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Early activation defects in
T lymphocytes from aged mice

Summary: Aging affects both calcium signals and protein kinase cascades
in mouse T lymphocytes. The decline in calcium signal development
largely represents differences between naive and memory T cells; the latter
are resistant to increases in calcium concentration, and are more common
in aged mice. Aging leads to declines in phosphorylation of a wide range
of substrates in T cells stimulated by either anti-CD3 antibodies or by sub-
stances, such as phorbol myristate acetate (PMA) or ionomycin, that act at
intracellular sites, but some phosphoproteins respond only in old T cells,
and others respond regardless of age. Tyrosine phosphorylation of the
CD3{ chain declines with age, both in resting T cells and after activation,
but the proportion of Zap-70 that is bound to CD3( increases in T cells
from old mice. Zap-70 function and phosphorylation of CD3{-associated
Zap-70 change only slightly after stimulation of T cells by anti-CD3 and
anti-CD4, and are at similar levels in activated old and young T cells.
Nonetheless, induction of Raf-1, MEK, and ERK kinase activity declines
with age in CD4 T cells. The effect of aging on T-cell activation is not sim-
ply an overall decline in signal intensity, but a set of qualitative changes
that differ among subsets and depend at least partly on the nature of the
stimulus.

Introduction

Mitogenic agents, including antibodies to the TCR and CD3
complex, induce in resting T cells a complex chain of events,
including an increase in intracellular calcium ion concentration
and activation of a cascade of protein kinase signals, that lead to
new gene transcription within 15 min and eventually bring
about cytokine production and cell division. T cells from aged
mice (which for brevity's sake will often be referred to in this
paper as “old T cells” to distinguish them from “young” T cells,
i.e. cells derived from a young donor) exhibit defects in this acti-
vation process within the first 60 s after exposure to a stimulus.
The research challenge is to determine which of these defects —
if any — contribute to the decline with age in protective immu-
nity, i.e. the poor performance of the aged immune system when
confronted with an infectious or neoplastic challenge.

This task is complicated by a number of technical factors.
For one thing, the chain of events that mediate activation of the
normal T cell (i.e. T cells from young donors) is still far from

clear; although current consensus models (1, 2) are far more
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detailed than their ancestors of two to ten years ago, they still
contain many redundancies, missing links and ill-defined feed-
back loops. A second problem is that most of our current
knowledge of T-cell activation has been gained by studies of
relatively tractable lymphoma lines and other varieties of trans-
formed cell whose signal transduction pathways turn out to
resemble those of normal T cells, freshly isolated from actual
donors, in some but by no means all respects.

The heterogeneity of a freshly isolated T-cell preparation
poses a third kind of technical obstacle: such a preparation con-
sists of a mixture of many different cell types — among which
CD#4 naive, CD4 memory, CD8 naive, and CD8 memory are the
most salient — whose activation pathways and responses to
aging may be quite distinct. This heterogeneity creates a num-
ber of chances for confusion, since age-dependent changes
might affect only one subset (and thus be missed by tests of
unseparated T cells), but also because the relative proportions
of these cell subsets change systematically with age, so that age-
invariant differences between subsets can create the impression
of an age effect on signal development itself. Studies of intra-
cytoplasmic free calcium ion concentration ([Ca];) provide a
useful example. Memory T cells, from mice of any age, pro-
duce lower levels of [Ca], in responses to mitogenic lectins,
anti-CD3 antibodies, or calcium ionophores (3, 4), and thus
the relative increase with age in memory T cells leads to an
overall decline in mitogen-induced calcium signals when
tested on T cells not separated into naive and memory subsets
(3. 5).

Expense is a fourth obstacle to progress on aging and T-cell
activation. To produce 10? Jurkat cells costs about $50 in mate-
rials. To produce 107 splenic T cells from 24-month old mice
costs well over $2,000 for the mice alone (at NIA-subsidized
prices; 4-fold higher otherwise), assuming 100% cell yield and
no attrition due to ill health of the mice. To produce 10° CD4
memory cells from 24-month old mice costs $6,000 for the
mice alone. These economic constraints put a premium on
microassay methods, and preclude some kinds of biochemical
analysis altogether.

Nonetheless, some insights into the ways in which aging
alters the early events in T-cell activation have begun to emerge,
and this essay will briefly present some of the earlier lessons as
a prelude to illustration of more recent work and discussion of
questions for future investigation.

Calcium signals

Work from our laboratory on age-related changes in calcium

signal development has been reviewed elsewhere (5, 6), and
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will be summarized only briefly here. Using indo-1 to monitor
[Ca],, we found that T cells from old mice generated lower
average [Ca]; levels after exposure to concanavalin A (Con A)
than T cells from younger donors, and that this difference
reflected a decline in the proportion of T cells that could gen-
erate a calcium signal after activation (7). Using flow cytome-
try to measure [Ca]; in individual cells with specific surface
marker phenotypes showed that the decline with age in the
proportion of responsive T cells represented the gradual
replacement of naive (i.e. CD44) T cells by memory (CD44")
cells, which generated lower [Ca], signals in response to mito-
genic lectins at any age (3). The differences between young and
old cells, and the corresponding differences between naive and
memory cells, could not be explained entirely by changes in
receptor-dependent signal pathways (including for example
protein kinase-dependent activation), because differences in
[Ca], were also observed when the old T cells, or memory
T cells from mice of any age, were exposed to the calcium ion-
ophore ionomycin, which bypasses receptor-dependent signals
by allowing calcium to flow into the cell along the 10*-fold
transmembrane concentration gradient (3, 8). Differences
between young and old T cells (9), and between naive and
memory cells (4) in resistance to ionomycin-induced changes
in [Ca]; have also been reported by other laboratories.

The biochemical mechanism(s) that underlie these effects
of age and subset are not entirely clear. We do not believe that
the age defect in calcium signal generation reflects a decline in
IP3 production, in part because we find no effect of age on IP3
production (10) and in part because in freshly isolated T cells
(unlike lymphoma model systems) the contribution of IP3-
mediated release of calcium from pre-existing internal stores is
slight and transient (11), accounting in our own experience to
only about 15% of the total calcium signal in the first minute,
and less thereafter. The resistance of memory T cells (and there-
fore T cells from old mice) to ionomycin-mediated changes in
[Ca]; suggests a stronger ability to buffer rapid changes in inter-
nal calcium concentration however these are produced, perhaps
by increased function or higher sensitivity of the plasma mem-
brane calcium pump.

Several lines of evidence indicate that this resistance to
changes in [Ca]; contributes to defective T-cell function in old
age. T cells, from young or old donors, that fail to generate a
calcium signal in response to Con A, anti-CD3, or ionomycin
can be isolated by fluorescence-based cell sorting; such cells are
found in limiting dilution assays to be largely unable to pro-
duce IL-2, or to proliferate or generate cytotoxic effectors in
response to Con A and exogenous IL-2 (12). Changes in buoy-
ant density in a Percoll/ionomycin gradient can also be used to




Fig. 1. Calcium signals in CD4 memory cells
of young and old mice: subsets that differ in
expression of P-glycoprotein. CD4 memory

T cells were purified by depletion of CD8* and & 80 1
CD45RBY cells, then stained with Rhodamine- £

123 (as a P-glycoprotein indicator) and indo-1 S 60 1
(as a calcium indicator), and then stimulated E 40 -
with either anti-CD3 (left panel) or the calcium 4
ionophore ionomycin (right panel). The bars 20
depict the peak response as changes in [Ca],

(nM) over the resting baseline levels for one of 0

Youn,
three replicate experiments. (.M. Witkowski & o

R.A. Miller, unpublished data.)

enrich for T cells whose levels of [Ca], remain stable under con-
ditions of increased calcium influx (13); these calcium buff-
ered cells show the surface markers of memory T cells and, like
memory cells isolated by other means, show poor reactivity in
tests of IL-2 production and IL-2 responsiveness after stimula-
tion by Con A or the superantigen staphylococcal enterotoxin B.

These studies show that the effect of age on calcium signals
induced by polyclonal activators can largely be accounted for
by differences between naive and memory T cells, and the
increase with age in the latter cell subset. They do not, however,
provide insights into the molecular basis for age-related
declines in memory T-cell function which are manifest, for
example, in the poor responses of elderly individuals to recall
antigens in skin delayed-type hypersensitivity tests. The CD4
memory population of old mice contains a subset of cells,
marked by the expression of the plasma membrane pump P-
glycoprotein (P-Gp), which are much less common among
CD4 memory cells of young mice (14). P-Gp" CD4 memory
T cells from young mice are defective, compared to P-Gpb
cells, in tests for proliferation and production of IL-4, IL-5,
IL-10, and IFN-y when stimulated by anti-CD3 antibodies, and
their poor responsiveness cannot be overcome by co-stimuli
including IL-2, IL-4, anti-CD28, or phorbol myristate acetate
(PMA) (15). Proliferation and IFN-y production by the P-Gp™
CD4 memory subset can, however, be restored by the combi-
nation of PMA and ionomycin, suggesting that defects in
CD3-triggered calcium signal generation might contribute to
the apparent anergy of this subset. To test this idea, we have
measured [Ca]; levels in P-Gp" and P-Gp* CD4 memory cells
after stimulation by anti-CD3 and by ionomycin. The results of
a representative experiment are shown in Fig. 1 (J.M. Witkowski
& R.A. Miller, unpublished data). P-Gp" CD4 memory cells,
from old or young mice, do indeed generate relatively poor cal-
cium signals in response to anti-CD3 stimulation. Their relative
resistance to ionomycin suggests that the defect in calcium sig-

nal generation may reflect abnormally high levels of calcium
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extrusion or calcium sequestration, and probably cannot be
explained simply on the basis of poor signal transduction
through the TCR/CD3 complex. Functional responses of CD4
naive T cells have been shown to decline with age in transgenic
mice bearing T-cell receptors specific for pigeon cytochrome C
(16), and it will be interesting to see if this decline represents
the relative hyporesponsiveness — and perhaps calcium resis-

tance — of P-Gph T cells.

Protein kinase defects: early studies

Two-dimensional protein electrophoresis can be used to look
for age-dependent changes in the patterns of protein phospho-
rylation induced by mitogenic agents. The disadvantage of this
method is that it provides no information about the identity of
the substrates, or the kinases and phosphatases that regulate
their phosphorylation. The advantage is that the survey
approach, by monitoring many substrates simultaneously, can
rapidly provide an overview of patterns in responses to differ-
ent agonists, a picture that would emerge only very slowly by
studies of single substrates. Taking pains to adjust for differ-
ences in the specific activity of the cellular ATP pool, and using
reference phosphoprotein spots for standardization, can give
quantitative estimates of protein phosphate levels whose coef-
ficients of variation across experiments are typically less than
10% (17).

The pattern of protein phosphorylation induced by a panel
of receptor-dependent and receptor-independent activators dif-
fered in interesting ways between young and old mice (18). A
synopsis of the results is shown in Fig. 2. Panels on the top row
show phosphoproteins that responded vigorously, within 10
min of activation, in T cells from young mice, but not at all in
T cells from old donors. Some, such as 6559 and five others,
responded in young T cells about equally well to anti-CD3 and
to intracellular mediators like PMA and ionomycin. Some, like
protein 5952 and three others, responded to anti-CD3 and ion-
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Fig. 2. Analysis of protein phosphorylation patterns using two-
dimensional gel electrophoresis: synopsis of results. Stimulation
indices (activated/resting) for *’P levels in six proteins whose level of
phosphorylation changed by at least 5-fold within 10 min of activation
by anti-CD3, PMA, and/or ionomycin in T cells from old or young mice.

omycin, but not to PMA; phosphorylation of these substrates is
likely to reflect an increase in [Ca];, and not to require protein
kinase C (PK-C) activation. A third set, like protein 3747 and
three others, showed responses to PMA that were not induced
by anti-CD3 or by ionomycin; these are likely to reflect PK-C-
dependent pathways that are, for unknown reasons, inhibited
by calcium signals (not shown). None of these 14 phospho-
proteins responded, in old T cells, to anti-CD3, PMA, or iono-
mycin. These data suggest that some protein kinase-dependent
signals are greatly diminished in T cells from old mice, and that
the defects include alterations in kinase pathways triggered by
[Ca], and by PK-C. The published results (18) also show that
the effects of aging are gradual, with significant declines seen
in mice as young as 1012 months of age, with progressively
larger defects at 17 and 23 months. Since some of the age-sen-
sitive substrates are phosphorylated only in CD4 memory cells,
and others only in CD4 naive cells, the differences between
young and old T cells cannot represent merely the replacement

of naive by memory cells.
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The bars show means of 3 independent experiments; standard errors are
not shown, but were almost always less than 10% of the mean. The
protein designations indicate apparent MW and pI; protein 6559, for
example, has an apparent MW of 65 kDa and a plI of 5.9. From (18).

The bottom panels in Fig. 2 show that the pattern of protein
phosphorylation induced in old T cells by these agonists is not
simply diminished but instead shows qualitative alterations.
Phosphoproteins 2955 and 5459, for example, respond to PMA
just as strongly in old T cells as in young T cells. Similarly, pro-
tein 9166 and two other, probably related, proteins respond to
anti-CD3 and to PMA only in T cells from aged donors (Fig. 2,
bottom right panel). Thus the decline in most of the PMA-trig-
gered phosphorylation reactions (see top panel) cannot simply
reflect a downregulation of PK-C function, but may instead
represent a shift, with age, in the localization of one or more
PK-C isoenzymes, in accessibility of PK-C substrates, or in spe-
cific phosphatases that reverse PK-C-catalyzed phosphoryla-
tions. There is some corollary evidence to suggest a strong
effect of age on the localization of distinct PK-C isoforms in
resting and mitogen-activated human T cells (19). It may be
particularly informative to examine the effects of aging on the
localization and activity of the PK-C6 isoenzyme, thought to
play an important role in the commitment of T cells to activa-

tion and new gene expression (20).



These studies of incorporation of *2P from ATP into phos-
phoproteins provide information mostly on the function of
serine- and threonine-specific protein kinases, since the large
majority (>99%) of protein phosphate groups are added to
these two amino acids. The tyrosine-specific protein kinases,
however, including fyn, Ick, and Zap-70, are known to play a
critical role in the T-cell activation process. An early study using
antiphosphotyrosine (anti-PY) immunoblot methods quanti-
tated levels of phosphotyrosine (PY) on mitogen-sensitive sub-
strates separated by one-dimensional electrophoresis (21).
Three prominent phosphoproteins, with MWs of 40, 80, and
120 kDa, were found to be tyrosine-phosphorylated within
2-10 min after stimulation of young T cells by anti-CD3 or
Con A, and the 80 and 120 kDa substrates also responded to
anti-TCR antibodies. Each of these reactions was diminished
about 2-fold in T cells from older mice. The shift from naive to
memory T cells appeared to account for some of this decline,
in that phosphorylation of all three substrates was weaker (at
any age) in CD4 memory cells than in the unseparated CD4
pool (22). These data suggested that aging might impair the
activation of tyrosine-specific protein kinases, and set the stage
for more detailed analysis of specific kinases and their sub-
strates.

Signal initiation: phosphorylation of CD3( isoforms

Investigations of the responses of transformed T-cell lines, such
as Jurkat, had led to the development of models in which T-cell
activation was initiated by dual phosphorylation of one or
more of the ITAM regions on the zeta () chain of the CD3/TCR
receptor complex by the src-family, tyrosine-specific kinases
fyn and/or lck. Phosphorylated CD3( then was said to serve as

Miller et al - Signal transduction in T cells from old mice

a docking site for the syk-family tyrosine kinase Zap-70. Once
Zap-70 was attached to CD3(, it was said to be itself tyrosine-
phosphorylated, either by other Zap-70 molecules or by a src-
family kinase. Once activated by tyrosine-specific phosphoryla-
tion, Zap-70, perhaps together with fyn and/or Ick, could cat-
alyze the phosphorylation and activation of a wide range of
other signal transducing protein substrates (23). In contrast,
studies of normal (i.e. non-transformed) lymphocytes had
shown that the CD3{ chain was already tyrosine-phosphory-
lated and associated with Zap-70 in resting peripheral T cells,
casting some uncertainty on the idea that phosphorylation of
CD3({ was itself the key trigger of the activation process (24).
To examine the effects of aging on CD3{ phosphorylation,
we employed an assay in which anti-{ immunoprecipitates
from CD4 T cells were resolved by electrophoresis and then
detected by immunoblotting with anti-PY antibody (25). Non-
reducing gels were used to separate the various isoforms of the
¢¢ dimer, since work in another laboratory had shown a com-
plex pattern of differentially phosphorylated dimers that were
poorly resolved after reduction of interchain disulfide bonds
(26). This approach led to several results of interest, illustrated
in Fig. 3. In agreement with previous published work, we
observed high levels of phosphorylated £ dimers even in rest-
ing T cells, i.e. prior to the addition of any mitogenic agent;
these are indicated by the ZD1 arrow in Fig. 3. The level of phos-
phorylation of the ZD1 isoform was 3- to 6-fold lower in old
CD4 cells than in young cells; this difference was statistically
significant (p < 0.001) in a series of experiments on 10 mice
in each age group. Phosphorylation of the ZD1 band was not
altered by T-cell activation using cross-linked anti-CD3 and
anti-CD4 antibodies, but remained at constant levels for at least
10 min after activation (25). The kinase(s) that mediate base-

Fig. 3. Age-dependent changes in tyrosine
phosphorylation of CD3( chain dimers in
resting and activated CD4 T cells. Cells were
stimulated for the indicated times with anti-CD3

Mrx 107

66 — N

45, A= - «— pp55
- 7D4 7D3
- 7D2
-~—————— pp38

3p —— - ZID1

~<——— Control

5" +——— Stimulation
Time (min)

and anti-CD4 cross-linked by goat anti-rat IgG.
Anti-CD3{ immunoprecipitates were separated
by electrophoresis on 12% SDS-PAGE under non-
reducing conditions, transferred to
nitrocellulose, and detected with
antiphosphotyrosine antibody using a
chemoluminescence technique. Arrows at the
right indicate the positions of four dimers of the
CD3{ chain (ZD1, ZD2, ZD3, and ZD4), as well
as two other CD3{-associated phosphoproteins
(p38 and p55) whose phosphorylation is
stimulated by anti-CD3/CD#4 cross-linking, and
also an invariant control band used for inter-
assay normalization.
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line phosphorylation of CD3{ are not known at present,
although it seems likely that both lck and perhaps also other
kinases contribute to this process (27). Nor is it clear which
tyrosine-specific protein phosphatases might play a role in reg-
ulating CD3{ phosphorylation in resting T cells. Our data sug-
gest that T cells from aged mice are likely to have either lower
levels of the responsible kinase(s), higher levels of the phos-
phatase(s) involved, or altered accessibility of the TCR/CD3
complex.

Fig. 3 also shows the effects of T-cell activation induced by
cross-linking surface CD3 and CD4 molecules. Young CD4 cells
respond to this stimulus by increased phosphorylation of three
other isoforms of {{ dimer (bands ZD2, ZD3, and ZD4 in Fig. 3)
which migrate more slowly than ZD1 in this non-reducing
polyacrylamide gel. Two other CD3(-associated bands at appar-
ent MW 38 kDa and 55 kDa, shown by diagonal electrophoresis
not to be {-isoforms (25), were also tyrosine phosphorylated
in response to stimulation. Phosphorylation of each of these
substrates was apparent within 60 s (Fig. 3), reached a peak 5 to
10 min later, and then declined by 20-30 min (25). Phospho-

rylation of each of these five substrates was much weaker (3-
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to 4-fold lower at the 5 min time point; p < 0.05) in CD4
T cells from old mice. It is not yet clear which enzymes are
responsible for phosphorylation and dephosphorylation of
these £ isoforms, nor whether they play specific roles (either
positive or negative) in the T-cell activation process.

To see whether these effects of age reflected differences
between naive and memory T cell subsets, whose relative pro-
portions shift dramatically with age (28), we carried out a
series of experiments, of the sort shown in Fig. 4, testing naive
and memory CD4 cells from young and old donors for CD3¢
phosphorylation levels. The effect of age on ZD-1 phosphory-
lation, seen in resting CD4 cells, seemed to affect both naive
and memory cells to an equal extent. An analysis of variance,
with post hoc testing by the Student-Newman-Keuls procedure,
found no differences between naive and memory cell ZD-1
phosphorylation at either age. Aging did, however, diminish
the extent of ZD-1 phosphorylation in both the naive (p =
0.02) and memory (p = 0.04) subsets; the average effect is
about 6-fold, although this is not obvious in the top panel of
Fig. 4, which was over-exposed to bring out the more slowly

migrating bands. The ZD-2 data, however, show effects of both

Fig. 4. Age- and subset-specific
differences in phosphorylation of
CD3L. The top panel shows an
experiment in which naive (i.e. CD44")
and memory (i.e. CD45RB¥) CD4 T cells
were stimulated by anti-CD3/CD#4 cross-
linking for 5 min (or left unstimulated,
in the t = 0 lanes); and-CD3(
immunoprecipitates were then resolved
by electrophoresis on non-reducing gels
and detected by antiphosphotyrosine
immunoblotting as in Fig. 3. The bottom
panels show means and standard errors,
after 5 min of activation, for a series of
such experiments (N = 4 or 5 mice per
peint). Densitometric values were
normalized as a ratio to a control band
known not to vary with age, subset, or

Stimulation
Time (min)

stimulation; log-transformed values are
shown with an arbitrary constant added
for graphical convenience. Statistical
comparion described in the text.

(G. Garcia & R.A. Miller, unpublished
data.)

. Naive CD4
0 Memory CD4




age and subset. CD3{ phosphorylation after 5 min of activation
was higher in young naive than in young memory cells (p =
0.02) and higher in old naive than in old memory cells (p =
0.04); the difference was more than 10-fold at either age.
There was also a 10-fold effect of age within each subset (p =
0.03 for naive cells and p = 0.06 for memory cells). The
responses of the other activation-sensitive CD3( dimers ZD-3
and ZD-4, as well as the {-associated molecules p38 and p55,
showed age- and subset-specific variations similar to that
shown for ZD-2. Thus the accumulation of memory cells in
aging mice contributes to the overall decline in CD3{ phospho-
rylation, but changes in the function of naive and memory cells

also play a role.

Signal propagation: binding, phosphorylation, and activation
of Zap-70

The decline with age in CD3{ phosphorylation suggested the
hypothesis that aged T cells might also exhibit lower amounts
of CD3-bound Zap-70, slower rates of Zap-70 activation by
phosphorylation, and lower levels of Zap-70 kinase activity,
either before or after activation. To test this idea, we generated
CD3¢ immunoprecipitates from resting T cells from old or
young mice, and quantitated their Zap-70 levels by immuno-
blotting, The results (Fig. 5) showed an unexpected, but clear
and consistent, increase in the amount of Zap-70 present in
CD3{ immunoprecipitates from resting CD4 cells from aged
donors. This increase in CD3-associated Zap-70 did not reflect
a corresponding increase in the total amount of Zap-70, which
remained essentially constant with age in whole cell lysates.
The paradoxical increase with age in CD3{-associated Zap-70,
despite the decline with age in CD3{ chain phosphorylation,
suggests the hypothesis that the phosphorylated tyrosine resi-
dues on CD3{ chains of T cells from young mice, though more
numerous than in old T cells, may be distributed in ways that
are less conducive to Zap-70 association. Changes in the Zap-

Zap-70 associated with CD3(
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70 molecule itself might also contribute to this age-related
alteration in compartmentalization.

Does the increase with age in Zap-70 associated with CD3{
lead to a parallel increase in phosphorylation of the Zap-70
molecule, which might in turn lead to increases in Zap-70
kinase activity? To address the first of the these questions we
used anti-PY immunoblotting to detect tyrosine-phosphory-
lated proteins in anti-CD3{ immunoprecipitates from resting
CD+4 cells and from CD4 cells 3 min after activation by anti-CD3
and anti-CD4 cross-linking. This method reveals a prominent
PY phosphoprotein at MW 70 kDa, which we assume to be
Zap-70. As shown in the top panel of Fig. 6, stimulation leads
to only a small rise in Zap-70 phosphorylation, about 70% over
baseline, in CD4 T cells from young mice. CD4 T cells from old
mice do not show this increase, but this is because they have
higher levels of Zap-70 phosphorylation in the resting state,
and not because of any effect of age on the amount of phospho-
rylated Zap-70 after activation. Zap-70 protein kinase function,
shown in the bottom panel of Fig. 6, shows a very similar pat-
tern, with a significant stimulation seen only in young mice,
and with an age-dependent increase in resting kinase function
that produces similar levels of Zap-70 kinase activity in acti-
vated CD4 cells of young and old mice. Parallel studies of Jurkat
and HT-2 cells showed that these transformed cell lines had
both lower resting levels of Zap-70 kinase function than normal
T cells, and higher kinase function after 3 min of stimulation,
yielding a much larger stimulation index (not shown).

These data do not lend any support to the idea that alter-
ations in Zap-70 binding to CD3{, Zap-70 phosphorylation, or
Zap-70 kinase function contribute to age-related changes in
T-cell activation. The test used in Fig. 6 to quantitate tyrosine-
specific phosphorylation does not discriminate among the var-
ious phosphorylation sites on the Zap-70 molecule, some of
which are thought to have a negative regulatory effect; our data
thus do not exclude an effect of age on the distribution of phos-
phate groups within Zap-70. The in vitro kinase assay, based on

Fig. 5. Age-dependent increase in
Zap-70 associated with the CD3(
chain. The left panel shows levels of
Zap-70, detected by immunoblot in
CD3{ immunoprecipitates as means *
standard errors for 8 young, 6 middle-
aged, and 6 old mice. The right panel
shows levels of Zap-70 in whole cell
lysates from 6 young, 6 middle-aged,

. and 3 old mice. From G. Garcia &
R.A. Miller (submitted for
publication).
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Fig. 6. Effects of age on Zap-70 tyrosine phosphorylation and kinase
function. Top panel shows Zap-70 tyrosine phosphorylation using anti-
phosphotyrosine antibodies to detect phosphoproteins associated with
CD3{ in immunoprecipitates of resting CD4 cells (circles) or cells
stimulated for 3 min by cross-linking CD3 to CD4. Data are means

(* standard error) for 15 young, 10 middle-aged, and 10 old mice,
expressing each value as a ratio to the unstimulated young cells tested in
the same assay. Lower panel indicates tyrosine-specific kinase activity in
an invitro kinase assay using GST-Band III fusion protein as a Zap-70
substrate for tests of 5 young and 4 old mice. The asterisks indicate
significant differences between resting and stimulated cells. From G.
Garcia & R.A. Miller (submitted for publication).

ability to transfer phosphate groups to a model substrate, eryth-
rocyte Band III protein, might fail to detect subtle differences
in Zap-70 function that could affect phosphorylation of T-cell-
specific substrates attached to, or adjacent to, the CD3 complex.
It is also quite possible that altered association of coupling or
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substrate proteins, or phosphatases, to CD3¢, to Zap-70, or to
other elements of the signal transduction complex might lead
to a net decline in Zap-70 activity in situ in old T cells. Age-
related differences in association of Zap-70 to ITAM regions in
the CD3 yde complex might also lead to functionally significant
defects in T-cell activation. Lastly, it is possible that signal trans-
duction defects in aged T cells are all distal to the CD3/Zap-70
complex. Clearly, additional studies will be needed to discrim-

inate among these possibilities.

Signal integration: Raf-1, MEK, ERK

Investigations of Zap-70 kinase activity look at what is thought
to be the earliest step in the activation cascade. The steps that
immediately follow Zap-70 induction are still unclear and the
topic of intense study in many laboratories. It seems likely that
these steps involve, among other players, a variety of phospho-
lipases and lipid kinases, proteins that activate Ras and its rela-
tives, and several isoforms of PK-C, as well as sets of tyrosine-
specific kinases and phosphatases. These interactions resolve
themselves ultimately, i.e. within the first few minutes after sig-
nal initiation, into a number of final common pathways able to
turn on new gene transcription to prepare the cell for entry into
the cell cycle and production of cytokines and growth factor
receptors. Among these key mediators of signal integration is
the extracellular receptor-activated kinase ERK (also called MAP
kinase). ERK function is initiated when the enzyme is phospho-
rylated on both tyrosine and threonine by the dual-specific
kinase MEK, and MEK is itself regulated by the protein kinase
Raf-1.

Fig. 7 shows results from a study (29) in which ERK func-
tion was measured in T cells from mice of various ages by its
ability to phosphorylate a specific substrate, the ribosomal S6
protein kinase p90~. T cells were stimulated by anti-CD3
cross-linking for 1-30 min, and the amount of phosphorylated
p90r* monitored by anti-p90 immunoblotting; phosphory-
lated p90™* can be discriminated from the unphosphorylated
substrate by its diminished electrophoretic mobility. At the
peak of the reaction, 10 min after T-cell stimulation, about 45%
of the p90r* had been converted by ERK to its slower migrating
form in young cells, but only 30% in old T cells, as compared
to a baseline of 5-7% in resting T cells. The differences
between young and old T cells were statistically significant at
this time point, and also at the 1, 2, and 5 min intervals (29).

Activation of ERK by MEK can be also be followed by an
electrophoretic mobility shift technique, since phosphory-
lated ERK migrates more slowly than the unphosphorylated
form. The bottom panel of Fig. 7 shows the results of a series
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Fig. 7. Effects of age on ERK and MEK kinase function. Top panel shows
ERK function, measured by conversion of p90~* to its phosphorylated
form after 10 min exposure to anti-CD3 antibodies. Each bar shows mean
+ standard error for 6 mice; each AU (arbitrary unit) represents 1%
conversion of p90m* to its slower migrating form. The asterisk indicates a
significant difference between young and old mice. The bottom panel
shows MEK function, measured by conversion of ERK2 to its slower
migrating form after 2 min of activation by cross-linking CD3, as means
+ standard error for N = 7 experiments.

of assays of MEK function in T cells activated by cross-linked
anti-CD3 antibodies. T cells from young mice contain about
8% of their ERK in the phosphorylated state at the peak of the
response (2 min after stimulation), compared to a baseline of
1% in resting T cells, but in old T cells only about 4% of the
ERK is phosphorylated. This difference is statistically signifi-
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Fig. 8. Effects of age on Raf-1 kinase function in CD4 T cells and
subsets. Top panel: CD4 T cells were stimulated for 5 min by cross-
linking CD3 to CD4, and Raf-1 immunoprecipitates were used for an in
vitro kinase assay employing a kinase-inactive version of MEK as substrate.
Values show means and standard errors for 3 mice in each age group as
the ratio of activity in stimulated cells to that in unstimulated cells; the
young cells give significantly (p < 0.05) higher values than the middle-
aged or old cells at this time point and at 2 and 10 min (not shown).
Bottom panel: CD4 T cells from young or old mice were separated into
naive (i.e. CD44°) and memory (i.e. CD62") subsets, which were then
activated and assayed as in the top panel. Values are means and standard
errors for N = 5 experiments. Young naive cells have significantly (p <
0.05) higher Raf-1 kinase function after activation than either young
memory cells or old naive cells, From C.J. Kirk & R.A. Miller (submitted).

cant in a series of 7 experiments. The data thus show an age-
dependent decline of about 2-fold in peak activation levels of
ERK, and suggest that an equivalent decline in activation of
MEK can account for the ERK defect. Similar results have been
reported for T cells from some, though not all, aged human
donors (30).
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Since MEK can be activated by yet another protein kinase,
Raf-1, we next carried out tests of Raf-1 function in young and
old T cells, using CD3/CD4 cross-linking as the stimulus. The
results (Fig. 8) showed that CD4 T cells from young mice were
substantially better at activating Raf-1 than cells from middle-
aged or old donors. The decline with age does not reflect a par-
allel decline in the total amount of Raf-1 protein; in fact, the
total amount of cellular Raf-1 increases significantly, about 2-
fold, with age, and the decline in kinase specific activity (kinase
function per mg of Raf-1 protein) is thus more severe than that
suggested by Fig. 8. The bottom portion of Fig. 8 shows that the
effect of age can be auributed only in part to differences
between naive and memory cells (in the CD4 set). Memory
cells of young mice are substantially less responsive than naive
cells to CD3/CD4 cross-linking in the Raf-1 kinase assay, and
the increase with age in the proportion of memory cells will
thus lead to a decline in overall Raf-1 inducibility. But aging
also leads to a significant decline in function within the naive
cell population. These results are formally similar to the subset-
and age-dependent changes in CD3{-dimer phosphorylation
shown in Fig. 4, but may well involve a different mechanism. In
view of the clear-cut difference between young naive and
young memory cells in Raf-1 activation shown in Fig. 8, it is
puzzling that activation of MEK by anti-CD3 does not seem to
differ between naive and memory CD4 cells of young mice
(29). The discrepancy may involve differing stimuli — the Raf-
I experiments used both CD3 and CD#4 activation — or could
reflect alternate pathways to MEK activation.

The demonstration of an age-associated decline in Raf-1
activation justifies a closer look at the macromolecules that reg-
ulate Raf-1 itself. At least two distinct pathways can induce Raf-
I function in T cells, one involving PK-C phosphorylation of
Raf-1, and the other requiring activation of Ras; the latter path-
way also seems to require tyrosine-specific phosphorylation of
Raf-1 by kinases unknown. Other enzymes related to MEK and
ERK, including the c-jun N-terminal kinase JNK, may also be
fruitful targets for further work.
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Fig. 9. Tyrosine phosphorylation of Shc in
T cells: differential effects of anti-CD3 and
anti-CD4 stimulation. T cells from mice of
different ages were stimulated either by cross-
linking anti-CD3 (left panel) or anti-CD4
(right panel), and phosphorylated She
detected using antiphosphotyrosine antibody.

+ Bars show means and standard errors from

N = 4 experiments. The effects of age are
statistically significant (p < 0.05) for both
stimulators. From (31).

Altered circuitry: phosphorylation of Shc

Itis clear from work in many laboratories, as well as from some
of our own findings presented above, that simple sequential
models of T-cell activation do not adequately convey the com-
plexity of the signal transduction process, which must include
an elaborate array of feedback loops and qualitative modula-
tions, some of them possibly subset-specific, others invoked
only in the presence of particular co-stimulators or by agonists
whose affinity for the TCR falls within a particular range. Some
insight into the way in which aging might alter this circuitry
has emerged from a study of tyrosine phosphorylation of the
Shc protein (31). In many cell types She helps to couple trans-
mission of signals from a tyrosine-phosphorylated substrate
(such as phosphorylated CD3() to Ras by promoting the accu-
mulation at the transduction complex of the Ras-activating
Grb2/mSOS heterodimer. The question of whether or not Shc
plays such a role in T cells is controversial (32, 33), but there
is general agreement that Shc can serve as a substrate for one or
more of the tyrosine-specific protein kinases activated in the
early phases of T-cell activation. We have examined the extent
of She tyrosine phosphorylation in T cells after activation by
two routes (Fig. 9). In responses to anti-CD3 cross-linking,
T cells from aged mice generated about half as much phospho-
rylated Shc as did T cells from young donors; this result is con-
sistent with the data presented above on MEK, ERK, and Raf-1
function. In contrast, when the cells were stimulated by cross-
linking CD4, in the absence of any anti-CD3 signal, then old
T cells generated almost 2-fold more She phosphorylation than
did young T cells. This result suggests that the factors that reg-
ulate activation of the CD4-associated kinase Ick — its associa-
tion with CD4, its own phosphorylation state, its location
within the cell membrane — may be altered by aging in ways
that interfere with Ick triggering after CD3 clustering but facil-
itate lck function when CD4 molecules are themselves aggre-
gated by anti-CD4 antibody. There is evidence that CD3 and
CD4 (together with the tyrosine-protein phosphatase CD45)



may be in close proximity on memory T cells, but not in naive
T cells (34), and it will be important to determine whether the
age-related increase in Shc phosphorylation induced by anti-
CD4 represents differences between naive and memory T cells,
an effect of aging within these subsets, or a combination of
both effects.

Concluding remarks

Researchers interested in the ways in which aging alters the
T-cell activation process have so far glimpsed only a few aspects
of the proverbial elephant — or perhaps several different ele-
phants, one for each of the various T-cell subsets. The picture
that is emerging is not the simplest one, in which T-cell signals
stumble at one well-defined early step, with all subsequent
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steps choked off proportionally. Instead, aging seems to alter
the signalling network in subtler ways, with some specific
mediators (or reactions) set at higher levels, and others at lower
levels, and with some variations that appear to be specific for
individual T-cell subsets. Growing appreciation of the detailed
mechanisms of signal transduction in T-cell lymphomas and,
even more helpfully, in freshly isolated resting T cells and their
subsets will in coming years facilitate the dissection of the bio-
chemistry of T-cell immune senescence. Studies of the
responses of aged TCR-transgenic mice to defined peptide anti-
gens (or partial agonists) may also provide important clues.
Nonetheless, drawing convincing inferences about the func-
tional implications of these biochemical changes is likely to
remain a formidable challenge for some time.
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