest 99, 663-8
(1997)

330.  C. L. Mackall, C. V. Bare, L. A. Granger, S. O.
Sharrow, J. A. Titus & R. E. Gress: Thymic-independent T
cell regeneration occurs via antigen-driven expansion of
peripheral T cells resulting in a repertoire that is limited in
diversity and prone to skewing. J Immunol 156, 4609-16
(1996)

331.  S. Takeda, H. R. Rodewald, H. Arakawa, H.
Bluethmann & T. Shimizu: MHC class II molecules are not
required for survival of newly generated CD4(+) T cells, but
affect their long-term life span. Immunity 5, 217-28 (1996)

332.  M. Salmon, D. Pilling, N. J. Borthwick, N. Viner, G.
Janossy, P. A. Bacon & A. N. Akbar: The Progressive
Differentiation of Primed T Cells Is Associated with an
Increasing Susceptibility to Apoptosis. Eur J Immunol 24,
892-9 (1994)

333.  W. Gombert, N. J. Borthwick, D. L. Wallace, H. Hyde,
M. Bofill, D. Pilling, P. C. L. Beverley, G. Janossy, M.
Salmon & A. N. Akbar: Fibroblasts prevent apoptosis of IL-
2-deprived T cells without inducing proliferation: A selective
effect on Bcl-x(L) expression. Immunology 89, 397-404
(1996)

334.  C. Cherbonnellasserre, S. Gauny & A. Kronenberg:
Suppression of apoptosis by Bcl-2 or Bcl-x(L) promotes
susceptibility to mutagenesis. Oncogene 13, 1489-97 (1996)

335.  S. Kudlacek, S. Jahandideh-Kazempour, W. Graninger,
R. Willvonseder & P. Pietschmann: Differential expression
of various T cell surface markers in young and elderly
subjects. Immunobiology 192, 198-204 (1995)

336.  S. Shinohara, T. Sawada, Y. Nishioka, S. Tohma, T.
Kisaki, T. Inoue, K. Ando, M. Ikeda, H. Fujii & K. Ito:
Differential expression of Fas antigen and bcl-2 protein on
CD4(+) T cells, CD8(+) T cells, and monocytes. Cell
Immunol 163, 303-8 (1995)

337.  T. Miyawaki, T. Uehara, R. Nibu, T. Tsuji, A. Yachie,
S. Yonehara & N. Taniguchi: Differential Expression of
Apoptosis-Related Fas Antigen on Lymphocyte
Subpopulations in Human Peripheral Blood. J Immunol 149,
3753-8 (1992)

338.  M. A. Phelouzat, T. La Forge, A. Arbogast, R. A.
Quadri, S. Boutet & J. J. Proust: Susceptibility to apoptosis
of T lymphocytes from elderly humans is associated with
increased in vivo expression of functional Fas receptors.
Mech Ageing Dev 96, 35-46 (1997)

339.  R. Aspinall, J. Carroll & S. S. Jiang: Age-related
changes in the absolute number of CD95 positive cells in T
cell subsets in the blood. Exp Gerontol 33, 581-91 (1998)

340.  S. Aggarwal & S. Gupta: Increased apoptosis of T cell
subsets in aging humans: Altered expression of Fas (CD95),
Fas ligand, Bcl-2, and Bax. J Immunol 160, 1627-37 (1998)

341.  C. Vermot-Desroches, M. H. Cattin & J. Wijdenes:
CD95 Workshop: Different monoclonal antibody valency
required to induce apoptosis in SKW6.4 cells. In: Leukocyte
Typing VI. Eds: T. Kishimoto et al., Garland Publishing,
Inc., New York pp. 806-808 (1998)

342.  F. J. Herndon, H. C. Hsu & J. D. Mountz: Increased
apoptosis of CD45RO(-) T cells with aging. Mech Ageing
Dev 94, 123-34 (1997)

343.  M. Seishima, M. Takemura, K. Saito, H. Sano, S.
Minatoguchi, H. Fujiwara, T. Hachiya & A. Noma: Highly
sensitive ELISA for soluble fas in serum: Increased soluble
Fas in the elderly. Clin Chem 42, 1911-4 (1996)

344.  M. A. Phelouzat, A. Arbogast, T. S. Laforge, R. A.
Quadri & J. J. Proust: Excessive apoptosis of mature T
lymphocytes is a characteristic feature of human immune
senescence. Mech Ageing Dev 88, 25-38 (1996)

345.  H. Lechner, M. Amort, M. M. Steger, C. Maczek & B.
Grubeck-Loebenstein: Regulation of CD95(APO-1)
expression and the induction of apoptosis in human T cells:
Changes in old age. Int Arch Allergy Immunol 110, 238-43
(1996)

346.  M. Potestio, C. Caruso, F. Gervasi, G. Scialabba, C.
D'Anna, G. DiLorenzo, C. R. Balistreri, G. Candore & G.
Colonna Romano: Apoptosis and ageing. Mech Ageing Dev
102, 221-37 (1998)

347.  B. Adkins, K. Chun, K. Hamilton & M. Nassiri: Naive
murine neonatal T cells undergo apoptosis in response to
primary stimulation. J Immunol 157, 1343-9 (1996)

348.  E. Ayroldi, O. Zollo, L. Cannarile, F. D. DAdamio, U.
Grohmann, D. V. Delfino & C. Riccardi: Interleukin-6 (IL-6)



T cell immunosenescence

257

prevents activation-induced cell death: IL-2-independent
inhibition of Fas/fasL expression and cell death. Blood 92,
4212-9 (1998)

349.  M. Hosono, T. Hosokawa, Y. Aiba & Y. Katsura:
Termination by early deletion of V beta 8(+) T cells of aged
mice in response to staphylococcal enterotoxin B. Mech
Ageing Dev 87, 99-114 (1996)

350.  M. L. Gougeon, H. Lecoeur, A. Dulioust, M. G. Enouf,
M. Crouvoisier, C. Goujard, T. Debord & L. Montagnier:
Programmed cell death in peripheral lymphocytes from HIV-
infected persons - Increased susceptibility to apoptosis of
CD4 and CD8 T cells correlates with lymphocyte activation
and with disease progression. J Immunol 156, 3509-20
(1996)

351.  A. Cayota, F. Vuillier, G. Gonzalez & G. Dighiero: In
vitro antioxidant treatment recovers proliferative responses
of anergic CD4(+) lymphocytes from human
immunodeficiency virus-infected individuals. Blood 87,
4746-53 (1996)

352.  R. D. Schrier, C. A. Wiley, C. Spina, J. A. McCutchan
& I. Grant: Pathogenic and protective correlates of T cell
proliferation in AIDS. J Clin Invest 98, 731-40 (1996)

353.  T. Zhou, C. K. Edwards & J. D. Mountz: Prevention of
age-related T cell apoptosis defect in CD2-fas-transgenic
mice. J Exp Med 182, 129-37 (1995)

354.  H. C. Hsu, T. Zhou, P. A. Yang, G. A. Herrera & J. D.
Mountz: Increased acute-phase response and renal
amyloidosis in aged CD2-fas-transgenic mice. J Immunol
158, 5988-96 (1997)

355.  M. V. Clement & I. Stamenkovic: Fas and tumor
necrosis factor receptor-mediated cell death: Similarities and
distinctions. J Exp Med 180, 557-67 (1994)

356.  C. C. Spaulding, R. L. Walford & R. B. Effros: The
accumulation of non-replicative, non-functional, senescent T
cells with age is avoided in calorically restricted mice by an
enhancement of T cell apoptosis. Mech Ageing Dev 93, 25-
33 (1997)

357.  K. Polyak, T. T. Wu, S. R. Hamilton, K. W. Kinzler &
B. Vogelstein: Less death in the dying. Cell Death
Differentiation 4, 242-6 (1997)

358.  E. Wang, M. J. Lee & S. Pandey: Control of fibroblast
senescence and activation of programmed cell death. J Cell
Biochem 54, 432-40 (1994)

359.  M. Provinciali, G. DiStefano & S. Stronati: Flow
cytometric analysis of CD3/TCR complex, zinc, and
glucocorticoid-mediated regulation of apoptosis and cell
cycle distribution in thymocytes from old mice. Cytometry
32, 1-8 (1998)

360.  A. D. Roberts & I. M. Orme: CD95 expression in aged
mice infected with tuberculosis. Infect Immun 66, 5036-40
(1998)

361.  Y. Higami, I. Shimokawa, M. Tomita, T. Okimoto, T.
Koji, N. Kobayashi & T. Ikeda: Aging accelerates but life-
long dietary restriction suppresses apoptosis-related Fas
expression on hepatocytes. Am J Pathol 151, 659-63 (1997)

362.  E. Remarque & G. Pawelec: T cell immunosenescence
and its clinical relevance in man. Reviews in Clinical
Gerontology 8, 5-25 (1998)

363.  F. A. Huppert, W. Solomou, S. OConnor, K. Morgan,
P. Sussams & C. Brayne: Aging and lymphocyte
subpopulations: Whole-blood analysis of immune markers in
a large population sample of healthy elderly individuals. Exp
Gerontol 33, 593-600 (1998)

364.  R. A. Miller: Aging and immune function. In:
Fundamental Immunology. Ed Paul W. E., Lippincott,
Williams & Wilkins, Philadelphia pp. 947-966 (1998)

365.  R. A. Miller: Age-related changes in T cell surface
markers: A longitudinal analysis in genetically
heterogeneous mice. Mech Ageing Dev 96, 181-96 (1997)

366.  I. Hannet, F. Erkeller-Yuksel, P. Lydyard, V. Deneys &
M. De Bruyere: Developmental and Maturational Changes in
Human Blood Lymphocyte Subpopulations. Immunol Today
13, 215-8 (1992)

367.  H. Gabriel, B. Schmitt & W. Kindermann: Age-Related
Increase of CD45RO+ Lymphocytes in Physically Active
Adults. Eur J Immunol 23, 2704-6 (1993)

368.  A. Lerner, T. Yamada & R. A. Miller: Pgp-I hi
lymphocytes accumulate with age in mice and respond
poorly to concanavalin A. Eur J Immunol 19, 977-82 (1989)

369.  K. Flurkey, M. Stadecker & R. A. Miller: Memory
Lymphocyte-T Hyporesponsiveness to Non-Cognate Stimuli
-A Key Factor in Age-Related Immunodeficiency. Eur J
Immunol 22, 931-5 (1992)

370.  J. M. Witkowski, S. K. P. Li, G. Gorgas & R. A.
Miller: Extrusion of the P glycoprotein substrate rhodamine-
123 distinguishes CD4 memory T cell subsets that differ in
IL-2-driven IL-4 production. J Immunol 153, 658-65 (1994)

371.  A. Cossarizza, C. Ortolani, R. Paganelli, D. Barbieri, D.
Monti, P. Sansoni, U. Fagiolo, G. Castellani, F. Bersani, M.
Londei & C. Franceschi: CD45 isoforms expression on
CD4(+) and CD8(+) T cells throughout life, from newborns
to centenarians: Implications for T cell memory. Mech
Ageing Dev 86, 173-95 (1996)

372.  X. N. Xu, I. Beckman, M. Ahern & J. Bradley: A
Comprehensive Analysis of Peripheral Blood Lymphocytes
in Healthy Aged Humans by Flow Cytometry. Immun Cell
Biol 71, 549-57 (1993)

373.  J. Drach, A. Gsur, G. Hamilton, S. R. Zhao, J.
Angerler, M. Fiegl, N. Zojer, M. Raderer, I. Haberl, M.
Andreeff & H. Huber: Involvement of p-glycoprotein in the
transmembrane transport of interleukin-2 (IL-2), IL-4, and
interferon-gamma in normal human T lymphocytes. Blood
88, 1747-54 (1996)



T cell immunosenescence

258

374.  G. Raghu, S. W. Park, I. B. Roninson & E. B.
Mechetner: Monoclonal antibodies against P-glycoprotein,
an MDR1 gene product, inhibit interleukin-2 release from
PHA-activated lymphocytes. Exp Hematol 24, 1258-64
(1996)

375.  J. M. Witkowski, G. Gorgas & R. A. Miller: Reciprocal
expression of P-glycoprotein and TAP1 accompanied by
higher expression of MHC class I antigens in T cells of old
mice. J Gerontol Ser A-Biol Sci Med 51, B76-82 (1996)

376.  G. Russ, M. Ramachandra, C. A. Hrycyna, M. M.
Gottesman, I. Pastan, J. R. Bennink & J. W. Yewdell: P-
glycoprotein plays an insignificant role in the presentation of
antigenic peptides to CD8+ T cells. Cancer Res 58, 4688-93
(1998)

377.  N. Bining & R. A. Miller: Cytokine production by
subsets of CD4 memory T cells differing in P-glycoprotein
expression: Effects of aging. J Gerontol Ser A-Biol Sci Med
52, B137-45 (1997)

378.  P. J. Linton, L. Haynes, N. R. Klinman & S. L. Swain:
Antigen-independent changes in naive CD4 T cells with
aging. J Exp Med 184, 1891-900 (1996)

379.  C. Kurashima & M. Utsuyama: Age-related changes of
cytokine production by murine helper T cell subpopulations.
Pathobiology 65, 155-62 (1997)

380.  S. Kukel, U. Reinhold, I. Oltermann & H. W. Kreysel:
Progressive increase of CD7(-) T cells in human blood
lymphocytes with ageing. Clin Exp Immunol 98, 163-8
(1994)

381.  U. Reinhold, H. Abken, S. Kukel, M. Moll, R. Muller,
I. Oltermann & H. W. Kreysel: CD7- T-Cells Represent a
Subset of Normal Human Blood Lymphocytes. J Immunol
150, 2081-9 (1993)

382.  U. Reinhold, L. Liu, J. Sesterhenn & H. Abken: CD7-
negative T cells represent a separate differentiation pathway
in a subset of post-thymic helper T cells. Immunology 89,
391-6 (1996)

383.  A. I. Lazarovits, M. J. White & J. Karsh: CD7-negative
cells in rheumatoid arthritis. Arthritis Rheum 35, 615-24
(1992)

384.  B. Barrou, E. Legac, C. Blanc, M. O. Bitker, J. Luviani,
C. Chatelain, P. Debre & B. Autran: Expansion of CD4+
CD7- T helper cells with a Th0-Th2 function in kidney
transplant recipients. Transplant Proc 27, 1676-7 (1995)

385.  U. Reinhold & H. Abken: CD4(+)CD7(-) T cells: A
separate subpopulation of memory T cells? J Clin Immunol
17, 265-71 (1997)

386.  G. Pawelec, M. Adibzadeh, R. Solana & I. Beckman:
The T cell in the ageing individual. Mech Ageing Dev 93,
35-45 (1997)

387.  R. B. Effros: Replicative senescence in the immune
system: Impact of the hayflick limit on T-cell function in the
elderly. Am J Hum Genet 62, 1003-7 (1998)

388.  D. N. Posnett, R. Sinha, S. Kabak & C. Russo: Clonal
Populations of T Cells in Normal Elderly Humans -The T
Cell Equivalent to Benign Monoclonal Gammapathy. J Exp
Med 179, 609-18 (1994)

389.  R. Schwab, P. Szabo, J. S. Manavalan, M. E. Weksler,
D. N. Posnett, C. Pannetier, P. Kourilsky & J. Even:
Expanded CD4(+) and CD8(+) T cell clones in elderly
humans. J Immunol 158, 4493-9 (1997)

390.  S. L. Silins, S. M. Cross, K. G. Krauer, D. J. Moss, C.
W. Schmidt & I. S. Misko: A functional link for major TCR
expansions in healthy adults caused by persistent Epstein-
Barr virus infection. J Clin Invest 102, 1551-8 (1998)

391.  W. O. Dutra, O. A. Martins, J. R. Cancado, J. C.
Pintodias, Z. Brener, G. Gazzinelli, J. F. Carvalho & D. G.
Colley: Chagasic patients lack CD28 expression on many of
their circulating T lymphocytes. Scand J Immunol 43, 88-93
(1996)

392.  E. Rossi, E. Matutes, R. Morilla, K. Owusuankomah,
A. M. Heffernan & D. Catovsky: Zeta chain and CD28 are
poorly expressed on T lymphocytes from chronic
lymphocytic leukemia. Leukemia 10, 494-7 (1996)

393.  L. E. VandenHove, S. W. VanGool, P. Vandenberghe,
M. A. Boogaerts & J. L. Ceuppens: CD57(+)/CD28(-) T
cells in untreated hemato-oncological patients are expanded
and display a Th1-type cytokine secretion profile, ex vivo
cytolytic activity and enhanced tendency to apoptosis.
Leukemia 12, 1573-82 (1998)

394.  L. I. Roman, L. Manzano, A. Delahera, L. Abreu, I.
Rossi & M. Alvarezmon: Expanded CD4(+)CD45RO(+)
phenotype and defective proliferative response in T
lymphocytes from patients with Crohn's disease.
Gastroenterology 110, 1008-19 (1996)

395.  Y. Ono, K. Mizutani, O. Kamihira, R. Hattori & S.
Ohshima: Depressed expression of CD 28 antigen on
lymphocytes in long-term kidney transplant patients.
Transplant Proc 30, 1164-6 (1998)

396.  K. Mizutani, Y. Ono, R. Hattori, O. Kamihira, S.
Ohshima & K. Otsuka: Low MLR stimulation index and
depressed CD28 antigen expression in long-term renal
transplant recipients. Transplant Proc 30, 2970-3 (1998)

397.  C. Hebib, E. Leroy, M. Rouleau, S. Fornairon, D.
Metivier, F. Hirsch, G. Kroemer, C. Legendre, A. Senik & B.
Charpentier: Pattern of cytokine expression in circulation
CD57(+) T cells from long-term renal allograft recipients.
Transpl Immunol 6, 39-47 (1998)

398.  D. Schmidt, J. J. Goronzy & C. M. Weyand: CD4(+)
CD7(-) CD28(-) T cells are expanded in rheumatoid arthritis
and are characterized by autoreactivity. J Clin Invest 97,
2027-37 (1996)



T cell immunosenescence

259

399.  D. Schmidt, P. B. Martens, C. M. Weyand & J. J.
Goronzy: The repertoire of CD4(+) CD28(-) T cells in
rheumatoid arthritis. Mol Med 2, 608-18 (1996)

400.  A. Chapman, S. J. Stewart, G. T. Nepom, W. F. Green,
D. Crowe, J. W. Thomas & G. G. Miller: CD11b(+)CD28(-
)CD4(+) human T cells - Activation requirements and
association with HLA-DR alleles. J Immunol 157, 4771-80
(1996)

401.  M. Schirmer, A. N. Vallejo, C. M. Weyand & J. J.
Goronzy: Resistance to apoptosis and elevated expression of
Bcl-2 in clonally expanded CD4(+)CD28(-) T cells from
rheumatoid arthritis patients. J Immunol 161, 1018-25 (1998)

402.  M. Aringer, W. Wintersberger, C. W. Steiner, H.
Kiener, E. Presterl, U. Jaeger, J. S. Smolen & W. B.
Graninger: High levels of bcl-2 protein in circulating T
lymphocytes, but not B lymphocytes, of patients with
systemic lupus erythematosus. Arthritis Rheum 37, 1423-30
(1994)

403.  I. M. Orme & A. D. Roberts: Changes in
integrin/adhesion molecule expression, but not in the T-cell
receptor repertoire, in old mice infected with tuberculosis.
Mech Age Dev 105, 19-29 (1998)

404.  J. E. Callahan, J. W. Kappler & P. Marrack:
Unexpected Expansions of CD8-Bearing Cells in Old Mice.
J Immunol 151, 6657-69 (1993)

405.  N. S. Ricalton, C. Roberton, J. M. Norris, M. Rewers,
R. F. Hamman & B. L. Kotzin: Prevalence of CD8(+) T-cell
expansions in relation to age in healthy individuals. J
Gerontol Ser A Biol Sci Med 53, B196-203 (1998)

406.  F. Batliwalla, J. Monteiro, D. Serrano & P. K.
Gregersen: Oligoclonality of CD8+ T cells in health and
disease: Aging, infection, or immune regulation? Hum
Immunol 48, 68-76 (1996)

407.  N. K. Damle, N. Mohagheghpour, J. A. Hansen & E.
G. Engleman: Alloantigen-specific cytotoxic and suppressor
T lymphocytes are derived from phenotypically distinct
precursors. J Immunol 131, 2296-300 (1983)

408.  G. M. Crisi, V. K. Tsiagbe, C. Russo, R. S. Basch & G.
J. Thorbecke: Evaluation of presence and functional activity
of potentially self-reactive T cells in aged mice. Int Immunol
8, 387-95 (1996)

409.  C. H. Clegg, J. T. Rulffes, P. M. Wallace & H. S.
Haugen: Regulation of an extrathymic T-cell development
pathway by oncostatin M. Nature 384, 261-3 (1996)

410.  B. Zheng, S. H. Han, Q. Zhu, R. Goldsby & G. Kelsoe:
Alternative pathways for the selection of antigen-specific
peripheral T cells. Nature 384, 263-6 (1996)

411.  G. Pawelec, R. Müller, A. Rehbein, K. Hähnel & B. L.
Ziegler: Extrathymic T cell differentiation in vitro from
CD34+ stem cells. J Leukocyte Biol 64,733-9 (1998)

412.  R. L. Mosley, M. M. Koker & R. A. Miller:
Idiosyncratic alterations of TCR size distributions affecting
both CD4 and CD8 T cell subsets in aging mice. Cell
Immunol 189, 10-8 (1998)

413.  A. S. Rosenberg, J. M. G. Sechler, J. A. Horvath, T. G.
Maniero & E. T. Bloom: Assessment of alloreactive T cell
subpopulations of aged mice in vivo. CD4+ but not CD8+ T
cell-mediated rejection response declines with advanced age.
Eur J Immunol 24, 1312-6 (1994)

414.  M. Ruiz, B. Esparza, M. Barranquero, E. Sabino & F.
Merino: T cell receptor V-segment frequencies in aged
individuals. Immunol Invest 25, 111-4 (1996)

415.  J. Grunewald & H. Wigzell: T-cell expansions in
healthy indivduals. The Immunologist 4, 99-103 (1996)

416.  A. Wack, A. Cossarizza, S. Heltai, D. Barbieri, S.
DAddato, C. Fransceschi, P. Dellabona & G. Casorati: Age-
related modifications of the human alpha beta T cell
repertoire due to different clonal expansions in the CD4(+)
and CD8(+) subsets. Int Immunol 10, 1281-8 (1998)

417.  I. Waase, C. Kayser, P. J. Carlson, J. J. Goronzy & C.
M. Weyand: Oligoclonal T cell proliferation in patients with
rheumatoid arthritis and their unaffected siblings. Arthritis
Rheum 39, 904-13 (1996)

418.  A. Colombatti, R. Doliana, M. Schiappacassi, C.
Argentini, E. Tonutti, C. Feruglio & P. Sala: Age-related
persistent clonal expansions of CD28(-) cells: Phenotypic
and molecular TCR analysis reveals both CD4(+) and
CD4(+) CD8(+) cells with identical CDR3 sequences. Clin
Immunol Immunopathol 89, 61-70 (1998)

419.  A. Z. La Croix, S. Lipson, T. P. Miles & L. Whilte:
Prospective study of pneumonia hospitalization and mortality
of US older people: the role of chronic conditions, health
behaviors and nutritional status. Public Health Rep 104, 350-
60 (1989)

420.  R. J. Ackermann & P. W. Munroe: Bacteremic urinary
tract infection in older people. J Am Geriatr Soc 44, 927-33
(1996)

421.  B. Chattopadhyay & M. Al-Zahawi: Septicemia and its
unacceptably high mortality in the elderly. Journal of
Infection 7, 134-8 (1983)

422.  G. J. Gorse, L. D. Thrupp, K. L. Nudleman, F. A.
Wyle, B. Hawkins & T. C. Cesario: Bacterial meningitis in
the elderly. Arch Intern Med 144, 1603-7 (1984)

423.  W. H. Barker & J. P. Mullooly: Impact of epidemic
type A influenza in a defined adult population. Am J
Epidemiol 112, 798-813 (1980)

424.  M. J. W. Sprenger, P. G. H. Mulder, W. E. P. Beyer, R.
Van Strik & N. Masurel: Impact of influenza on mortality in
relation to age and underlying disease. Int J Epidemiol 22,
334-40 (1993)



T cell immunosenescence

260

425.  T. T. Yoshikawa: Perspective: Aging and infectious
diseases: Past, present, and future. J Infect Dis 176, 1053-7
(1997)

426.  S. Horiuchi & J. R. Wilmoth: Age patterns of the life
table aging rate for major causes of death in Japan, 1951-
1990. J Gerontol Ser A-Biol Sci Med 52, B67-77 (1997)

427.  B. Ljungquist, S. Berg & B. Steen: Determinants
survival: An analysis of the effects of age at observation and
length of the predictive period. Aging-Clin Exp Res 8, 22-31
(1996)

428.  K. C. Meyer, W. Ershler, N. S. Rosenthal, X. C. Lu &
K. Peterson: Immune dysregulation in the aging human lung.
Amer J Respir Crit Care Med 153, 1072-9 (1996)

429.  K. C. Meyer, N. S. Rosenthal, P. Soergel & K.
Peterson: Neutrophils and low-grade inflammation in the
seemingly normal aging human lung. Mech Ageing Dev 104,
169-81 (1998)

430.  C. J. Johnston, J. N. Finkelstein, R. Gelein & G.
Oberdorster: Pulmonary inflammatory responses and
cytokine and antioxidant mRNA levels in the lungs of young
and old C57BL/6 mice after exposure to teflon fumes. Inhal
Toxicol 10, 931-53 (1998)

431.  T. Yagi, A. Sato, H. Hayakawa & K. Ide: Failure of
aged rats to accumulate eosinophils in allergic inflammation
of the airway. J Allerg Clin Immunol 99, 38-47 (1997)

432.  K. Ogata, N. Yokose, H. Tamura, E. An, K. Nakamura,
K. Dan & T. Nomura: Natural killer cells in the late decades
of human life. Clin Immunol Immunopathol 84, 269-75
(1997)

433.  A. Mysliwski, J. Mysliwska, T. Chodnik, J. Bigda, E.
Bryl & J. Foerster: Elderly High NK Responders Are
Characterized by Intensive Proliferative Response to PHA
and Con-A and Optimal Health Status. Arch Gerontol Geriatr
16, 199-205 (1993)

434.  M. Utsuyama, J. W. Albright, K. L. Holmes, K.
Hirokawa & J. F. Albright: Changes in the subsets of CD4(+)
T cells in Trypanosoma musculi infection: Delay of
immunological cure in young mice and the weak ability of
aged mice to control the infection. Int Immunol 6, 1107-15
(1994)

435.  K. M. Aguirre, G. W. Gibson & L. L. Johnson:
Decreased resistance to primary intravenous Cryptococcus
neoformans infection in aged mice despite adequate
resistance to intravenous rechallenge. Infect Immun 66,
4018-24 (1998)

436.  R. Berger, G. Florent & M. Just: Decrease of the
lymphoproliferative response to varicella-zoster virus antigen
in the aged. Infect Immun 32, 24-7 (1981)

437.  Y. Zhang, M. Cosyns, M. J. Levin & A. R. Hayward:
Cytokine production in varicella zoster virus-stimulated
limiting dilution lymphocyte cultures. Clin Exp Immunol 98,
128-33 (1994)

438.  R. Dworsky, A. Paganini-Hill, M. Arthur & J. Parker:
Immune responses of healthy humans 83-104 years of age.
JNCI 71, 265-8 (1983)

439.  U. Fagiolo, A. Amadori, R. Biselli, R. Paganelli, R.
Nisini, E. Cozzi, R. Zamarchi & R. Damelio: Quantitative
and Qualitative Analysis of Anti-Tetanus Toxoid Antibody
Response in the Elderly - Humoral Immune Response
Enhancement by Thymostimulin. Vaccine 11, 1336-40
(1993)

440.  I. Mastroeni, N. Vescia, M. G. Pompa, M. S.
Cattaruzza, G. P. Marini & G. M. Fara: Immune Response of
the Elderly to Rabies Vaccines. Vaccine 12, 518-20 (1994)

441.  G. E. Degreef, M. J. D. Vantol, C. G. M. Kallenberg,
G. J. Vanstaalduinen, E. J. Remarque, Y. I. Tjandra & W.
Hijmans: Influence of Ageing on Antibody Formation Invivo
After Immunisation with the Primary T-Cell Dependent
Antigen Helix-Pomatia Haemocyanin. Mech Ageing Dev 66,
15-28 (1992)

442.  B. Lesourd: Protein undernutrition as the major cause
of decreased immune function in the elderly: clinical and
functional implications. Nutr Rev 53, S86-94 (1995)

443.  F. L. Ruben, J. Nagel & P. P. Fireman: Antitoxin
responses in the elderly to tetanus-diptheria in the (Td)
immunisations. Am J Epidemiol 108, 145-55 (1978)

444.  K. B. Armitage, E. G. Duffy, M. A. Mincek, C. B.
Miller, F. Vanderkuyp, D. L. Hom, J. A. Munger, K. L.
Edmonds, L. S. Ferguson, E. A. Rich & J. J. Ellner:
Transient Normalization of Lymphocyte Blastogenic and
Specific Antibody Responses Following Boosting of Healthy
Elderly Subjects with Tetanus Toxoid. J Gerontol 48, M19-
25 (1993)

445.  M. M. Steger, C. Maczek, P. Berger & B. Grubeck-
Loebenstein: Vaccination against tetanus in the elderly: do
recommended vaccination strategies give sufficient
protection? Lancet 348, 762 (1996)

446.  D. Schatz, T. Ellis, E. Ottendorfer, E. Jodoin, D. Barrett
& M. Atkinson: Aging and the immune response to tetanus
toxoid: Diminished frequency and level of cellular immune
reactivity to antigenic stimulation. Clin Diagn Lab Immunol
5, 894-6 (1998)

447.  E. J. Remarque, W. C. A. Van Beek, G. J. Ligthart, R.
J. A. Borst, L. Nagelkerken & A. M. Palache: Improvement
of the immunoglobulin subclass response to influenza
vaccine in elderly nursing home residents by the use of high
dose vaccines. Vaccine 11, 649-54 (1993)

448.  D. C. Powers: Effect of Age on Serum
Immunoglobulin G Subclass Antibody Responses to
Inactivated Influenza Virus Vaccine. J Med Virol 43, 57-61
(1994)

449.  D. C. Powers & R. B. Belshe: Effect of age on
cytotoxic T lymphocyte memory as well as serum and local
antibody responses elicited by inactivated influenza virus
vaccine. J Infect Dis 167, 584-92 (1993)



T cell immunosenescence

261

450.  D. C. Powers & R. B. Belshe: Vaccine-induced
antibodies to heterologous influenza A H1N1 viruses: Effects
of aging and "original antigenic sin". J Infect Dis 169, 1125-9
(1994)

451.  J. E. McElhaney, G. S. Meneilly, K. E. Lechelt, B. L.
Beattie & R. C. Bleackley: Antibody response to whole-virus
and split-virus influenza vaccines in successful aging.
Vaccine 11, 1055-60 (1993)

452.  E. J. Remarque, E. W. P. Nijhuis, B. Hinloopen, L.
Nagelkerken, E. A. Vandervelde & G. J. Ligthart:
Correlation between the antibody response to influenza
vaccine and helper T cell subsets in healthy ageing. Vaccine
14, 127-30 (1996)

453.  E. J. Remarque, I. A. de Bruijn, W. J. A. Boersma, N.
Masurel & G. J. Ligthart: Altered antibody response to
influenza (H1N1) vaccine in healthy elderly people as
determined by HI, ELISA and neutralisation assay. J Med
Virol (in press).,  (1997)

454.  R. Pyhälä, L. Kinnunen, V. Kumpulainen, N. Ikonen,
L. Kleemola & K. Cantell: Vaccination-induced HI antibody
to influenza A(H1N1) viruses in poorly primed adults under
circumstances of low antigenic drift. Vaccine 11, 1013-7
(1993)

455.  E. D. Bernstein, E. M. Gardner, E. Abrutyn, P. Gross &
D. M. Murasko: Cytokine production after influenza
vaccination in a healthy elderly population. Vaccine 16,
1722-31 (1998)

456.  E. Bernstein, D. Kaye, E. Abrutyn, P. Gross, M.
Dorfman & D. M. Murasko: Immune response to influenza
vaccination in a large healthy elderly population. Vaccine 17,
82-94 (1999)

457.  J. E. McElhaney, C. M. Upshaw, J. W. Hooton, K. E.
Lechelt & G. S. Meneilly: Responses to influenza
vaccination in different T-cell subsets: a comparison of
healthy young and older adults. Vaccine 16, 1742-7 (1998)

458.  J. E. McElhaney, B. L. Beattie, R. Devine, R. Grynoch,
E. L. Toth & R. C. Bleackley: Age-related decline in
interleukin 2 production in response to influenza vaccine. J
Am Geriatr Soc 38, 652-8 (1990)

459.  M. Provinciali, G. Distefano, M. Colombo, M. C.
Gandolfi, L. Daghetta, F. Dellacroce, M. Anichini, R.
Dellabitta & N. Fabris: Adjuvant effect of low-dose
interleukin-2 on antibody response to influenza virus
vaccination in healthy elderly subjects. Mech Ageing Dev
77, 75-82 (1994)

460.  U. Fagiolo, M. C. Bordin, R. Biselli, R. Damelio, R.
Zamarchi & A. Amadori: Effect of rIL-2 treatment on anti-
tetanus toxoid response in elderly. Mech Ageing Dev 93,
205-14 (1997)

461.  D. M. Musher, J. E. Groover, E. A. Graviss & R. E.
Baughn: The lack of association between aging and
postvaccination levels of IgG antibody to capsular

polysaccharides of Streptococcus pneumoniae. Clin Infect
Dis 22, 165-7 (1996)

462.  C. Borghesi & C. Nicoletti: In vivo and in vitro study
of the primary and secondary antibody response to a bacterial
antigen in aged mice. Int J Exp Pathol 76, 419-24 (1995)

463.  I. A. De Bruijn, E. J. Remarque, W. E. P. Beyer, S.
Lecessie, N. Masurel & G. J. Ligthart: Annually repeated
influenza vaccination improves humoral responses to several
influenza virus strains in healthy elderly. Vaccine 15, 1323-9
(1997)

464.  E. J. Remarque, H. J. M. Cools, T. J. Boere, R. J.
Vanderklis, N. Masurel & G. J. Ligthart: Functional
disability and antibody response to influenza vaccine in
elderly patients in a Dutch nursing home. Br Med J 312,
1015 (1996)

465.  S. Derave, R. A. Heijtink, M. Bakkerbendik, J. Boot &
S. W. Schalm: Immunogenicity of Standard and Low Dose
Vaccination Using Yeast-Derived Recombinant Hepatitis B
Surface Antigen in Elderly Volunteers. Vaccine 12, 532-4
(1994)

466.  J. Hsia, T. Tang, M. Parrott & K. Rogalla:
Augmentation of the immune response to influenza vaccine
by acetylsalicylic acid: A clinical trial in a geriatric
population. Meth Find Exp Clin Pharmacol 16, 677-83
(1994)

467.  D. M. Klinman, J. Conover, E. T. Bloom & W. Weiss:
Immunogenicity and efficacy of a DNA vaccine in aged
mice. J Gerontol Ser A Biol Sci Med 53, B281-6 (1998)

468.  B. S. Bender, J. B. Ulmer, C. M. DeWitt, R. Cottey, S.
F. Taylor, A. M. Ward, A. Friedman, M. A. Liu & J. J.
Donnelly: Immunogenicity and efficacy of DNA vaccines
encoding influenza A proteins in aged mice. Vaccine 16,
1748-55 (1998)

469.  J. J. Treanor & R. F. Betts: Evaluation of live, cold-
adapted influenza A and B virus vaccines in elderly and
high-risk subjects. Vaccine 16, 1756-60 (1998)

470.  S. Sambhara, A. Kurichh, R. Miranda, A. Tamane, R.
Arpino, O. James, U. McGuinness, A. Kandil, B.
Underdown, M. Klein & D. Burt: Enhanced immune
responses and resistance against infection in aged mice
conferred by Flu-ISCOMs vaccine correlate with up-
regulation of costimulatory molecule CD86. Vaccine 16,
1698-704 (1998)

471.  M. SaurweinTeissl, D. Schonitzer & B.
GrubeckLoebenstein: Dendritic cell responsiveness to
stimulation with influenza vaccine is unimpaired in old age.
Exp Gerontol 33, 625-31 (1998)

472.  D. A. Padgett, R. C. MacCallum & J. F. Sheridan:
Stress exacerbates age-related decrements in the immune
response to an experimental influenza viral infection. J
Gerontol Ser A Biol Sci Med 53, B347-53 (1998)



T cell immunosenescence

262

473.  G. S. Smith & R. L. Walford: Influence of the main
histocompatibility complex on ageing in mice. Nature 270,
727-9 (1977)

474.  H. Takata, M. Suzuki, T. Ishii, S. Sekiguchi & H. Iri:
Influence of major histocompatibility region genes on human
longevity among Okinawan Japanese centenarians and
nonagenerians. Lancet II, 824-6 (1987)

475.  I. M. Rea & D. Middleton: Is the phenotypic
combination A1B8Cw7DR3 a marker for male longevity? J
Am Geriatr Soc 42, 978-83 (1994)

476.  C. Papasteriades, K. Boki, H. Pappa, S. Aedonopoulos,
E. Papasteriadis & J. Economidou: HLA phenotypes in
healthy aged subjects. Gerontology 43, 176-81 (1997)

477.  E. J. Yunis & M. Salazar: Genetics of Life Span in
Mice. Genetica 91, 211-23 (1993)

478.  R. L. Walford & K. Bergmann: Influence of genes
associated with the main histocompatibility complex on
desoxyribonucleic acid excision repair capacity and
bleomycin sensitivity in mouse lymphocytes. Tissue
Antigens 14, 336-42 (1979)

479.  B. Ljungquist, S. Berg, J. Lanke, G. E. McClearn & N.
L. Pedersen: The effect of genetic factors for longevity: A
comparison of identical and fraternal twins in the Swedish
twin registry. J Gerontol Ser A Biol Sci Med 53, M441-6
(1998)

480.  T. E. Meyer, M. J. Armstrong & C. M. Warner: Effects
of H-2 haplotype and gender on the lifespan of A and
C57BL/6 mice and their F1 and F2, and backcross offspring.
Growth Develop Aging 53, 175-83 (1989)

481.  C. M. Warner, C. J. Briggs, T. E. Meyer, D. J.
Soannaus, H.-Y. Yang & D. Balinsky: Lymphocyte aging in
allophenic mice. Exp Gerontol 20, 35-45 (1985)

482.  R. A. Miller, P. Turke, C. Chrisp, J. Ruger, A. Luciano,
J. Peterson, K. Chalmers, G. Gorgas & S. Vancise: Age-
sensitive T cell phenotypes covary in genetically
heterogeneous mice and predict early death from lymphoma.
J Gerontol 49, B255-62 (1994)

483.  R. A. Miller, C. Chrisp & A. Galecki: CD4 memory T
cell levels predict life span in genetically heterogeneous
mice. Faseb J 11, 775-83 (1997)

484.  R. A. Miller, C. Chrisp, A. U. Jackson & D. Burke:
Marker loci associated with life span in genetically
heterogeneous mice. J Gerontol Ser A Biol Sci Med 53,
M257-63 (1998)

485.  M. Salazar, T. Leong, N. Tu, R. S. Gelman, A. L. M.
Watson, R. Bronson, A. Iglesias, M. Mann, R. A. Good & E.
J. Yunis: Life-span, T-cell responses, and incidence of
lymphomas in congenic mice. Proc Natl Acad Sci USA 92,
3992-6 (1995)

486.  M. J. Volk, T. D. Pugh, M. Kim, C. H. Frith, R. A.
Daynes, W. B. Ershler & R. Weindruch: Dietary restriction

from middle age attenuates age-associated lymphoma
development and interleukin 6 dysregulation in C57BL/6
mice. Cancer Res 54, 3054-61 (1994)

487.  G. Doria, G. Biozzi, D. Mouton & V. Covelli: Genetic
control of immune responsiveness, aging and tumor
incidence. Mech Ageing Dev 96, 1-13 (1997)

488.  D. A. Heller, F. M. Ahern, J. T. Stout & G. E.
McClearn: Mortality and biomarkers of aging in
heterogeneous stock (HS) mice. J Gerontol Ser A Biol Sci
Med 53, B217-30 (1998)

489.  A. Amadori, R. Zamarchi, G. Desilvestro, G. Forza, G.
Cavatton, G. A. Danieli, M. Clementi & L. Chiecobianchi:
Genetic control of the CD4/CD8 T-cell ratio in humans.
Nature Med 1, 1279-83 (1995)

490.  C. Caruso, C. Bongiardina, G. Candore, D. Cigna, G.
C. Romano, A. T. Colucci, G. Dilorenzo, F. Gervasi, M.
Manno, M. Potestio & G. Tantillo: HLA-B8,DR3 haplotype
affects lymphocyte blood levels. Immunol Invest 26, 333-40
(1997)

491.  P. E. Crossen & M. J. Morrison: Elevated frequency of
the C2 allele of the ETS-I oncogene in elderly subjects.
Mech Ageing Dev 88, 61-5 (1996)

492.  T. E. Johnson, G. J. Lithgow & S. Murakami:
Hypothesis: Interventions that increase the response to stress
offer the potential for effective life prolongation and
increased health. J Gerontol Ser A-Biol Sci Med 51, B392-5
(1996)

493.  A. W. E. Weverling-Rijnsburger, G. J. Blauw, A. M.
Lagaay, D. L. Knook, A. E. Meinders & R. G. J.
Westendorp: Total cholesterol and risk of mortality in the
oldest old. Lancet 350, 1119-23 (1997)

494.  C. M. King, E. S. Gillespie, P. G. McKenna & Y. A.
Barnett: An investigation of mutation as a function of age in
humans. Mutation Research 316, 79-90 (1994)

495.  J. T. Venkatraman & G. Fernandes: Exercise, immunity
and aging. Aging-Clin Exp Res 9, 42-56 (1997)

496.  S. Shinkai, M. Konishi & R. J. Shephard: Aging and
immune response to exercise. Can J Physiol Pharmacol 76,
562-72 (1998)

497.  B. M. Lesourd, C. Laisney, R. Salvatore, S. Meaume &
R. Moulias: Decreased maturation of T-cell populations in
the healthy elderly: Influence of nutritional factors on the
appearance of double negative CD4(-), CD8(-), CD2(+)
cells. Arch Gerontol Geriatr, 139-54 (1994)

498.  B. M. Lesourd, L. Mazari & M. Ferry: The role of
nutrition in immunity in the aged. Nutr Rev 56, S113-25
(1998)

499.  R. K. Chandra: Nutritional regulation of immunity and
risk of infection in old age. Immunology 67, 141-7 (1989)



T cell immunosenescence

263

500.  R. K. Chandra: Nutrition and Immunoregulation -
Significance for Host Resistance to Tumors and Infectious
Diseases in Humans and Rodents. J Nutr 122, 754-7 (1992)

501.  M. Chavance, B. Herbeth & A. Lemoine: Does
multivitamin supplementation prevent infections in healthy
elderly subjects? A controlled trial. Int J Vitam Nutr Res 63,
11-6 (1993)

502.  B. Kennes, I. Dumont & D. Brohee: Effect of vitamin
C supplements on cell-mediated immunity in old people.
Gerontology 29, 305-10 (1983)

503.  S. N. Meydani, M. P. Barklund & S. Liu: Vitamin E
supplementation enhances cell-mediated immunity in healthy
elderly subjects. Am J Clin Nutr 52, 557-63 (1990)

504.  D. Wu, C. Mura, A. A. Beharka, S. N. Han, K. E.
Paulson, D. Hwang & S. N. Meydani: Age-associated
increase in PGE(2) synthesis and COX activity in murine
macrophages is reversed by vitamin E. Amer J Physiol Cell
Physiol 44, C661-8 (1998)

505.  M. F. McCarty: Promotion of interleukin-2 activity as a
strategy for 'rejuvenating' geriatric immune function. Med
Hypotheses 48, 47-54 (1997)

506.  S. N. Meydani, M. Meydani, J. B. Blumberg, L. S.
Leka, G. Siber, R. Loszewski, C. Thompson, M. C. Pedrosa,
R. D. Diamond & B. D. Stollar: Vitamin E supplementation
and in vivo immune response in healthy elderly subjects: A
randomised controlled trial. Jama 277, 1380-6 (1997)

507.  K. BuzinaSuboticanec, R. Buzina, A. Stavljenic, T. M.
M. Farley, J. Haller, B. BergmanMarkovic & M. Gorajscan:
Ageing, nutritional status and immune response. Int J Vitam
Nutr Res 68, 133-41 (1998)

508.  J. E. Poulin, C. Cover, M. R. Gustafson & M. M. B.
Kay: Vitamin E prevents oxidative modification of brain and
lymphocyte band 3 proteins during aging. Proc Natl Acad
Sci USA 93, 5600-3 (1996)

509.  M. G. Hayek, S. F. Taylor, B. S. Bender, S. N. Han, M.
Meydani, D. E. Smith, S. Eghtesada & S. N. Meydani:
Vitamin E supplementation decreases lung virus titers in
mice infected with influenza. J Infect Dis 176, 273-6 (1997)

510.  M. DelaFuente, M. D. Fernandez, M. DelRio, M.
SolBurgos & J. Miquel: Enhancement of leukocyte functions
in aged mice supplemented with the antioxidant thioproline.
Mech Ageing Dev 104, 213-25 (1998)

511.  F. J. Liu, Y. X. Zhang & B. H. S. Lau: Pycnogenol
enhances immune and haemopoietic functions in senescence-
accelerated mice. Cell Mol Life Sci 54, 1168-72 (1998)

512.  G. Ravaglia, P. Forti, L. Pratelli, F. Maioloi, C. R.
Scali, A. M. Bonini, S. Tedioloi, N. Marasti, A. Pizzoferrato
& G. Gasbarrini: The association of ageing with calcium
active hormone status in men. Age Ageing 23, 127-31 (1994)

513.  S. C. Manolagas, F. G. Hustmyer & X. P. Yu: 1,25-
dihydroxyvitamin D3 and the immune system. Proc Soc Exp
Biol Med 191, 238-45 (1989)

514.  S. Majewski, M. Skopinska, M. Marcak, A. Szmurlo,
W. Bollag & S. Jablonska: Vitamin D3 is a potent inhibitor
of tumor cell-induced angiogenesis. J Invest Dermatol Symp
Proc 1, 97-101 (1996)

515.  M. S. Santos, L. S. Leka, J. D. Ribayamercado, R. M.
Russell, M. Meydani, C. H. Hennekens, J. M. Gaziano & S.
N. Meydani: Short-and long-term beta-carotene
supplementation do not influence T cell-mediated immunity
in healthy elderly persons. Am J Clin Nutr 66, 917-24 (1997)

516.  F. S. Abulaban, S. M. Saadeddin, H. A. Alsawaf & A.
M. Albekairi: Effect of ageing on levels of selenium in the
lymphoid tissues of rats. Med Sci Res 25, 303-5 (1997)

517.  M. Roy, L. Kiremidjianschumacher, H. I. Wishe, M.
W. Cohen & G. Stotzky: Supplementation with selenium
restores age-related decline in immune cell function. Proc
Soc Exp Biol Med 209, 369-75 (1995)

518.  A. Peretz, J. Nève, J. Desmedt, J. Duchateau, M.
Dramaix & J.-P. Famaey: Lymphocyte response is enhanced
by supplementation of elderly subjects with selenium-
enriched yeast. Am J Clin Nutr 53, 1323-8 (1991)

519.  D. S. Kelley, P. A. Daudu, P. C. Taylor, B. E. Mackey
& J. R. Turnlund: Effects of low-copper diets on human
immune response. Am J Clin Nutr 62, 412-6 (1995)

520.  D. J. Bogden, M. J. Oleske, M. E. Munves, A. M.
Lovenhar, S. K. Bruening, W. F. Kemp, J. K. Holding, N. T.
Denny & B. D. Lauria: Zinc and immunocompetence in the
elderly: baseline data on zinc nutriture and immunity in
unsupplemented subjects. Am J Clin Nutr 46, 101-9 (1987)

521.  V. W. Bunker & B. E. Clayton: Studies in the nutrition
of elderly people with particular reference to essential trace
elements. Age Ageing 18, 422-9 (1989)

522.  A. S. Prasad, C. S. Mantzoros, F. W. J. Beck, J. W.
Hess & G. J. Brewer: Zinc status and serum testosterone
levels of healthy adults. Nutrition 12, 344-8 (1996)

523.  A. Mezzetti, S. D. Pierdomenico, F. Costantini, F.
Romano, D. DeCesare, F. Cuccurullo, T. Imbastaro, G.
RiarioSforza, F. DiGiacomo, G. Zuliani & R. Fellin:
Copper/zinc ratio and systemic oxidant load: Effect of aging
and aging-related degenerative diseases. Free Radical Biol
Med 25, 676-81 (1998)

524.  M. Dardenne, N. Boukaiba, M. C. Gagnerault, F. H.
Delarche, P. Chappuis, D. Lemmonier & W. Savino:
Restoration of the thymus in ageing mice in vivo by zinc
supplementation. Clin Immunol Immunopathol 66, 127-35
(1993)

525.  S. M. Saadeddin & F. S. Abulaban: Effect of ageing on
levels of zinc in the lymphoid tissues of the rat. Med Sci Res
25, 113-5 (1997)



T cell immunosenescence

264

526.  J. Duchateau, G. Delepesse & P. Verecke: The
beneficial effects of oral zinc supplementation on the
immune response of old people. Am J Med 70, 101-4 (1981)

527.  N. Boukaiba, C. Flament, S. Acher, P. Chappuis, A.
Piau, M. Fusselier, M. Dardenne & D. A. Lemonnier: A
physiological amount of zinc supplementation: effects on
nutritional, lipid and thymic status in an elderly population.
Am J Clin Nutr 57, 566-72 (1993)

528.  I. Cakman, H. Kirchner & L. Rink: Zinc
supplementation reconstitutes the production of interferon-
alpha by leukocytes from elderly persons. J Interferon
Cytokine Res 17, 469-72 (1997)

529.  F. W. J. Beck, A. S. Prasad, J. Kaplan, J. T. Fitzgerald
& G. J. Brewer: Changes in cytokine production and T cell
subpopulations in experimentally induced zinc-deficient
humans. Amer J Physiol-Endocrinol Met 35, E1002-7 (1997)

530.  E. Mocchegiani, L. Santarelli, M. Muzzioli & N.
Fabris: Reversibility of the thymic involution and of age-
related peripheral immune dysfunctions by zinc
supplementation in old mice. Int J Immunopharmacol 17,
703-18 (1995)

531.  E. Mocchegiani, D. Verbanac, L. Santarelli, A. Tibaldi,
M. Muzzioli, B. Radosevicstasic & C. Milin: Zinc and
metallothioneins on cellular immune effectiveness during
liver regeneration in young and old mice. Life Sci 61, 1125-
45 (1997)

532.  M. Provinciali, G. Distefano, D. Bulian, A. Tibaldi &
N. Fabris: Effect of melatonin and pineal grafting on
thymocyte apoptosis in aging mice. Mech Ageing Dev 90, 1-
19 (1996)

533.  D. Pozo, M. Delgado, J. M. Fernandez-Santos, J. R.
Calvo, R. P. Gomariz, I. Martin-Lacave, G. G. Ortiz & J. M.
Guerrero: Expression of the Mel(1a)-melatonin receptor
mRNA in T and B subsets of lymphocytes from rat thymus
and spleen. Faseb J 11, 466-73 (1997)

534.  A. Garcia-Perganeda, D. Pozo, J. M. Guerrero & J. R.
Calvo: Signal transduction for melatonin in human
lymphocytes -Involvement of a purtussis toxin-sensitive G
protein. J Immunol 159, 3774-81 (1997)

535.  N. Fabris, E. Mocchegiani & M. Provinciali: Plasticity
of neuroendocrine-thymus interactions during aging. Exp
Gerontol 32, 415-29 (1997)

536.  E. Remarque, L. Witkamp, L. Masurel & G. J. Ligthart:
Zinc supplementation does nor enhance antibody formation
to influenza virus vaccination in the elderly. Aging:
Immunology and Infectious Disease 4, 17-23 (1993)

537.  C. Caruso, G. Candore, M. A. Modica, C. Digiulio, A.
Ingrassia & G. Di Lorenzo: Invitro Thymopentin Modulation
of Mitogen Responsive T- Cell Precursor Frequency.
Thymus 17, 249-51 (1991)

538.  R. K. Chandra: Excessive intake of zinc impairs
immune responses. Jama 252, 1443-6 (1984)

539.  E. M. Gardner, E. D. Bernstein, M. Dorfman, E.
Abrutyn & D. M. Murasko: The age-associated decline in
immune function of healthy individuals is not related to
changes in plasma concentrations of beta-carotene, retinol,
alpha-tocopherol or zinc. Mech Ageing Dev 94, 55-69
(1997)

540.  P. Galan, P. Preziosi, A. L. Monget, M. J. Richard, J.
Arnaud, B. Lesourd, F. Girodon, M. J. M. Alferez, C.
Bourgeois, H. Keller, A. Favier & S. Hercberg: Effects of
trace element and/or vitamin supplementation on vitamin and
mineral status, free radical metabolism and immunological
markers in elderly long term hospitalized subjects. Int J
Vitam Nutr Res 67, 450-60 (1997)

541.  A. Grossmann, P. S. Rabinovitch, T. J. Kavanagh, J. C.
Jinneman, L. K. Gilliland, J. A. Ledbetter & S. B. Kanner:
Activation of murine T-cells via phospholipase C gamma 1-
Associated protein tyrosine phosphorylation is reduced with
aging. J Gerontol Ser A-Biol Sci Med 50, B205-12 (1995)

542.  C. Pieri, R. Recchioni, F. Moroni, F. Marcheselli & M.
Marra: Effect of reduced glutathione on mitochondrial
parameters of proliferating splenocytes from young and old
rats. Arch Gerontol Geriatr 19, 283-93 (1994)

543.  C. S. Yang, S. T. Chou, L. Liu, P. J. Tsai & J. S. Kuo:
Effect of ageing on human plasma glutathione concentrations
as determined by high-performance liquid chromatography
with fluorimetric detection. J Chromatogr B-Bio Med Appl
674, 23-30 (1995)

544.  P. S. Samiec, C. DrewsBotsch, E. W. Flagg, J. C.
Kurtz, P. Sternberg, R. L. Reed & D. P. Jones: Glutathione in
human plasma: Decline in association with aging, age-related
macular degeneration, and diabetes. Free Radical Biol Med
24, 699-704 (1998)

545.  E. M. M. vanLieshout & W. H. M. Peters: Age and
gender dependent levels of glutathione and glutathione S-
transferases in human lymphocytes. Carcinogenesis 19,
1873-5 (1998)

546.  J. J. Lohmiller, K. M. Roellich, A. Toledano, P. S.
Rabinovitch, N. S. Wolf & A. Grossmann: Aged murine T-
lymphocytes are more resistant to oxidative damage due to
the predominance of the cells possessing the memory
phenotype. J Gerontol Ser A-Biol Sci Med 51, B132-40
(1996)

547.  L. Q. Tian, Q. Y. Cai & H. C. Wei: Alterations of
antioxidant enzymes and oxidative damage to
macromolecules in different organs of rats during aging. Free
Radical Biol Med 24, 1477-84 (1998)

548.  R. T. Aejmelaeus, P. Holm, U. Kaukinen, T. J. A.
Metsaketela, P. Laippala, A. L. J. Hervonen & H. E. R. Alho:
Age-related changes in the peroxyl radical scavenging
capacity of human plasma. Free Radical Biol Med 23, 69-75
(1997)

549.  V. Hack, R. Breitkreutz, R. Kinscherf, H. Rohrer, P.
Bartsch, F. Taut, A. Benner & W. Droge: The redox state as



T cell immunosenescence

265

a correlate of senescence and wasting and as a target for
therapeutic intervention. Blood 92, 59-67 (1998)

550.  G. Mehmetcik, G. Ozdemirler, O. Kanbagli, G. Toker
& M. Uysal: Age-related changes in plasma lipid
peroxidation and antioxidant system in humans and rats.
Arch Gerontol Geriatr 25, 305-10 (1997)

551.  V. G. Bezlepkin, N. P. Sirota & A. I. Gaziev: The
prolongation of survival in mice by dietary antioxidants
depends on their age by the start of feeding this diet. Mech
Ageing Dev 92, 227-34 (1996)

552.  R. D. Lipman, R. T. Bronson, D. Wu, D. E. Smith, R.
Prior, G. Cao, S. N. Han, K. R. Martin, S. N. Meydani & M.
Meydani: Disease incidence and longevity are unaltered by
dietary antioxidant supplementation initiated during middle
age in C57BL/6 mice. Mech Ageing Dev 103, 269-84 (1998)

553.  R. L. Walford: The Immunologic Theory of Aging.
Munksgaard, Copenhagen(1969)

554.  W. Pierpaoli & W. Regelson: Pineal Control of Aging -
Effect of Melatonin and Pineal Grafting on Aging Mice. Proc
Natl Acad Sci USA 91, 787-91 (1994)

555.  S. Garcia-Maurino, M. G. Gonzalez-Haba, J. R. Calvo,
M. Rafiielidrissi, V. Sanchez-Margalet, R. Goberna & J. M.
Guerrero: Melatonin enhances IL-2, IL-6, and IFN-gamma
production by human circulating CD4(+) cells - A possible
nuclear receptor-mediated mechanism involving T helper
type 1 lymphocytes and monocytes. J Immunol 159, 574-81
(1997)

556.  M. Provinciali, G. Di Stefano, D. Bulian, S. Stronati &
N. Fabris: Long-term melatonin supplementation does not
recover the impairment of natural killer cell activity and
lymphocyte proliferation in aging mice. Life Sci 61, 857-64
(1997)

557.  M. A. Pahlavani & M. D. Harris: In vitro effects of
melatonin on mitogen-induced lymphocyte proliferation and
cytokine expression in young and old rats.
Immunopharmacol Immunotoxicol 19, 327-37 (1997)

558.  D. Atre & E. J. Blumenthal: Melatonin: immune
modulation of spleen cells in young, middle-aged and
senescent mice. Mech Ageing Dev 103, 255-68 (1998)

559.  I. V. Zhdanova, R. J. Wurtman, A. Balcioglu, A. I.
Kartashov & H. J. Lynch: Endogenous melatonin levels and
the fate of exogenous melatonin: Age effects. J Gerontol Ser
A Biol Sci Med 53, B293-8 (1998)

560.  R. J. Reiter, D. X. Tan, S. J. Kim, J. Cabrera & D.
D'Arpa: A perspective on the proposed associaton of
melatonin and aging. J Anti-Aging Med 1, 229-37 (1998)

561.  M. C. Gelato: Aging and immune function: A possible
role for growth hormone. Horm Res 45, 46-9 (1996)

562.  M. R. Ambrosio, E. C. D. Uberti, E. Arvat, F. Camanni,
E. Ghigo, L. Gianotti, G. Baumann, G. P. Ceda, G. Valenti,
S. G. Cella, E. E. Muller, A. Rigamonti, S. Cifani, V. Torri,

C. Corradini, S. Fonzi, F. Giordano, F. Minuto, G. Murialdo,
A. Polleri, M. Gasperi, E. Macchia, E. Martino, A. Pinchera,
S. Ghidinelli, P. Maestri, V. Pullano, G. Riondino, F. Strollo
& G. Rizzi: Function of GH/IGF-I axis in aging: Multicenter
study in 152 healthy elderly subjects with different degrees
of physical activity. Aging-Clin Exp Res 9, 185-92 (1997)

563.  C. M. Cuttica, L. Castoldi, G. P. Gorrini, F. Peluffo, G.
Delitala, P. Filippa, G. Fanciulli & M. Giusti: Effects of six-
month administration of recombinant human growth
hormone to healthy elderly subjects. Aging-Clin Exp Res 9,
193-7 (1997)

564.  K. W. Kelley, S. Brief, H. J. Westly, J. Novakofsky, P.
J. Bechtel, J. Simon & E. B. Walker: GH3 pituitary adenoma
cells can reverse thymic aging in rats. Proc Natl Acad Sci
USA 83, 5663-7 (1986)

565.  R. Krishnaraj, A. Zaks & T. Unterman: Relationship
between plasma IGF-I levels, in vitro correlates of immunity,
and human senescence. Clin Immunol Immunopathol 88,
264-70 (1998)

566.  J. A. M. J. L. Janssen, R. P. Stolk, H. A. P. Pols, D. E.
Grobbee, F. H. deJong & S. W. J. Lamberts: Serum free IGF-
I, total IGF-I, IGFBP-1 and IGFBP-3 levels in an elderly
population: relation to age and sex steroid levels. Clin
Endocrinol 48, 471-8 (1998)

567.  E. MontecinoRodriguez, R. Clark & K. Dorshkind:
Effects of insulin-like growth factor administration and bone
marrow transplantation on thymopoiesis in aged mice.
Endocrinology 139, 4120-6 (1998)

568.  R. Marcus & A. R. Hoffman: Growth hormone as
therapy for older men and women. Annu Rev Pharmacol
Toxicol 38, 45-61 (1998)

569.  A. Bartke: Growth hormone and aging. Endocrine 8,
103-8 (1998)

570.  D. N. Kalu, P. B. Orhii, C. Chen, D. Y. Lee, G. B.
Hubbard, S. Lee & Y. OlatunjiBello: Aged-rodent models of
long-term growth hormone therapy: Lack of deleterious
effect on longevity. J Gerontol Ser A Biol Sci Med 53, B452-
63 (1998)

571.  E. Vancauter, R. Leproult & D. J. Kupfer: Effects of
gender and age on the levels and circadian rhythmicity of
plasma cortisol. J Clin Endocrinol Metab 81, 2468-73 (1996)

572.  T. Kizaki, T. Ookawara, S. Ohishi, Y. Itoh, K.
Iwabuchi, K. Onoe, N. K. Day, R. A. Good & H. Ohno: An
increase in basal glucocorticoid concentration with age
induces suppressor macrophages with high-density Fc
gamma RII/III. Immunology 93, 409-14 (1998)

573.  N. Orentreich, J. L. Brink, F. L. Rizer & J. H.
Vogelman: Age changes and sex differences in serum
dehydroepiandrosterone sulfate concentrations throughout
adulthood. J Clin Endocrinol Metab 59, 551-5 (1984)

574.  N. Orentreich, J. L. Brind, J. H. Vogelman, R. Andres
& H. Baldwin: Long-term longitudinal measurements of



T cell immunosenescence

266

plasma dehydroepiandrosterone sulfate in normal men. J Clin
Endocrinol Metab 75, 1002-4 (1992)

575.  C. C. Hsieh, L. B. Signorello, L. Lipworth, P. Lagiou,
C. S. Mantzoros & D. Trichopoulos: Predictors of sex
hormone levels among the elderly: A study in Greece. J Clin
Epidemiol 51, 837-41 (1998)

576.  R. A. Daynes, B. A. Araneo, W. B. Ershler, C.
Maloney, G. Z. Li & S. Y. Ryu: Altered Regulation of IL-6
Production with Normal Aging -Possible Linkage to the
Age-Associated Decline in Dehydroepiandrosterone and Its
Sulfated Derivative. J Immunol 150, 5219-30 (1993)

577.  N. F. L. Spencer, S. D. Norton, L. L. Harrison, G. Z. Li
& R. A. Daynes: Dysregulation of IL-10 production with
aging: Possible linkage to the age-associated decline in
DHEA and its sulfated derivative. Exp Gerontol 31, 393-408
(1996)

578.  D. A. Padgett & R. M. Loria: In vitro potentiation of
lymphocyte activation by dehydroepiandrosterone,
androstenediol, and androstenetriol. J Immunol 153, 1544-52
(1994)

579.  M. Araghiniknam, B. Liang, Z. Zhang, S. K. Ardestani
& R. R. Watson: Modulation of immune dysfunction during
murine leukaemia retrovirus infection of old mice by
dehyroepiandrosterone sulphate (DHEAS). Immunology 90,
344-9 (1997)

580.  R. M. Gorczynski, B. Cinader, V. Ramakrishna, E.
Terzioglu, T. Waelli & O. Westphal: An antibody specific
for interleukin-6 reverses age-associated changes in
spontaneous and induced cytokine production in mice.
Immunology 92, 20-5 (1997)

581.  M. AraghiNiknam, S. K. Ardestani, M. Molitor, P.
Inserra, C. D. Eskelson & R. R. Watson:
Dehydroepiandrosterone (DHEA) sulfate prevents reduction
in tissue vitamin E and increased lipid peroxidation due to
murine retrovirus infection of aged mice. Proc Soc Exp Biol
Med 218, 210-7 (1998)

582.  B. A. Araneo, M. L. Woods & R. A. Daynes: Reversal
of the Immunosenescent Phenotype by
Dehydroepiandrosterone - Hormone Treatment Provides an
Adjuvant Effect on the Immunisation of Aged Mice with
Recombinant Hepatitis-B Surface Antigen. J Infect Dis 167,
830-40 (1993)

583.  P. Inserra, Z. Zhang, S. K. Ardestani, M.
AraghiNiknam, B. L. Liang, S. G. Jiang, D. Shaw, M.
Molitor, K. Elliott & R. R. Watson: Modulation of cytokine
production by dehydroepiandrosterone (DHEA) plus
melatonin (MLT) supplementation of old mice. Proc Soc Exp
Biol Med 218, 76-82 (1998)

584.  R. H. Straub, L. Konecna, S. Hrach, G. Rothe, M.
Kreutz, J. Scholmerich, W. Falk & B. Lang: Serum
dehydroepiandrosterone (DHEA) and DHEA sulfate are
negatively correlated with serum interleukin 6 (IL 6) and
DHEA inhibits IL 6 secretion from mononuclear cells in man
in vitro: possible link between endocrinosenescence and

immunosenescence. J Clin Endocrinol Metab 83, 2012-7
(1998)

585.  T. Suzuki, N. Suzuki, R. A. Daynes & E. G. Engleman:
Dehydroepiandrosterone Enhances IL2 Production and
Cytotoxic Effector Function of Human T-Cells. Clin
Immunol Immunopathol 61, 202-11 (1991)

586.  A. J. Morales, J. J. Nolan, J. C. Nelson & S. S. C. Yen:
Effects of replacement dose of dehydroepiandrosterone in
men and women of advancing age. J Clin Endocrinol Metab
78, 1360-7 (1994)

587.  O. Khorram, L. Vu & S. S. C. Yen: Activation of
immune function by dehydroepiandrosterone (DHEA) in
age-advanced men. J Gerontol Ser A-Biol Sci Med 52, M1-7
(1997)

588.  P. R. Casson, R. N. Andersen, H. G. Herrod, F. B.
Stentz, A. B. Straughn, G. E. Abraham & J. E. Buster: Oral
Dehydroepiandrosterone in Physiologic Doses Modulates
Immune Function in Postmenopausal Women. Am J Obstet
Gynecol 169, 1536-9 (1993)

589.  B. A. Araneo, T. Dowell, M. Diegel & R. A.
Daynes: Dihydrotestosterone Exerts a Depressive
Influence on the Production of Interleukin-4 (IL-4), IL-5,
and gamma- Interferon, But Not IL-2 by Activated
Murine T-Cells. Blood 78, 688-99 (1991)

590.  R. L. Ferrini & E. BarrettConnor: Sex hormones and
age: A cross-sectional study of testosterone and estradiol
and their bioavailable fractions in community-dwelling
men. Am J Epidemiol 147, 750-4 (1998)

591.  J. E. Morley, F. Kaiser, W. J. Raum, H. M. Perry, J.
F. Flood, J. Jensen, A. J. Silver & E. Roberts: Potentially
predictive and manipulable blood serum correlates of
aging in the healthy human male: Progressive decreases
in bioavailable testosterone, dehydroepiandrosterone
sulfate, and the ratio of insulin-like growth factor 1 to
growth hormone. Proc Natl Acad Sci USA 94, 7537-42
(1997)

592.  J. E. Morley, F. E. Kaiser, H. M. Perry, P. Patrick,
P. M. K. Morley, P. M. Stauber, B. Vellas, R. N.
Baumgartner & P. J. Garry: Longitudinal changes in
testosterone, luteinizing hormone, and follicle-stimulating
hormone in healthy older men. Metabolism 46, 410-3
(1997)

593.  H. D. Danenberg, A. Ben Yehuda, Z. Zakayrones &
G. Friedman: Dehydroepiandrosterone (DHEA) treatment
reverses the impaired immune response of old mice to
influenza vaccination and protects from influenza
infection. Vaccine 13, 1445-8 (1995)

594.  G. Ravaglia, P. Forti, F. Maioli, F. Boschi, M.
Bernardi, L. Pratelli, A. Pizzoferrato & G. Gasbarrini:
The relationship of dehydroepiandrosterone sulfate
(DHEAS) to endocrine-metabolic parameters and
functional status in the oldest-old. Results from an Italian
study on healthy free-living over-ninety-year-olds. J Clin
Endocrinol Metab 81, 1173-8 (1996)



T cell immunosenescence

267

595.  E. G. Birkenhäger-Gillesse, J. Derksen & A. M.
Lagaay: Dehydroepiandrosterone sulfate (DHEAS) in the
oldest old, aged 85 and over. Ann NY Acad Sci 719, 543-52
(1994)

596.  T. G. Evans, M. E. Judd, T. Dowell, S. Poe, R. A.
Daynes & B. A. Araneo: The use of oral
dehydroepiandrosterone sulfate as an adjuvant in tetanus and
influenza vaccination of the elderly. Vaccine 14, 1531-7
(1996)

597.  H. D. Danenberg, A. Ben Yehuda, Z. Zakayrones, D. J.
Gross & G. Friedman: Dehydroepiandrosterone treatment is
not beneficial to the immune response to influenza in elderly
subjects. J Clin Endocrinol Metab 82, 2911-4 (1997)

598.  F. Barrat, B. M. Lesourd, A. Louise, H. J. Boulouis, S.
Vincent-Naulleau, D. Thibault, M. Sanaa, T. Neway & C.
Pilet: Surface antigen expression in spleen cells of C57B1/6
mice during ageing: Influence of sex and parity. Clin Exp
Immunol 107, 593-600 (1997)

599.  A. Grossmann, P. S. Rabinovitch, M. A. Lane, J. C.
Jinneman, D. K. Ingram, N. S. Wolf, R. G. Cutler & G. S.
Roth: Influence of age, sex, and dietary restriction on
intracellular free calcium responses of CD4(+) lymphocytes
in rhesus monkeys (Macaca mulatta). J Cell Physiol 162,
298-303 (1995)

600.  M. A. Lane, D. K. Ingram, S. S. Ball & G. S. Roth:
Dehydroepiandrosterone sulfate: A biomarker of primate
aging slowed by calorie restriction. J Clin Endocrinol Metab
82, 2093-6 (1997)

601.  L. Q. Tian, Q. Y. Cai, R. Bowen & H. C. Wei: Effects
of caloric restriction on age-related oxidative modifications
of macromolecules and lymphocyte proliferation in rats. Free
Radical Biol Med 19, 859-65 (1995)

602.  T. Kaneko, S. Tahara & M. Matsuo: Retarding
effect of dietary restriction on the accumulation of 8-
hydroxy-2'-deoxyguanosine in organs of Fischer 344 rats
during aging. Free Radical Biol Med 23, 76-81 (1997)

603.  T. M. Stulnig, E. Buhler, G. Bock, C. Kirchebner,
D. Schonitzer & G. Wick: Altered switch in lipid
composition during T-cell blast transformation in the
healthy elderly. J Gerontol Ser A-Biol Sci Med 50, B383-
90 (1995)

604.  X. W. Xu & W. E. Sonntag: Moderate caloric
restriction prevents the age-related decline in growth
hormone receptor signal transduction. J Gerontol Ser A-
Biol Sci Med 51, B167-74 (1996)

605.  T. Parr: Insulin exposure and aging theory.
Gerontology 43, 182-200 (1997)

606.  M. A. Lane, D. J. Baer, W. V. Rumpler, R.
Weindruch, D. K. Ingram, E. M. Tilmont, R. G. Cutler &
G. S. Roth: Calorie restriction lowers body temperature in
rhesus monkeys, consistent with a postulated anti-aging
mechanism in rodents. Proc Natl Acad Sci USA 93, 4159-
64 (1996)

607.  E. B. Roecker, J. W. Kemnitz, W. B. Ershler & R.
Weindruch: Reduced immune responses in rhesus monkeys
subjected to dietary restriction. J Gerontol Ser A-Biol Sci
Med 51, B276-9 (1996)

608.  G. Fernandes, J. T. Venkatraman, A. Turturro, V. G.
Attwood & R. W. Hart: Effect of food restriction on life span
and immune functions in long-lived Fischer-344 X Brown
Norway F-1 rats. J Clin Immunol 17, 85-95 (1997)

609.  A. Konno, M. Utsuyama, C. Kurashima, M. Kasai, S.
Kimura & K. Hirokawa: Effects of a Protein-Free Diet or
Food Restriction on the Immune System of Wistar and
Buffalo Rats at Different Ages. Mech Ageing Dev 72, 183-
97 (1993)

610.  C. C. Spaulding, R. L. Walford & R. B. Effros: Calorie
restriction inhibits the age-related dysregulation of the
cytokines TNF-alpha and IL-6 in C3B10RF1 mice. Mech
Ageing Dev 93, 87-94 (1997)

611.  J. C. Chen, C. M. Astle & D. E. Harrison: Delayed
immune aging in diet-restricted B6CBAT6 F1 mice is
associated with preservation of naive T cells. J Gerontol Ser
A Biol Sci Med 53, B330-7 (1998)

612.  J. L. Dempsey, M. Pfeiffer & A. A. Morley: Effect of
dietary restriction on in vivo somatic mutation  in mice.
Mutation Research 291, 141-5 (1993)

613.  S. D. Miller, E. A. Crouch & D. L. Busbee: An
accessory protein of DNA polymerase alpha declines in
function with increasing age. Mutat Res-Fundam Mol Mech
Mut 374, 125-38 (1997)

614.  D. R. Turner, A. A. Morley, R. S. Seshadri & J. R.
Sorrell: Age-related variations in human lymphocyte DNA.
Mech Ageing Dev 17, 305-9 (1981)

615.  M. Hartwig & I. J. Korner: Age-related changes in
DNA unwinding and repair in human peripheral
lymphocytes. Mech Ageing Dev 39, 73-8 (1987)

616.  P. A. Jacobs, M. Brunton & W. M. Court Brown:
Cytogenetic studies in leucocytes on the general population:
subjects of ages 65 years and more. Ann Hum Genet 27, 353-
62 (1964)

617.  S. I. Rattan: DNA damage and repair during cellular
ageing. Int Rev Cytol 116, 47-88 (1989)

618.  M. E. T. I. Boerrigter, J. Y. Wei & J. Vijg: Induction
and repair of benzo[a]pyrene-DNA adducts in C57BL/6 and
BALB/c mice: Association with aging and longevity. Mech
Ageing Dev 82, 31-50 (1995)

619.  R. W. Hart & R. B. Setlow: Correlation between
desoxyribonucleic acid excision repair and lifespan in a
number of mammalian species. Proc Natl Acad Sci USA 71,
2169-73 (1974)

620.  G. A. Cortopassi & E. Wang: There is substantial
agreement among interspecies estimates of DNA repair
activity. Mech Ageing Dev 91, 211-8 (1996)



T cell immunosenescence

268

621.  S. I. Moriwaki, S. Ray, R. E. Tarone, K. H. Kraemer &
L. Grossman: The effect of donor age on the processing of
UV-damaged DNA by cultured human cells: Reduced DNA
repair capacity and increased DNA mutability. Mutat Res-
DNA Repair 364, 117-23 (1996)

622.  S. W. Lee, N. Fukunaga, D. R. Rigney, D. Y. Shin & J.
Y. Wei: Downregulation of DNA topoisomerase I in old
versus young human diploid fibroblasts. Mutat Res-Fundam
Mol Mech Mut 373, 179-84 (1997)

623.  R. W. Pero, K. Holgren & L. Persson: Gamma
radiation-induced ADP-ribosyl transferase activity ans
mammalian longevity. Mutation Research 142, 69-73 (1985)

624.  K. H. Gruber & A. Bürkle: Poly(ADP-ribose)
polymerase activity in mononuclear leukocytes of 13
mammalian species correlates with species-specific life span.
Proc Natl Acad Sci USA 89, 11759-63 (1992)

625.  M.-L. Muiras, M. Müller, F. Schächter & A. Bürkle:
Increased poly(ADP-ribose) polymerase activity in
lymphoblastoid cell lines from centenarians. J Molecular
Med-Jmm 76, 346-54 (1998)

626.  S. Smith, I. Giriat, A. Schmitt & T. deLange:
Tankyrase, a poly(ADP-ribose) polymerase at human
telomeres. Science 282, 1484-7 (1998)

627.  J. Cole & T. R. Skopek: Somatic mutant frequency,
mutation rates and mutational spectra in the human
population in vivo. Mutation Research 304, 33-105 (1994)

628.  R. J. Albertini, J. A. Nicklas, T. R. Skopek, L. Recio &
J. P. ONeill: Genetic instability in human T-lymphocytes.
Mutat Res Fundam Mol Mech Mut 400, 381-9 (1998)

629.  C. M. King, H. E. Bristow-Craig, E. S. Gillespie & Y.
A. Barnett: In vivo antioxidant status, DNA damage,
mutation and DNA repair capacity in cultured lymphocytes
from healthy 75-to 80-year-old humans. Mutat Res-Fundam
Mol Mech Mut 377, 137-47 (1997)

630.  A. Podlutsky, T. Bastlova & B. Lambert: Reduced
proliferation rate of hypoxanthine-posphoribosyl-transferase-
mutant human T lymphocytes in vitro. Environ Mol Mutagen
28, 13-8 (1996)

631.  A. I. Gaziev, A. J. Podlutsky, B. M. Panfilov & R.
Bradbury: Dietary supplements of antioxidants reduce hprt
mutant frequency in splenocytes of aging mice. Mutat Res-
Dnaging Genet Aging 338, 77-86 (1995)

632.  S. J. Duthie, A. G. Ma, M. A. Ross & A. R. Collins:
Antioxidant supplementation decreases oxidative DNA
damage in human lymphocytes. Cancer Res 56, 1291-5
(1996)

633.  A. R. Collins, C. M. Gedik, B. Olmedilla, S. Southon &
M. Bellizzi: Oxidative DNA damage measured in human
lymphocytes: large differences between sexes and between

countries, and correlations with heart disease mortality rates.
Faseb J 12, 1397-400 (1998)

634.  M. S. Cooke, M. D. Evans, I. D. Podmore, K. E.
Herbert, N. Mistry, P. Mistry, P. T. Hickenbotham, A.
Hussieni, H. R. Griffiths & J. Lunec: Novel repair action of
vitamin C upon in vivo oxidative DNA damage. FEBS Lett
439, 363-7 (1998)

635.  J. L. Cannons, J. Karsh, H. C. Birnboim & R.
Goldstein: HPRT- mutant T cells in the peripheral blood and
synovial tissue of patients with rheumatoid arthritis. Arthritis
Rheum 41, 1772-82 (1998)

636.  H. Vrieling, A. D. Tates, A. T. Natarajan & A. A.
Vanzeeland: Age-Related Accumulation of Mutations in
Human Lymphocytes- T. Ann NY Acad Sci 663, 36-42
(1992)

637.  S. Kyoizumi, M. Akiyama, Y. Hirai, Y. Kusunoki, K.
Tanabe & S. Umeki: Spontaneous loss and alteration of
antigen receptor expression in mature CD4+ T cells. J Exp
Med 171, 1981-99 (1990)

638.  S. A. Grist, M. McCarron, A. Kutlaca, D. R. Turner &
A. A. Morley: In vivo human somatic mutation: frequency
and spectrum with age. Mutation Research 266, 189-96
(1992)

639.  Y. F. Liu, A. M. Hernandez, D. Shibata & G. A.
Cortopassi: BCL2 translocation frequency rises with age in
humans. Proc Natl Acad Sci USA 91, 8910-4 (1994)

640.  C. Biernaux, M. Loos, A. Sels, G. Huez & P.
Stryckmans: Detection of major bcr-abl gene expression at a
very low level in blood cells of some healthy individuals.
Blood 86, 3118-22 (1995)

641.  Y. A. Barnett & C. M. King: Investigation of
antioxidant status, DNA repair capacity and mutation as a
function of age in humans. Mutat Res-Dnaging Genet Aging
338, 115-28 (1995)

642.  T. Moritz, W. Mackay, B. J. Glassner, D. A. Williams
& L. Samson: Retrovirus-mediated expression of a DNA
repair protein in bone marrow protects hematopoietic cells
from nitrosourea-induced toxicity in vitro and in vivo.
Cancer Res 55, 2608-14 (1995)

643.  E. Hara, H. Tsurui, A. Shinozaki, S. Nakada & K.
Oda: Cooperative Effect of Antisense-Rb and Antisense-
p53 Oligomers on the Extension of Life Span in Human
Diploid Fibroblasts, TIG-1. Biochem Biophys Res
Commun 179, 528-34 (1991)

644.  I. Garkavtsev & K. Riabowol: Extension of the
replicative life span of human diploid fibroblasts by
inhibition of the p33(ING1) candidate tumor suppressor.
Mol Cell Biol 17, 2014-9 (1997)

645.  J. Wang, L. Y. Xie, S. Allan, D. Beach & G. J.
Hannon: Myc activates telomerase. Gene Develop 12,
1769-74 (1998)



T cell immunosenescence

269

646.  T. Kiyono, S. A. Foster, J. I. Koop, J. K. McDougall,
D. A. Galloway & A. J. Klingelhutz: Both Rb/p16INK4a
inactivation and telomerase activity are required to
immortalize human epidermal cells. Nature 396, 84-8 (1998)

647.  J. Nylandsted, M. Rohde, J. Bartek & M. Strauss:
Expression of a p16(INK4a)-specific ribozyme
downmodulates p16(INK4a) abundance and accelerates cell
proliferation. FEBS Lett 436, 41-5 (1998)

648.  S. Erickson, O. Sangfelt, M. Heyman, J. Castro, S.
Einhorn & D. Grander: Involvement of the Ink4 proteins p16
and p15 in T-lymphocyte senescence. Oncogene 17, 595-602
(1998)

649.  S. E. VanAman & R. L. Whisler: Differential
expression of p53 tumor suppressor protein and IL-2 in
activated T cells from elderly humans. J Interferon Cytokine
Res 18, 315-20 (1998)

650.  R. B. Effros, X. M. Zhu & R. L. Walford: Stress
Response of Senescent T Lymphocytes - Reduced Hsp70 Is
Independent of the Proliferative Block. J Gerontol 49, B65-
70 (1994)

651.  D. A. Jurivich, L. Qiu & J. F. Welk: Attenuated stress
responses in young and old human lymphocytes. Mech
Ageing Dev 94, 233-49 (1997)

652.  L. S. He & M. H. Fox: Variation of heat shock protein
70 through the cell cycle in HL-60 cells and its relationship
to apoptosis. Exp Cell Res 232, 64-71 (1997)

653.  S. N. C. Liossis, X. Z. Ding, J. G. Kiang & G. C.
Tsokos: Overexpression of the heat shock protein 70
enhances the TCR/CD3- and Fas/Apo-1/CD95-mediated
apoptotic cell death in Jurkat T cells. J Immunol 158, 5668-
75 (1997)

654.  T. Schnaider, J. Somogyi, P. Csermely & M. Szamel:
The Hsp90-specific inhibitor, geldanamycin, blocks CD28-
mediated activation of human T lymphocytes. Life Sci 63,
949-54 (1998)

655.  Z. Yang, S. Kodama, K. Suzuki & M. Watanabe:
Telomerase activity, telomere length, and chromosome
aberrations in the extension of life span of human embryo
cells induced by low-dose X-rays. J Radiat Res 39, 35-51
(1998)

656.  A. Caratero, M. Courtade, L. Bonnet, H. Planel & C.
Caratero: Effect of a continuous gamma irradiation at a very
low dose on the life span of mice. Gerontology 44, 272-6
(1998)

657.  S. Murakami & T. E. Johnson: Life extension and
stress resistance in Caenorhabditis elegans modulated by the
tkr-1 gene. Curr Biol 8, 1091-4 (1998)

Key words: T cells, Aging, Immunosenescence, Immune
Response, Immunogerontology

Send correspondence to: Prof. G. Pawelec, Tübingen Aging
and Tumor Immunology (TATI) Group, EUCAMBIS Central
Facility, Section for Transplantation Immunology and
Immunohaematology, Medizinische Universitätsklinik und
Poliklinik, Otfried-Müller-Str. 10, D-72076 Tübingen,
Germany, Tel: 49-7071-298-2805, Fax: 49-7071-29-4464,
E-mail: graham.pawelec@med.uni-tuebingen.de

Received 1/31/99 Accepted 2/5/99


