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Introduction

The aged immune system shows defects in cellular and humoral immune responses
to vaccines [37], infectious agents [7], and tumors [10], deficiencies whose root
causes are not yet well understood. Among the several cellular elements whose col-
laborations lead to protective immunity, the T cell population shows the most consis-
tent and dramatic sensitivity to aging, although defects in B cells and antigen-pre-
senting cells (APC) have also been documented [28]. Declines with age in thymic
production of new T cells may ultimately be shown to underlie T cell immune senes-
cence, although from some perspectives [43] age-associated changes in the homeo-
static mechanisms that regulate T cell survival and turnover in the periphery seem at
least equally critical and are much less well studied. Developmental changes —
whether caused by alterations in thymic or post-thymic pathways —lead to aterations
in the relative proportions of several cell types, including a replacement of naive by
memory T cells[9, 24] and an increase in an anergic CD4 memory cell pool marked
by cell surface P-glycoprotein [2, 48]. Aging also leads to accumulation of non-
transformed T cell clones, easily documented by V quantitation among CD8 cells
[4], but also demonstrable by more sensitive methods within the CD4 population
[36]. The provenance and putative functional implications of this loss of clonal het-
erogeneity are still uncertain.

The net result of these developmental processes is a population of T cells, many
of which fail to respond to antigenic and mitogenic stimulation. Limiting dilution as-
says [5, 25], followed by flow cytometric analyses of cell responses [18, 40], have
consistently shown that the aged mouse immune system includes a mixture of T
cells, some of which seem to respond as strongly as cells from younger donors, and
others of which are much harder to activate from their resting state. Because it is dif-
ficult to follow activation of single T cells in intact animals, much of what we know
of immune senescence at the level of cell biology and biochemistry has emerged
from analyses, in vitro, of cells freshly removed from the donor and then quickly ex-
posed to an antigen or to a polyclona activator. The result of these encounters was,
in early experiments, typically evaluated 2-5 days later using radio-thymidine to
quantitate cell division.
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Development of assays for cytokines and their receptors made it possible to “trace
back” the cause of the proliferative failure by showing age-dependent declines in
production of IL-2 and its receptor [15, 45, 46], first at the level of proteins and then
soon also at the level of RNA expression. These defects are likely to reflect the age-
related decline in activation of genes, such as c-myc [3], that are turned on at still
earlier stages of the activation process.

Studies of early stagesin T cell activation

The first hour after T cells encounter an antigen (or, in model systems, a polyclonal
activator) is a busy time, characterized by changes in the activity, compartmentaliza-
tion, and interactions of multiple enzymes, substrates, and scaffolding proteins, along
with their products and regulators. The details of these early activation steps have
been much studied in convenient lymphoma models [1, 41, 47, 50], and are aso
gradually being sorted out in freshly isolated lymphocytes in which the activation
process conforms to that of lymphomas and long-term cell lines in some ways but
not in others. It has been clear for over a decade that T cells from old mice and old
humans show defects in the activation cascade that are detectable within the first
minute or two after encounter with a stimulus. The first part of this essay focuses on
the mechanism of T cell activation: what, in biochemical terms, goes wrong in the
first few minutes, and which of the many early activation defects should be consid-
ered primary causes of later downstream events that go awry in T cells from old do-
nors?

Initial studies of this problem have been reviewed in detail earlier [26, 31], and
are summarized here only to provide a context for more recent work. Aging leads to
adecline in the proportion of T cells, from spleen or blood, that can elevate intracel -
lular calcium free ion concentration after encounter with mitogens like concanavalin
A or after stimulation through the CD3 components of the TCR [32, 33]. The change
isin part attributable to the age-dependent accumulation of CD44h memory cells, of
both CD4 and CDS8 lineages, and the intrinsic resistance of memory T cells, at any
age, to elevation of Ca2* levels, even when induced by TCR-independent ionophores
[40, 42]. This decline in calcium signal generation has functional implications, in
that isolation, either by flow cytometry or by a buoyant density method, of cells that
do not generate a calcium signal aso enriches correspondingly for cells that cannot
proliferate or produce cytokines in short-term in vitro cultures[11, 39].

Protein kinase signals are also disrupted in T cells from aged donors, whether
these are detected as anonymous proteins on two-dimensional electrophoretic gels
[38], or by assessment of activation of the MAP kinase ERK and its MAPKK activa-
tor MEK [16], Raf-1[22], or INK [21]. These defects in activation of kinases are de-
tectable in the first 2-15 min after activation, and do not represent a decline with age
in the amount of the enzyme, but instead reflect a diminution of the level of activa-
tion of the kinase involved.

The INK experiments are particularly provocative, in that they reveal unexpected
complexity in the pathways leading to enzyme activation. JNK, also referred to as
“stress-associated protein kinase” or SAPK, can be triggered in T cells either by joint
stimulation of CD3 and CD28 signals, or by a variety of cellular stresses including
oxidizing agents, ultraviolet light, and hyperosmotic conditions. CD4 T cells from
old mice exhibit a twofold decline, compared to cells from young donors, in activa-
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Table 1. Effects of donor age and pharmacologic inhibitors on INK activation in murine T lymphocytes

Stimuli Inhibited by age Inhibited by forskolin
and by cyclosporin

CD3+CD4+CD28 Yes Yes

UV light Yes No

H,0, No Yes

Hyperosmotic sorbitol No No

Ceramide No Yes

(Data from [23])

tion of JNK function by CD3/CD28 cross-linking as tested by an in vitro kinase
method, and there is a corresponding deficit in the ability to produce phosphorylated
c-Jun, the product of JNK action, in CD3/CD28-stimulated intact cells [21]. Similar-
ly, INK activation by UV light shows a twofold decline in aged CD4 cells [23]. In
contrast, however, there is no effect of donor age on JINK responses to stimulation by
H,O, or by hyperosmotic sorbitol solutions (see Table 1). These two pathways, one
age-sensitive and one not altered by aging, may actualy reflect four distinct modes
of activation, because the calcineurin inhibitor cyclosporin A and the cCAMP inducer
forskolin inhibit the responses to CD3/CD28, and to H,O,, but do not alter responses
to hyperosmotic sorbitol or UV light. Responses to intracellular mediators (PMA
plus ionomycin, or a membrane soluble ceramide isoform) are also sensitive to cy-
closporin and to forskolin [23], consistent with models in which these agents mediate
one age-sensitive (TCR/CD28) and one age-insensitive (UV) pathway to INK activa-
tion. The molecular links in these activation chains are still obscure, although our da-
ta have shown that of the two proposed JNK activating kinases, MKK7 is not detect-
able, and MKK4 is not age-sensitive in mouse CD4 T cells.

To what age-sensitive upstream factors can these early changes in calcium and
protein kinase signals be connected? Our initial studies of CD3 phosphorylation by
the T cell-specific Syk-family kinase Zap-70 provided some clues, but also raised
new questions. Separation of immunoprecipitated CD3E on nonreducing acrylamide
gels, followed by immunoblotting with anti-phosphotyrosine antibodies, showed that
the major species of EE dimer, at 36 kDa, was heavily phosphorylated in freshly iso-
lated resting CD4 T cells, and that the level of phosphorylation diminished by a fac-
tor of three between 6 and 18 months of age [12].

Stimulation of the CD4 cells by CD3/CD4 cross-linking did not alter the tyrosine-
specific phosphorylation levels of the 36-kDa EE dimer, but did induce phosphoryla-
tion of EE dimers at higher molecular masses, and the level of induced phosphoryla-
tion was a good deal higher (about threefold) in T cells from young mice compared
to cells from 18-month-old animals. Binding of Zap-70 to CD3E is known to depend
upon tyrosine-specific phosphorylation of immunoreceptor tyrosine activation motif
(ITAM) domains within the CD3E sequence, and it was thus surprising to discover
that aging led to an increase in association of Zap-70 to CD3E in resting CD4 T cells
despite the decline in phosphotyrosine content [13]. This age-related increase in Zap-
70/CD3E association was seen in two separate series of experiments, each using a
different source of anti-CD3E antibody for immunoprecipitation, and each involving
different sets of young and old donor mice. This paradoxical increase with age in the
level of Zap-70 bound to CD3E might in principle reflect changes in the pattern of
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distribution of phosphotyrosine residues within the CD3g ITAMs, or aterations in
the level of other ITAM-binding proteins that could interfere with Zap-70/CD3E as-
sociation in the young T cells. We also consider below a third model, in which aging
alters association of CD3E partitioning between plasma membrane and cytoskel etal
pools.

To see if the age-related changes in CD3E phosphorylation and Zap-70 associa-
tion led to alterations in Zap-70 activation and kinase function, we took two, comple-
mentary, approaches: analysis of Zap-70 kinase function in vitro, and measurement
of Zap-70 phosphotyrosine content. Two distinct methods for in vitro kinase func-
tion, one based on incorporation of radiophosphate into the exogenous substrate
erythrocyte Band I11 protein and the other exploiting anti-phosphotyrosine antibodies
to monitor Band |11 phosphorylation, both led to the same result: a small (25-40%)
increase with age in Zap-70 function in resting cells, and a small, though statistically
significant response of young (but not old) T cells to stimulation. These two, con-
trary, effects balance each other out, and there was thus no measurable change with
age in the level of Zap-70 activity in activated CD4 cells as measured with the in vit-
ro kinase methods [13]. Measurements of the level of tyrosine-specific phosphoryla-
tion of Zap-70 — a necessary step in activation of this kinase — produced parallel re-
sults: a dlight increase with age in baseline phosphorylation, a slight response to
stimulation in young but not old CD4 cells, and thus no net change with age in Zap-
70 tyrosine phosphate content in activated T cells.

How, then, to reconcile the clear and consistent decline with age in activation of
Ca 2, Raf-1, MEK, Erk, and JNK signals with the absence of any paralel alteration
in Zap-70 function, thought to be the key initial step in T cell triggering? We consid-
ered the idea that aging might lead to changes in the function of the src-family kinase
Lck, thought to play arole in phosphorylation of both Zap-70 and other kinase sub-
strates, but found no change with age in Lck activity in resting or in activated cells,
and no effect of age on association of Lck with CD4, through which Lck affiliates
with the plasma membrane (Garcia and Miller, unpublished data).

We turned instead to the idea that Zap-70, though activated appropriately in aged
T cells, might be restricted to specific cellular compartments or plasma membrane
domains and thus not be able to gain access to key substrates needed for transmission
of the activation signal.

To address this issue we turned to immunofluorescence methods that can detect re-
localization of specific signaling molecules in individual T cells by confocal micros-
copy, a method developed by Monks, Kupfer and their colleagues [34, 35]. In good
agreement with previous studies with T cell lines and lymphomas, we found that a
proportion of freshly isolated mouse CD4 T cells, when conjugated to a stimulatory
APC, would form conjugates in which a wide range of signaling molecules migrated
to the interface between the T cell and the APC, a specialized membrane structure
termed the “immune synapse” by other investigators [17]. We obtained qualitatively
similar results using either of two systems: one in which anti-CD3 hybridoma cells
were used to form conjugates with T cells independent of the specificity of the TCR,
and the other in which CH-12 lymphoma cells were used to present peptides, derived
from pigeon cytochrome ¢ (PCC) sequences, to T cells from TCR-transgenic mice
whose naive CD4 cells were largely PCC specific. There was no effect of aging on the
proportion of CD4 T cells that could form two-cell conjugates with either variety of
APC, but among conjugates there was a clear effect of age on the proportion that
could develop a mature (and presumably functionally active) immune synapse. When
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T cells came from young donors, approximately 45-60% of the CD4 cells in conju-
gates would form immune synapses containing either the coupling protein LAT or the
guanine nucleotide exchange factor Vav in responses to anti-CD3 hybridomas, and
about 70% of TCR-transgenic T cells from young mice form LAT- and Vav-contain-
ing synapses in response to PCC-derived agonist peptides [44]. The confocal images
using the peptide-specific system are consistent with other analyses of the organiza-
tion of the supramolecular activation complex (SMAC) at the synapse, with evidence
that LAT and Zap-70 colocalize in a small central patch, surrounded by a more pe-
ripheral ring containing PLCy, c-Chl, Lck, Vav, Grb-2, and Fyn [14].

Aging diminishes the proportion of responding cells by about twofold, i.e., from
about 50% to about 20-30% (over a false-positive background, using rabbit 1gG in
place of detecting antibody, of 10-20%) in both of these systems [14, 44]. In the
CD3 system we have examined Vav, LAT, and the T-cell-specific iso-enzyme PKC6
[44, 49]; in the PCC-specific system we have similar results for Vav, LAT, Grb-2,
PKCO, Zap-70, c-Chl, PLCy, Lck, Fyn, and CD3e [14]. Two-color experiments, in
which different secondary antibodies are used to detect different components of the
SMAC, show that this age-sensitive response is “all or nothing” at the level of thein-
dividua T cell. In other words those T cells, in young or old mice, that respond to
peptide or anti-CD3 stimulation by movement of one of the tested proteins to the im-
mune synapse seem to move all of the others (with an exception, discussed below, of
¢-Cbhl in certain anergic memory cells). This blockage at the stage of synapse forma-
tion is sufficient to account for the defects in production of downstream signals,
which are also typically on the order of twofold when comparing 6-month to 18-
month-old mice. The inability to move LAT to the synapse may be a key element in
the interruption of signal transduction: our own data [44] show that LAT phosphory-
lation is diminished about twofold in T cells from aged donors, and others have
shown [51] that phosphorylated LAT serves as a nucleation site for accumulation of
other members of the signal transduction cascade at the SMAC site. Phosphorylation
of PLCy at the early stages of T cell activation has also been reported to decline with
age [19], again consistent with our observations of altered migration of this kinase to
the synapse. The data on PKCO are of particular interest, in view of published evi-
dence [35] that movement of this kinase occurs only when T cells are stimulated by
agonist, but not by closely related antagonist peptides.

We have assessed the functional implications of these observations in two sets of
experiments. The first of these has used two-color confocal microscopy to examine
both membrane assembly of SMACs and nuclear accumulation of the transcription
factor NFAT in individual cells. Interestingly, the CD3 and PCC systems behave dif-
ferently with respect to NFAT migration. Anti-CD3 provides a high-affinity, persis-
tent stimulus, and with this activator synapse formation is almost invariably followed
by NFAT migration in CD4 cells of both young and old mice [44]. Thus, the propor-
tion of old CD4 cells that show NFAT migration after anti-CD3 is about 50% of that
seen in CD4 cells from young donors, but those old cells that do produce SMACs
typically proceed to NFAT migration as well. In the lower affinity PCC system, how-
ever, only about half of the aged CD4 cells that generate synapses proceed on to
NFAT migration; the proportion of NFAT-responsive cells is thus only about 25% of
that seen in young mice [14]. The molecular basis for this second-stage defect, the
defect preventing NFAT migration in synapse-positive cells, is at present unknown,
but could involve alterations in the calmodulin/cal cineurin signals required for NFAT
assembly in the nucleus.
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The second functional test involves analysis of a subset of CD4 memory T cells,
marked by high expression of the multi-drug resistance pump P-glycoprotein, which
we have in previous work shown to accumulate with age in mice and to be function-
ally anergic [2, 48]. CD4 memory cells with P-glycoprotein function (“Pgp-hi” cells)
are rare in young mice and more common in old mice, but regardiess of donor age
were found to be essentialy unable to form synapses or to translocate NFAT to the
nucleus in responses using the anti-CD3 system [8]. The inhibition could be over-
come by addition of ionomycin, suggesting that the alterations involved steps prior
to activation of PLCy and calcium signals. Conversely, the Pgp-lo subset of CD4
memory cells, which are common in young mice but rare in old mice, were at either
age found to be able to form functional synapses and to induce NFAT migration at
high frequency. These findings suggest that poor synapse formation may be responsi-
ble for the relative inability of Pgp-hi cells, at any age, to activate CD69, proliferate,
and secrete cytokines. Interestingly, the hyporesponsive Pgp-hi cells tended to form
synapses that had high levels of c-Cbl despite low levels of LAT; whether the reten-
tion of ¢c-Chl is a cause or merely a marker of the formation of non-functional synap-
sesis till to be determined.

Our most recent efforts have focused upon the hypothesis that age-sensitive ater-
ations in associations between CD3E isoforms and elements of the T cells’ cytoskele-
ton might contribute both to defects in synapse formation and to age-dependent
changes in CD3E association with Zap-70 in resting T cells. Others [35] have previ-
ously shown that TCR-transgenic T cells will respond to antagonist peptides by pro-
ducing an early precursor of the immune synapse containing the cytoskeletal protein
talin at the T cell/APC interface, although only agonist peptides induce subsequent
stages characterized by accumulation of LAT and other coupling proteins and kin-
ases. We have confirmed these observations, and found in addition (Garcia and
Miller, submitted) that CD4 T cells from old mice do not move talin to the APC con-
tact area in response to antagonist peptides. This observation suggests strongly that
the age-dependent defect in synapse formation affects very early stages of the cas-
cade, stages involving cytoskeletal rearrangements prior to accumulation of other el-
ements of the SMAC. A model system in which T cells are induced to form lamello-
podia by adherence to anti-CD3-coated plastic surfaces also shows an age-dependent
increase in unresponsive CD4 cells, again consistent with models that implicate early
changes in cytoskeletal rearrangements. The pattern of binding of CD3g isoforms to
the T cell cytoskeleton can be shown to shift with age (Garcia and Miller, submit-
ted), and it thus seems possible that sequestration of CD3E into compartments rela-
tively accessible to Zap-70 and its substrates may play a central rolein T cell anergy
in older mice.

T cellsasindicators of age-related vulnerability

In parallel with the analysis of T cell failure at the cellular and biochemical level, our
group has also embarked on a series of studies to see if age-related changesin T cell
status can serve as a harbinger of systemic vulnerability to illness in mice. Such an
association, if it existed, could reflect either a cause-and-effect relationship in which
prematurely aged T cell immunity led to late-life illness, or alternately reflect the
ability of T cell changes to serve as an indicator, a biomarker, of the underlying pace
and extent of aging, which then in turn contributes to disease risk. To reduce the
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Table 2. Summary of T cell subsets used for biomarker and gene mapping studies

Subset Description Defined as Age effect
(blood)

CD4 Class |1-specific helper T cells CD3, CD4 as % of CD3 Down

CD8 Class |-specific killer T cells CD3, CD8 as % of CD3 Stable

CD4av Virgin CD4 CD4, CD45RB-hi as % of CD4 Down

CD4M Memory CD4 CD4, CD44-hi as % of CD4 Up

CD&M Memory CD8 CD8, CD44-hi as % of CD8 Up

CD4P CD4 with P-glycoprotein CD4, R123-10 as % of CD4 2 Up

CD8P CD8 with P-glycoprotein CD8, R123-lo as % of CD8 Up

acells with active P-glycoprotein are detected by their ability to extrude the P-glycoprotein substrate R123

chances that our findings might apply only to a single mouse genotype, we conduct-
ed this work using a genetically heterogeneous mouse stock, called UM-HETS, bred
as the progeny of CB6F1 females and C3D2F1 males. This cross produces a popula-
tion of mice in which no two are genetically identical, but in which any mouse shares
half its genes with any other in the population; thus al mice in the test group are, in a
genetic sense, full sibs.

We had shown previously [27] that aging leads to declines in the proportions of
CD4 and CD4V cells in the blood, and increases in CD4M, CD8M, CD4P, and
CD8P cells, in this stock asin all previously tested mouse strains (see Table 2 for ab-
breviations and definitions of the seven tested T cell subsets). We thus proceeded to
astudy in which the levels of each subset were measured at the ages of 8 months and
again at 18 months, and each tested mouse then followed until it died or became se-
verely ill and was killed. We found that four of the tested subsets, CD4, CD4V,
CDA4P, and CD4M, when measured at 18 months of age, had a statistically significant
ability to predict remaining longevity [29], with P values ranging from 0.003 for
CD4 cells to 0.00004 for the CD4M cell subset. UM-HET3 mice live, on average,
about 26 months, and only about 7% die prior to the age of 18 months; it therefore
seems unlikely that the subset differences seen at 18 months are the result of serious
illness. In each case the direction of the correlation was consistent with the previous-
ly observed age effect, so that subsets that increase with age (CD4P, CD4M) showed
negative correlations with remaining longevity, and those that decrease with age
(CD4, CD4V) showed positive correlations with life expectancy. In other words
those middle-aged mice whose T cell subset patterns resembled those of younger an-
imals tended to have long lives, while those whose T cell patterns resembled those of
older mice tended to die relatively soon. We also found a relationship between high
CD8M levels and short life-span that reached P<0.04 both at 8 months and at
18 months of age. These associations were tested in a group of mice that included
virgin males, virgin females, and mated females, and the results were independent of
group except that the CD4P correlation was strong in males only.

We then used the statistical method of “cluster analysis’ to see if our mice could
be sorted, based on T cell subset patterns, into groups that differed in longevity [29].
The cluster analysis method uses the information in all seven tested subsets to divide
the mice into two groups (“ clusters”) such that the members of each cluster resemble
one another in subset pattern but are as far away as possible from mice in the oppo-
site cluster. Figure 1 (left panel) shows the outcome of the clustering routine: the 182
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Fig. 1. Cluster analysis of T cell subset patterns. T cell subsets were measured in blood of 18-month-old
genetically heterogeneous mice, and a k-means clustering procedure was used to sort the animals into two
clusters based on subset distributions. The left panel shows differences between the two clustersin each of
the seven subsets employed by the clustering routine. The right panel shows mean longevity (with stan-
dard error of the mean) for al mice (left bars), and also for three subgroups of mice (right bars), i.e., for
virgin females, virgin males, and mated females (from [29])

mice in Cluster 1 tend to have higher levels of CD4M, CD8M, and CD4P than the
320 mice in Cluster 2, but have lower levels of CD4 and CD4V cells. Thus, micein
Cluster 1 appear to be “older” in their immune subset patterns than their brothers and
sisters in Cluster 2. Figure 1 (right panel) then addresses the question of whether
mice in the two clusters had different life-spans, and indeed those in Cluster 2 tend to
outlive Cluster 1 animals by 50 days (P=0.0007). The relationship between cluster
assignment and longevity is about equally strong in virgin males, virgin females, and
mated females (Fig. 1, right panel).

These results establish that, at least in this four-way cross population, mice with
old-looking T cell patterns tend to die young, but they do not address the issue of
whether the T cell changes produce late-life disease, or instead identify mice in
which the aging process is proceeding more rapidly. In favor of the latter interpreta-
tion is our previously published report that middie-aged mice with “old” T cell sub-
set patterns tend also to have lower muscle strength [30], because it is difficult to
imagine how T cell subset patterns could themselves lead to muscle weakness.

To provide a further test of these two alternate hypotheses, we turned to necrop-
sy analysis to see if the relationship between T cell subset patterns and mortality
risk applied to groups of mice dying of different causes. Our results (Miller, Chrisp,
et al., submitted) employed another statistical method, principal component analy-
sis, to calculate an index of immunological age for each mouse. This index, called
“Immune Factor |,” represents a combination of each mouse’'s T cell subset results,
weighted in such a way as to generate the maximum variation in Immune Factor 1
across the entire mouse population. Thus, mice with high values of Immune Factor 1
tend to have high levels of CD4M, CD8M, and CD4P cells, and low levels of
CD4 and CD4V cells. Once we calculated a value for Immune Factor 1 for each
mouse, we could then show a strong relationship between Factor 1 values (at 18
months of age) and mortality risk (P<0.0001), consistent with the previous cluster
analysis. Of greater interest was the observation that there was a significant rela-
tionship between Factor 1 and mortality risk in separate subgroups of the mice, i.e,,
those dying of lymphoma, of fibrosarcoma, of mammary adenocarcinoma, or of all
other causes combined. The proportion of variance predicted (measured as R-
squared) was modest, ranging from 6% for all-cause mortality to 12—13% for lym-
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phoma and fibrosarcoma: unsurprisingly there are many factors that influence mor-
tality risk, not al of which can be assessed by measurement of T cell subsets. These
results represent an important extension of the regression and cluster analysis work,
because they show that the relationship between T cell subset patterns and life ex-
pectancy influences each of the three most common causes of death in this mouse
population. Lymphoma, mammary adenocarcinoma and fibrosarcoma are all neo-
plastic diseases, athough they represent neoplastic variants of three different cell
types with different patterns of spread and different mechanisms of oncogenesis. At
worst, our data indicate that T cell subset patterns have prognostic value (in mice)
for multiple forms of neoplasia; new data will be needed to determine whether mice
with old looking T cell systems also show acceleration of multiple forms of non-
neoplastic pathol ogy.

Genetic analysis of age-sensitive T cell subsets

The four-way cross mice used for the analyses of T cells as prognostic factors for
late-life illnesses are, conveniently, a set of full sibs, making them suitable for map-
ping polymorphic genetic variations that might contribute to differences among the
mice in T cell subsets at different ages. Each of the first 174 mice in the population
was genotyped using a set of 83 simple sequence length polymorphism (SSLP)
markers whose position in the mouse genome was known, to eval uate association be-
tween inherited chromosomal segments and resulting T cell subset levels among the
mice [20]. The significance of each gene/trait association was evaluated using a per-
mutation approach [6] that adjusts the acceptance threshold to account for the many
different genetic segments examined. Some of the associations were detected using
an approach that examines only one genetic marker at a time (*point” mapping) and
others using a method that considered multiple genetic markers (“interval” map-
ping). These results are collected in Table 3. Each of the associations listed in the ta-
ble meets or exceeds an experiment-wise probability criterion of P<0.05. We found
at least one polymorphism with effects on each of the seven listed subsets; follow-up
studies, now in progress, make use of equivalent data from more than 500 mice and
should extend thisinitial analysis by providing greater statistical power.

It is noteworthy that some of the detected quantitative trait loci (QTL) are detect-
able (i.e., achieve statistical significance) at 8 months of age, but that others have de-
tectable effects only at 18 months of age; these latter alleles may be age specific in
their modes of action. Figure 2 shows some illustrative examples, selected from the
QTL listed in Table 3. The three examples in the top row show genes whose effects
are apparent in 8-month-old mice, and remain obvious when these mice are retested
at 18 months of age. In al three cases shown the T cell subset isitself age sensitive,
increasing or decreasing between 8 and 18 months of age, but the genetic effect is
fully apparent at the earliest time point. These alleles may well be exerting an effect
on the pace of T cell maturation or development within the first third of the life-span.
The first two examples on the bottom row (Fig. 2) show genes for which the effect
on the T cell subset appears sometime between 8 and 18 months of age. The lower
right hand panel shows a more complex pattern, in which a specific combination of
aleles (the BALB/c alele from the mother together with the CH3/He allele from the
father) leads to a transient increase in CD4M cells, established within the first 8
months of life but not apparent in 18-month-old animals. Thus, the evidence to date
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Fig. 2. Quantitative trait locus analyses of polymorphic genes controlling T cell subset levels at 8 and/or
18 months of age. The name of the marker locus is shown at the top of each panel; D4Mit170, for exam-
ple, is a marker on mouse chromosome 4. T cell subsets are abbreviated as shown in Table 2. Each con-
nected pair of symbols shows mean T cell subset levelsin the mice that have inherited the indicated allele.
In the first panel, for example, the closed circles show mean levels of CD4 cells (at 8 and at 18 months) in
mice that have inherited the BALB/c allele at locus D4Mit170. Each of the associations shown has experi-
mentwise significance at P<0.05 (from [20])
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Table 3. Summary of gene mapping for T cell subsetsin mice

Trait Chromosome Method Age
location (cM)
CD4 Chl, 105 Interval 8
CD4 Ch7,11 Interval 8
CD4 Cho, 31 Both 8
CD4 Chis, 28 Both 18
CD4M Chli, 4 Interval Both
CD4M Chi2, 23 Point Both
CD4M Ch17, 52 Point 8
CD4P Ch4, 69 Interval 8
CD4P Cho, 44 Point 18
CD4av Ch4, 48 Point 18
CD8 Chi2,6 Interval 18
CD8M Chi, 98 Interval Both
CD8M Chs, 18 Interval Both
CD8M Ch5, 41 Interval 8
CD8M Chii, 8 Interval 18
CD8M Chil2,6 Point Both
CD8M Chi2, 13 Point Both
CD8M Chi7, 17 Interval Both
CD8M Chi7, 23 Interval Both
CD8P Cho, 17 Both Both
CD8P Cho9, 34 Interval 8
CD8P Ch12, 16 Interval 18

Excerpted from [20]

documents at least two kinds of genetic effect relevant to immunogerontology: (a)
effects, early in life, on T cell subsets that change with age (including some, shown
above, to provide an indicator of pathology and longevity); and (b) effects that are
not seen until the mice become middle-aged.

Conclusions: synopsis and prospectus

The genetic data available show that the four-way cross mouse system is able to pro-
vide useful information about genetic controls of T cell subset levels and their
changes with age, and the biomarker data show that variation in some of these age-
sensitive T cell subsets is relevant, either directly or indirectly as an index of under-
lying aging rate, to late-life diseases. Further work comparing immune phenotypes to
age-related changes in bone, muscle, eyes, brains, and marrow will test the hypothe-
sis that common elements time the pace of aging in multiple tissues and cell types,
while further work on the genetics of age change in these tissues will define the ex-
tent to which such correlations are based upon common genetic control elements. Se-
lection of groups of mice based on genes that predict life-span and disease resistance
will help usto clarify the extent to which these inherited polymorphisms ater the de-
velopmental patterns that lead to age-related changesin T cell subset abundance and
to deficitsin the signal transduction cascade.
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