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Summary

In the elderly, a dramatic shift within the CD4* T cell population occurs, with an increased
proportion having a memory phenotype with markedly decreased responsiveness, To deter-
mine what aspects of the aged phenotype are dependent upon repeated contact with antigen in
the cnvironment, we examined CD4% cells isolated from TCR Tg muce. There is good evi-
dence that no cross-reacting antigens for the Tg TCR recognizing pigeon cytochrome ¢ are
found in the environment of the animal, so that alterations in the Tg CD4* cells with aging are
likely to be due to antigen-independent processes. We found that in aged animals, TCIR. trans-
geneP™ CD4™ cells, although decreased in number and antigen responsiveness, maintain a naive
phenotype rather than acquinng a prototypical aged memory phenotype. In contrast, the pop-
ulation of transgene! ™8 CID4* cells increase 1 proportion and express the aped phenotype.
Consistent with their naive status, transgene?™ cells of aged individuals remain CD44v
CD45R B, secrete IL-2 and not 1L-4 or IFN-y upan antigenic stimulation, and require co-
stimulation to proliferate to anti-CD3 stimulation. These findings suggest that the aging-associ-
ated shift to CD4 cells expressing the memory phenotype is dependent on antgenic sumula-
tion. However, the decrease in antigen responsiveness of naive transgener™ cells, as revealed by
a lower secretion of 1L-2 and TL-3 and a lower proliferative capacity, suggests that additional

intrinsic changes occur with aging that do not depend on encounter with antigen.

Studies in humans and rodents established that the de-
cline in protective immumty with advancing age 15
largely due to changes in the T cell compartment (1-19).
Among the more dramatic changes that conimbute to the
diminished T cell function in aged individuals are a decline
in the frequency of CD4* T cells producing 11.-2 (1) and
decreased expression of IL-2 receptors (2). Data on the
production of other cytokines by T cell populations stimu-
lated in vitro support an age-related increase in IL-4 and
IL~5 producton (3-5), an increase in IL-10 production (6),
and a decrease in IL-3 producton (5, 7). This is coupled with
a decrease in the early events of signal transduction (8-12)
and an overall decrease in proliferanon of CD4* T cells in
response to various kinds of TCR- and costimulus-medi-
ated stimulation (13-17).

As animals age, there is an increase in the proportion of
T cells expressing a memory cell phenotype, reflected by an
increased expression of CD44 and decreased expression of
CD45RB (3, 14-16, 18, 19). The T cells of the aged share
some of the properties associated with memory cells, in-
cluding their requirements for stimulation and patterns of
cytokine production (20-25), but their decreased prolifera-
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tion and overall lowered levels of cytokine production are
more consistent with an accumulation of unresponsive
cells, which also share the memory phenotype (26). Thus,
unlike the antigen-stimulated memory cells generated in
young animals, which proliferate vigorously and often pro-
duce high levels of IL-2 and other cytokines (22, 27), the
memory cells found in aged animals are hyporesponsive
(11, 12, 14). The age-related transition to a higher propor-
tion of cells with a memory phenotype is seen in both the
CD4 and CD8 populations (3, 14-16). The mayjonty of
these cells that accumulate with aging seem to be resting,
not activated lymphocytes, based on their size, DNA pro-
file, lack of actvation markers (19, 28), and cheir require-
ment for further sumulation for cell cycle entry.

The naive and memory subsets of the CN4 and CD§
populations of aged mdividuals can be further divided based
on their ability to extrude the fluorachrome, Rhodamine
123 (R123)' (29-31). The extrusion of R123 is dependent
on P-glycoprotein, the 170 kDD ATP-dependent plasma

Y Abbreviations wsed in this paper: PCC, pigeon cytochrome ¢; PCCF. pigeon
cytochrome ¢ fragment 88-104; R123. Rhodanune 123; Tg, transgenic.
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membrane pump encoded by the multiple drug resistance
genes, which has been extensively studied in tumor cells
{32, 33). The function of P-glycoprotein in normal cells is
unknown. With age, CD4 T cells that stain dimly with
R123 increase m number, and this change appears to be in-
dicative of the activation state or developmental history of
the T cell (30, 34). Indeed, activated cells, as well as cells
within the memory subsct of the CD4 population, are
R1234m (29-31). Furthermore, the R123 extruding frac-
tion, i.e., R1234m cells, from ummmunized mice has been
shown to include preactivated cells capable of IL-2 and
some IFIN-vy production (30).

To investigate whether interaction with environmental
antigens contributes to the aging-associated gencration of
memory phenotype ‘T cells and whether nawve T cells that
persist in aged mice retain normal function, we have exam-
ined CD4 T cells isolated from mice transgenic {Tg) for a
T cell receptor (TCR) that recognizes pigeon cytochrome ¢
(PCC) in the context of [-E* (i.c., AND Tg mice) (35).
Previous studies of young mice indicate that the TCR. Tgr>
CD4* cells are greater than 90% of naive phenotype and
function, and that the naive cells respond vigorously to de-
fined peptide antigen presented bv appropriate antigen-
presentng cells (APCs) (36). Impaortandy, few, if any, Tg
memory cells develop in these mice without intentional
antigenic stimulation, suggesting that no cross-reacting an-
tigens are found in the environment. This is not unex-
pected, since PCC differs from the murine homologue in
only three positions in the fragment recognized by the Tg
TCR. (37). Indeed, the frequency of C14T T cells in nor-
mal animals specific for PCC is less than 0.1% (38), and the
response 15 of limited heterogeneity, being comprised al-
most exclusively of VB3Val1l T cells (38, 39) supporting
its oligoclonality. Thus, the chance for crossreaction is
minimal. In contrast, the Tgo ¢ cells in AND mice ex-
press endogenous receptors and have 2 memory phenotype
(36, 40), presumably reflecting selection by environmental
antigens. Therefore, it is expected that age-related changes
in the TCR. Tg#* CD4 population would likely be due to
the antigen-independent aspects of aging. We find that in
aged mice, the CD4* T cells expressing nontransgenic o
and B cham TCR increase m number and are predomi-
nantly of the memory phenotype, whereas the TgPe CI4~
T cells retain a naive phenotype, have lower levels of
R123, and become hyporesponsive. Thus, some age-asso-
ciated deficiencies of CD4 T cell responses apparently de-
velop independent of response to antigen.

Materials and Methods

Animals. H-2% or H-2® TCR-aff (i.e., AND) Tg mice
were bred from a C57BL/6 X S]L founder, provided by Dr. S.
Hednck (University of Califorma, San Diego), by successive
backcrosses onto the 1310.Br or C37BL/6 background, respec-
tively. Unless indicated, the mice used in these studies were on
the H-2¥% background. The muce were housed at either the ani-
mal facilities at the University of California at San Diego (1.a Jolla,
CA) or at the Scripps Rescarch Institute, (La Jolla, CA) unul their
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use at 2—1 mo (voung) and 15-26 mo old (aged). Mice with evi-
dence of gross pathology were excluded from the study.

Cell Lolations.  The isolation of spleen cells enriched for CD4
cells has been described previously (36, 41). In brief, the cells were
passed through a nylon wool column and the nonadherent cells
were staned with cy-chrome ano-CD4, phycoerythrm anto-Vall,
biotin ant-VB3, and Texas red streptavidin. The CD4"VB3*
Vall™ cells and the CD4*VB3~Vall™ cells were sorted using
either the FACStar Plus or the FACSVantage (Becton hckin-
son). The sorted populations contained less than 1.5% cells falling
outside the sort gates.

Immunefluorescent Staining.  The following antibodies and fluo-
rescent reagents were used: Cy-chrome anu-CD4 {clone RM4-5;
PharMingen, La Jolla, CA), FITC anti-C1»44 (clone IM7; PharMin-
gen, La Jolla, CA}, FITC anti-CD45RB (clone 23G2; PharMin-
gen), FITC ana-CD3e (clone 145-2C11; PharMingen), phyco-
crvthrm ano-Vall {(clone RR8-1; PharMingen}, biotin anti-V[33
(clone KJ]25; PharMingen). phycoervthrin ana-CD25(IL-2 receptot,
o chain; clone 3C7; PharMingen), phycoerythrin ana-CDe9 (clone
H1.2F3; PharMingen), Texas red streptavidin (Bromeda, Foster
City, CA), and R123 (Molecular Probes, Inc., Eugene, OR). For
the analysis of CD3, CD44, CD45RB, and CDG2L expression on
CD+ Tgh™ cells, the cells enriched for CD4 were stained with the
appropriate antibodies and analyzed on a FACStar® Plus flow cy-
tometer (Becton Dickinson, San Jose, CA). The data were ana-
lyzed with Cell Quest software.

To examune R123 staiming, spleen cells were incubated with
12.5 wivt R123 for 10 min at 37°C, washed three tumes with cold
PBS, incubated an additional 30 min at 37°C, washed, and then
wncubated with antibodies to CD4, Vall, and VB3 as descnbed
above.

Cell Culture.  Cells were cultured i1 RPMI 1640 (GIBCO
BRI, Gatthersburg, MD) supplemented with penicilin (200
pg/ml), streptomycin (200 pg/ml), glutamine (4 mM), 2-mer-
captoethanol (50 wM), Hepes (10 mM), and 10% FCS (Hyclone,
Logan, U'l). DCEK-ICAM, a fibroblast cell Iine that expresses
B7-1 constitutively, and 1s stably transfected with ICAM and class
1T MHC (I-EX) molccules, was used as APCs (42). These cells do
not express other costumulatory molecules, such as LEA-1, CD48,
and heat stable antigen. and do not secrete detectable levels of cy-
tokines, such as 11.-2, IL-4, TFN-y, and TNF-a¢ (25). DCEK-
ICAMY/B7 cells are excellent APCs for stimulaung both naive and
other CD4 T cells (23).

Assays to detect DNA synthesis, an indicator of proliferation,
were performed 1n microcultures. For antigen-specific stimula-
tion, varying numbers of CD4% cells (1.25-5 X 10%/ml for 0.2 ml
mictocultures) were incubated along with mitomycin c-treared
(100 pwg/ml for 30 min at 37°C) DCEK-ICAM/B7 APCs (2.5 X
10°/ml) with or without 5 pM PCC fragment 88-104 (PCCE).
For anti-CD3 stumulation, varying numbers of T cells were cul-
tured with or without 7.2 ng/ml anti-CT28 annbody (prepared
from ascites generated mn pristane-primed nude mice with 37.51
cells [provided by Dr. J. Allison, University of Cahfornia, Berke-
ley (43)]) 1n microwells precoated with 10 pg/ml ana-CD3 anti-
body (2C11). The mcrocultures were pulsed the last 16 h of the
3 day culture with 1 pCi PHITdR {6.7 Ci/mmol; ICN, Irvine,
CA), harvested and counted. The cultures were incubated 24 h
before removing the culture supernatant for the assessment of cy-
tokine production.

Effector cells were gencrated in bulk culture from sorted
CD4"VR3*"Vallt T cells. These cells were incubated ac 1.5 X
10%/ml with twice as many mitomycin c-treated DCEK-ICAMY/
B7, 5 pM PCCF, and [L-2 (20 U/ml). After 4 d of culture, the
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cells were washed and either stained with fluorochrome conju-
gated antibodies for phenotyping or were cultured an additional
24 h with antigen and APCs for determuning cytokine production
profiles.

Cytokine Detection.  Culture supernatants were collected after
24 h of culture with PCCF and DCEK-ICAM/B7 and were as-
sayed for the presence of cytokines. IL-2 and IL-3 were detected
by bioassays as previously desctibed (27). The data were quanu-
tated from standard curves using recombinant cytokines and are
expressed as units per milhiliter where 50% of the maximum re-
sponse represents 1 U of activity, Unmits per ml were calculated
from the reciprocal of the dilution that gives half madmal activity,
divided by the culture volume. 11-2 was detected by measuning
proliferation of the NK3 cell line that responds to both IL-2 and
[L-4. Ant-IL-4 monoclonal antubody (11B11) was added to the
assay to block any IL-4-induced proliferation. IL-3 was detected
by proliferation of the 32115 cell line (44) that does not respond
te other cytokines under our experimental conditions. The lower
limit of assay detection for both [L-2 and IL-3 was 5 U/ml. 1 U
of IL-2 determined by this assay cortesponds to 14 pg protein.

IFN-y (27) and IL-4 were detected by ELISA. Both 1L-4 and
IFN-y were quantitated by comparnison with standard curves gen-
erated using recombinant cytokmes and are expressed as ng per
ml for 1L-4 or units per ml for IFN-vy. The 1L-4 ELISA emplovs
the 11B11 antibody for capture and biotinylated BVD6-24G2
(PharMingen) for detection. The lower lumits of assay detection
for IFN—y and IL-4 were 10 U/ml and 40 U/ml, respectrvely. 1 U
of IL-4 and IFN-v determined by these assays corresponds to (0.7
pg and 0.1 ng protein, respectively.

Results
The Phenotype of T Cells in Aged TCR Tg Mice. To in-

vestigate whether aged AND mice retained naive TgPo
cells or whether the CD4 population shifted to a Tg™# or
more memory phenotype, we examined the expression of
the Tg TCR on CD4* cells of young and aged mice. No
striking differences were observed in the number of CD4*
T cells isolated from the spleens of young (2—4 mo: n = 8)
or aged (15-26 mo; n = 8) TCR Tg mice (data not shown).
Gating on the CD4* population, the expression of the Tg
TCR chains Vall and VB3 were examined by flow cy-
tometry (Fig. 1). The proportion of CD4% T cells express-
ing both Va1l and VB3 progressively decreased with age,
while that of Tg* " cells increased, but a large proportion
of CD4 T cells remained TgP>. An example of VB3/Vall
expression in gated CD4 T cells from one expenment 1s
shown in Fig. 1 A and the relative expression as a function
of age in all animals is shown in Fig, 1 B, In young mice,
the percentage of TgP™ T cells averaged over 80% of the
total CD4" T cells, while 1 mice over 20 mo of age, Tgr
T cells represented less than 50% of the CD4* T cell popu-
lation. Many CD4' T cells in aged mice expressed 1nter-
mediate levels of VB3 and/or Vall (Fig. 1 A). As shown
in Fig. | C, although the expression of VB3 or Vall de-
clined with increasing age, the level of CD3 expression re-
mained high on cells of both young and aged mice {mean
fluorescence intensity of CD3: VB3 — [144 versus 72 young],
[140 versus 88 aged]; Vall - (144 versus 71 young], [142
versus 80 aged]), suggesting that the Tg ™€ CD4" T cells

1893

Linton et al.

AGED CD4+

.o

= 100
B 0 ]
%j 30-%
-
>4 [} o
W+ 80
a3 >
Qw 40 8 o)
[ 1
ZE
we 204
Q0
T4
E ) —TT T T
06 5 10 15 20 25 30
AGE {months)
C YOUNG CD4+ AGED CD4+

al

FEAR

VA3
10% 107 10% 10% 10

Y
10% 101102 403 104

#: 11%] A
T T, T Ll el
10 10" 10? 10% 10l T we' 10 wd ae?
w -
5 — =
t'l— . emﬂ
- 27 A ileq-
o = N
58 21"
>—21 P9_1 . "
et G o I LY
2 ot % ~ad = T T
o® 1ot 10? j0° 100 w® 10' 10?10 10t
cDa
Figure 1. The expression of Va1l and VB3 on CI4* spleen cells 150~

lated from AND Tg nuce Gaung on the CI34% cells, the levels of Vel 1
and VB3 expression of a 4-mo-old (leff) and a 26-mo-old (righf) mouse arc
shown 1 A, and the percentage of cells expressing both Vall and VB3
for cach mouse 15 shown in B (AND Tg mice on the H-2** background
[oper: symbols] and H-2%* background [dlesed symbols]). The cxpression of
CD3 versus VB3 and CD3 versus Vail on CD47 spleen cells isolated
from AND Tg nuce 1s shown m C. Gating on the CD47 cells, the levels
of CD3 and VB3 or Vall expression of a 4-mo-old (igff) and a 19-mo-
old (righf) mouse are shown

cxpress endogenous encoded TCR. o~ and B-chains (22,
40, 45) in addition to various levels of Tg-encoded Va and
VB. Indeed, Balomenos et al. (40) have recently demon-
strated an increase in the coexpression of endogenous and
Tg VB3 TCR in aged AND mice.

To evaluate the phenotype of the aged CD4% T cells,
we focused on Tgh™ and Tg ¢ cells, which in all proba-
bility represent those T cells which have never encoun-
tered antigen versus those which are most likely antigen
selected, respectively. Results of a typical experiment are
shown in Fig. 2. In aged conventional animals, a pheno-
typic shift occurs i the total CD4 T cell population from
a predominantly nave population to a predominantly
memory population, as determined by the levels of expres-
sion of CD44 and CD45R3B (3, 14-i6, 18, 19). Gating

on the total transgene-expressing or transgene-noNexpress-
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Figure 2. The expression of CD44 and CD45RB on CD4+ T cells
from aged AND Tg miuce The expresaion of CD44 and CID45RB on to-
tal CD4* T cells (first row), VB3*Val1* CD4* T cells (sccond row).
and VR3 Voll~ CD4" T cells (thurd row) from young and aged AND
Tg muce are shown in A, The relative expression of the CI) molecules on
CD4% T cells from a 3-mo-old mouse (soltd line) versus a 16-mo-old
mousc (bold fing) are shown. Although results with cells from the young
were sunular, only antibody 1sotype controls are shown wath cells from the
aged (dotted line). Gating of CTTVA3 Vol versus CD4*PVRE3I~"Vall®
are shown i Fig. 1. Shown arc representative data from one experument
with one mouse from each age group with a nummum of five experi-
ments performed. ‘The phenatype of effectors generated 1n vitro from
natve transgene-expressing T cells from 3-mo-old (solid fine) versus
16-mo-old (bold Ime) AND Tg uuce are shown in B. FACS-sorted
VP3Vall posiive C124* I cells were cultured ac 15 % 105/ml wicth
rwice as many mitomycin c-treated DCEK-ICAM/B7, 5 wM PCCF, and
IL-2 {20 U/ml). After 4 d, the cells were washed and stained with fluoro-
chtome conjugated anubadies to CD4, VB3, Vall, CD44, and
CD45RB. The relanve levels of expression of CD44 (leff) and CD45RB
{nght) are shown. Control cells freshly isolated from a young AND Tg
mouse were also stained and included for comparison (dotted line). Essen-
tially all the cffector cells recovered from culture were VB3Vall positive
CD4* T cells. Shown are representative data from one experument with
two expenments performed

ing CD4" spleen cells from mce at varying ages, the rela-
tive levels of expression of CD44 and CD45RB was ana-
lyzed (Fig. 2 A). As we reported earlier {36), in young
AND mice the Tgp>® CI24* ceils expressed a relatively na-
ive phenotype, i.e., (D44 CD45RBM, as compared with
the Tg°o™e CD4* cells, which were CD44 CD45RBY,
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However, unlike previous findings from conventional aged
mice (3), the transgene expressing CD4* cells from aged
individuals retained a CD profile consistent with that of na-
ive cells. Importantly, when CD4% T cells from aged Tg
mice were stimulated with antigen and APCs in vitro, they
were able to switch to an activated phenotype (Fig. 2 B).
Moreover, like young mice, the Tgloe¢ CD4* cells from
young and aged donors had a memory-like phenotype.
These findings were similar in all age groups studied.
Therefore, the slight shift to a memory phenotype among
the whole CD4' population in the aged Tg mice is the re-
sult of an increased representation of the more memory-
like Tghm5 cells, while Tgt™ cells retain a naive phenotype
consistent with lack of antigen exposure. This was exem-
plified by the increased proportion of CD44M cells in the
total CD4 T cell population. Owing to the heterogencity
and lower levels of fluorescence intensity of CD45RB ex-
prussion, the age-associated shift toward an increased repre-
sentation of a memory phenotype was not apparent except
once the total CD4 cells were separated into Tgh* and
Tg™8 populations.

The Functional Phenotype of Aged Tgrs CD4 T Cells.
To evaluate whether the TgP® CD4* population expressed
a naive phenotype by functional criteria, we examined
their ability to produce a pancl of cytokines. Naive cells
have been shown to produce IL-2 as the major cytokine
following 24 h. of antigen cxposure, whereas long-term
memory cells (or acovated cells) produce high levels of IL-2
in addition to significant levels of IL-4 and IL-5 or [FN-y
(20-23). To obtain pure Tgt® CD4 T cells, we sorted
VB3*Vallt CD4* cells from the spleens of young and
old mice, and stimulated these cells for 24 h. with antugen
(PCCF) and APC (DCEK-ICAM/B7). As shown in a rep-
resentative experiment in Fig. 3 (A4, B, and E), stimulation
of cells from young TCR. Tg mice induced production of
high levels of IL-2, and moderate levels of 1L-3 but no de-
tectable 1L-4 or IFN-vy. Similar patterns of cytokine pro-
duction were obtained with cells from old mice; however,
the levels of 11.-2 and IL-3 secretion were significantly re-
duced. Thus, the Tgr* cells of aged mice behaved like na-
we T cells and did not make IL-4 or IFIN-~, but they dif-
fered from Tgr* cells of young mice in thac less [L-2 and
IL-3 were produced by the equivalent number of cells. Iim-
portantly, effector cells generated from sorted Tgr> CD4*
T cells of aged Tg mice were capable of IL-4 and IFN-y
secretion upon antigenic exposure (Fig. 3 F). To substanti-
ate the significance of the reduction of IL-2/IL-3 produc-
tion, Fig. 3 Cand I3 show the units of cytokine in cultures
of cells of young and aged animals in three experiments in
which sorted Tgr™ CD4* T cells were compared. In the
aged, IL-2 production was reduced by 50% or more and
IL-3 production was reduced by 25% or more. This sug-
gests that even though aged TgP® CD4 cells retain a naive
phenotype they have become hyporesponsive.

The use of antibodies recognizing the TCR to isolate
pure populations of transgene-expressing cells did not itself
induce cytokine production, since similar cultures of sorted

Antigen-independent Changes in Narve CD4 T Cells with Aging
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Figure 3. Cytokine production by sorted VB3Vall posiive CD4%

cells from 2-mo-old [(cfosed symbols and sehd bars) and 16-mo-old (epen
symbols and hatched bars) AND Tg nuce. Cytokine production by freshly
1solated cells and by effector cells (that were generated as described 1n Fig,
2 B) are shown in A-F and F, respectively. The VB3 Vall* CD4* cells
were sorted from preparations of freshly 1solated spleen cells or from in
vitro generated effector cells. Varying numbers of these cells were cul-
tured with 5 pM PCCF and 1 X 10° DCEK-ICAM/B7 cclls for 24 h.
Supematants were tested for IL-2, IL-3, IL-4, and [FN-vy as descnibed 12
Matenals and Methods. The lower hmit of assay detection for both 11L-2
and IL-3 was 3 U/ml. No IL-4 (detecaon hmmt, 40 U/ml) nor IFN-y
{detection hmue, 1) U/ml} secretion was detected 1 cultures of freshly
isolated cells {ND), not detectable). Shown are representative data from
one cxpertment with three experiments (panels A, B, and E) or two ex-
penments (Fy performed In panels C, D, E and F of this figure are the
data from mdividual expeniments 1 which the levels of cyvtokine secreted
by 1 X 10% sarted VB3Val1 posinve CD4* cells arc shown.

cells in the absence of antigen did not produce any cyto-
kines. Furthermore, the transgene cxpressing CD4 cells were
not activated. In the absence of antigenic sumulation, the
cells isolated from both old and young mice were found to
remain small and resting as judged by their forward scatter
profile as well as their lack of expression of determinants
found on activated T cells, such as IL-2 receptor, transfer-
rin receptor, and CI69 (data not shown). Finally the levels
of cytokine production seen in these experiments are comn-
parable to those seen in many previous experiments with
unsorted cells, which had never been stained with antibody
(21, 22, 36).

Requirements for Costimulation in the Aged Tgr* CD4 T
Cells.

To assess immunologic responsiveness with aging,

1895

Linton et al.

A —l— YOUNG anh-CD3
—{— YOUNG an-CD3 & ant-CO26
60000 4 @ AGED amti-CD3

—C—  AGED anti-CD3 & ant-CD28
40000 ]
20000 ]
0 - —p |

20000 60000 100000
NUMBER OF V33/Vo11 GD4 CELLS

50000
B O YOUNG
B AGED
40000
30000 ]
20000 4
10000
(e 38
VB3/Vail+  VE3NVall-  VpIVall-
anti-CD3 anti-CD3 anti-
CD3/CD286
Figure 4. Proliferanon by sorted TgP™ and Tg™s CD41 T cells from

young versus aged AND Tg muce n response to msoluble antu-CD3 ant-
body. In A, sorted VB3Vall posiave CD4* T cells from 2-mo- {squares)
versus 16 mo-old {circles) AND Tg mice were culeured at varymg num-
bers i the presence of plate-bound anti-CD3 antibody (2C11) plus {open
symbols) or mimus (closed spmbols) 7.2 ng/ml of soluble anu-CD28 anti-
body. The mucrocultures were pulsed with [PH]TdR the last 16 h of the
3 d culture, harvested, and counted. Shown are representatve data (mean =
SD) from one experument with three expenments performed. In B,
75,000 sorted VR3Val1 posiive or neganve CD4* T cells from 2-mo-
(open bars) versus 17-mo-old {selid bars) AND Tg muce were cultured as
described above. Shown are representative data (mean * SD) from one
experiment with two expeniments performed

most studies have relicd upon stimulation with polyclonal
activators such as antbody to CD3. Although this stimula-
tion is thought tc mimic antigen-specific responses through
the TCR, treatment with anti-CD3 without added APCs
or costimulation has been shown to stimulate cells prefer-
entially in the memory pool (24). In fact, naive cells are
completely dependent on costimulation (253), while mem-
ory cells can respond somewhat in the complete absence of
costimulation (22, 46). To assess further the naive status of the
Tgp>> CD4* population, we determined proliferation of the
sorted TgP> cells from young and old mice in response to
immobilized anti-CD3 antibody with or without costimu-
lation provided by anti-CD28 (Fig. 4 A}. Consistent with
previous analyses of naive cells, TgPe cells did not prolifer-
ate to anti-CD3 antibody alone, although upon addition of
anti-CD28 antibody, the sorted VB3 Vallt CD4" cells
responded vigorously. With the optimum stimulus provided
by anti-CD3 plus anti-CI>28, the aged TgP> cells nonethe-
less proliferated significantly less than the young TgP™ cells.
This provides further support that the TgP> cells are naive
and suggests that even with optimnal stunulation they are
hyporesponsive. Moreover, the increased proliferation by
the Tg"# cells versus TgP™ cells from the young mice in re-



TOTALCD4 CD4 VaaNal1+ CD4 VP3/Vel1-
28 mep +
=] o = Q
o w' o e ! 109 10 10f we? eo? w0 1ol 10? 1ef 1e?

Rhodamine 123 Staining

Figure 5. RI123 stamng within the whole CD4 population (fefi),
VR3Vall poative CD4 population (sddle), and VB3Vall negative
CD4 populatien {righ) 1in 4-mo-old (soltd line) and 26-mo-old (hold Line)
AND Tg mice. Cells were mcubated with R123 and comugated anubod-
1es to CD4, V33, and Verl1 as descnbed m Materials and Methods. Gat-
mg on CD4* cells (ff), VB3Vall posiive CD4 cells (niddle), or
VB3Vall negative CD4 cells (mighy), the relatve fluorescence of R123
was analyzed. Shown are representatuve data from one expenment with
three expernments performed.

sponse to anti-CD3 alone further supports the decreased
dependence upon costimulatory molecules by memory cells
(Fig. 4 B). As shown by others (17) and as demonstrated
here {Fig. 4 B), the cells expressing the memory phenotype
(.e., Tg™e cells) from the aged mice were less responsive to
stimulation by anti-CD3 alone or with anb-CD28 anti-
body.

R123 Staining of Aged Tg= CD4 T Cells.  Among the
many changes observed with aging 1s an increase in the
percentage of cells that stain dimly with the fluorescent
dye, R123 (29-31). The uptake and extrusion of R 123 has
been correlated with P-glycoprotein activicy (29-31).
Whether continued antigenic stimulation or other elements
in the aged environment are responsible for these shifts in
R 123 staining is not clear. Therefore, we examined R 123
staining patterns in the unseparated and sorted TgP> and
Tglomee CD4* populations from aged mice. Our findings
in the unseparated population were similar to those re-
ported by others using cells from conventional mice and
humans {29-31), in that the CD4* cells from aged TCR
Tg mice displayed bimodal staining with R123 (Fig. 5). In
the total CD4 population the R123%™® population was in-
creased in aged mice. Importantly, the presence of the
dimly staining subset was evident in both the CD4*
VB3Vali negative and positive populations from aged
mice (although to a lesser extent in the TgP® papulation),
suggesting that this change may also be independent of
conversion to memory phenotype and thus due to an anti-
gen-independent aspect of aging.

Antigen-induced Responsiveness of Naive 1g* CD4 Cells
from Aged versiis Young Mice. Based on our earlier finding
of decreased 11.-2 production, it was not surprising to find
that antigen-induced proliferation was also somewhat de-
creased with age, cven over a range of T cell numbers and
in repeated experiments (Fig. 6). Importantly, the reduc-
tion n proliferation and cytokine production by the TgP®
cells from aged mice was evident over a range of PCCF
concentrations (0.1-30 pM) (Fig. 7). Moreover, prolifera-
tion by the Tgpo cells from the aged mice remained lower
in 3- and 4-d cultures (data not shown).
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Figure 6. Prolifcrauve activity of VR3Vall positive CD4 cclls from

2-mo-old (dosed symbols and solid bars) versus 16-mo-old (open symbols and
hatched bars) AND Tg nmuce i the presence of 5 pM PCCF and 1 X 105
mitomycm c-treated DCEK-ICAM/B7 APCs. Trplicate cultures were
pulsed with [PH|TAR the last 16 h of the 3 d culture, harvested, and
counted Shown m the upper panel are representative data (mean * SD)
from one expertment with three experiments performed. In the lower
panel of this figure are the data from mndividual expenments in which the
levels of proliferation (cpm) by 1 X 107 sorted V33Vall positive CI34
cells are shown. *Aged and young AND ‘I'g mice on the H-20" hack-
ground werc used in expenment 3.

Discussion

In these studies, we have discovered several interestmg
aspects of the alteration in CD4 T cells associated with ag-
ing. First, we have presented data strongly suggesting that
the shaft of the CD4 T cell population to a more memory
phenotype is antigen driven and does not happen if antigen
is not available. Second, we have shown that cells that re-
tain a naive phenotype and have most likely never encoun-
tered antigen undergo changes associated with aging, in-
cluding the relative loss of IL-2 and IL-3 production,
reduced proliferative capacity, and an increase in the num-
ber of R1234™ cells. This suggests that factors unrelated to
antigen exposure are responsible for the hyporesponsive-
ness of aged CID4 T cells.

In this study, we addressed the issues of whether, in the
absence of contact with cognate antigen, CD4' T cells of
aged mice retain nonmal antigen responsiveness, and CD4*
T cells acquire the memory cell phenotype associated with
aging. To do 50, we analyzed the phenotype and respon-
siveness of CD4T T cells in aged versus young AND Tg
mice. The CD4* T cells with lower Tg expression but
normal CD3 levels, which have been reported to express
endogenous TCR,, increased with age (Fig. 1) and exhib-
ited the memory phenotype as defined by higher levels of
expression of CD44 and lower levels of expression of
CD45RB (Fig. 2). This is similar to the findings in aged

Antigen-independent Changes in Naive CD4 T Cells with Aging
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conventional and Tg mice (40), wherein a greater propor-
tion of CD4T T cells express the CD profile typical of
memory and effector cells. Because environmental anogens
are likely capable of stimulating only the T cells in the
AND Tg mice that express alternate TCR, and since
memory cells have longer lifespans than naive cells (21), the
shift to an increased representation of CD44b CD45R B
CD4* cells, the aged phenotype, is most likely the result of
an antgen-driven process. We suggested that exposure to
environmental antigen eventually results in an increased
representation of antigen-experienced cells that express a
memory phenotype.

The finding that the Tgr™ CD4" T cells in aged AND
Tg mice remain naive supports the antigen dependence of
the acquisition of the memory phenotype in aged animals.
The naive status of the Tge™ CD4Y T cells was confirmed
by phenotypic and functional parameters. The CD44
CD45RBM profile expressed by the T'gP cells in aged am-
mals is unique to naive cells (Fig. 2) (22). In confirmation
of this, we have found that the cells lack expression of the
activation markers, CD69, IL-2 receptor, and CD71, and
do not have increased size as judged by forward scatter
(data not shown). In addition, upon antigenic stimulation
the Tgr CD4 population of aged mice produce IL-2 but
no detectable 11.-4 nor IFN-y (Fig. 3). This pattern of cy-
tokine production is also restricted to nmaive CD4 T cells.
Finally, the absence of proliferation o insoluble anti-CID3
antibody in the absence of costimulaticn is also diagnostic
for naive CD4 T cells (Fig. 4). As reported with the trans-
gene expressing CID4 cells from young mice (22, 47), the
naive transgene-expressing CD4 cells from aged mice were
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capable of differentiation to effector cells upon antigen
stmulation. This was evidenced by their changes in CD
profile as well as in patterns of cytokine secretion (Figs. 2
and 3). These findings validate our initial assumption that
no environmental antigen engages the Tg TCR recogniz-
ing PCC. Furthermore, these findings suggest that the ac-
quisition of a memory phenotype in the aged is not a con-
sequence of bystander activity or the impact of an aged
environiment, since the predicted alterations in the pheno-
type of transgene expressing CD4 cells of the aged were
not evident. However, this in no way rules out the possi-
bility that bystander activity has a role in the expansion
and/or persistence of memory cells (48). Because experi-
ments were done on FACS®-sorted Tgr CD4* T cell
populations of cxtremely high purity (i.e., >98%), which
do not respond to anti~CID 3, it is safe to conclude that any
of the changes that are observed are indecd in the CD4
T cells themselves and not a consequence of contaminating
cells. Although one cannot rule out the possibility that
variables inherent to the TCR Tg model may influence the
phenotype and function of the Tgh CD4 T cells, our find-
ings would suggest that when samulated with antigen in
vivo, the Tgr™ CD4 T cells were equivalent to the Tg*®
CD4 T cells in their ability to switch to a memory pheno-
type. This is supported by several experiments: (¢) Upon
adoptive transfer and antigemc stimulation, the naive Tygr>
CD4 T cells differentiate to memory cells based on pheno-
type and function (47); and (b)) Immunization of AND Tg
mice with the superantugen/staphylococcal enterotoxin A
(SEA) induces the switch of the majority of Tg™ cells to a
memory cell phenotype (Schuenke, K., and S.L. Swain,
unpublished observation).

P-glycoprotein-mediated extrusion of the fluorescent dye
R123 further defines age-dependent subsets within the
naive and memory cell subpopulations of CD4 cells (29-31).
P-glycoprotein activity is responsible for multidrug resis-
tance in tumnor cell ines and human twmeors in vivo (32, 33),
but several normal cells including lymphocytes display func-
tional activity associated with P-glvcoprotein expression
(29-31). The funcuon of P-glycopratein in normal cells is
not yet clear, but its demonstrated ability to serve as a chlo-
ride ion channel, ATP channel, a membrane ATPase, and a
transport pump, suggest thar 1t may play a role in signal
transduction processes, or in protection from toxic agents
(32, 33, 49). Our findings are similar to those reported by
others for T cells from conventional ammals (29-31), in
that the CD4* T cells from aged TCR Tg mice also dis-
played timodal staimng with R123 (Fig. 5). Importantly,
the R123 extruding subset was evident in both the Tg® e
{i.e., memory phenotype) and Tgh™ (L.e., naive phenotype)
populations of the aged, perhaps indicating fundamental un-
derlying variations in the activation state or developmental
history of the T cell as suggested by Witkowski et al. {34).

Superimposed upon the switch to memory cell predom-
inance are age-related functional changes within the naive
and memory T cell populations, including changes in pat-
terns of protein phosphorylation (11} and changes in IL-2
production and IL-2 responsiveness by memory cells (12,



14). Of particular importance in our studies was that T cells,
even of naive phenotype, displayed a decrease in ability to
respond to specific antigen. Functional changes in the naive
transgene expressing cells from the aged include markedly
lower levels of IL-2 and [L-3 secretion seen with great
consistency and decreased proliferation in response to anti-
genic stmulation {Figs. 3 and 6). Moreover, the decline in
proliferative capacity does not appear to be due to delayed
kinetics {anpublished vbservation) or suboptirmal concentra-
tions of antigen (Fig. 7). Although reduced proliferation
may partly be a consequence of decreased 1L.-2 production,
other alterations such as those in signal transduction through
the TCR may contribute to the hyporesponsiveness ob-
served in naive cells. Moreaver, a decrease in [L-2 receptor
expression as reported by others (2) may foster the decline
in antigen-induced proliferation. Further studies will be
needed to determine whether naive aged CD4 T cells have
additional functional deficiencics. The alterations in the na-
ive TgP= cells in cytokine production, proliferation, and
expression of P-mlycoprotein are presumably the conse-
quence of the antigen-independent aspects of aging. At this
time, it is unclear whether functional changes in naive
transgene-expressing cells may be primarily concentrated in
the R123% a5 opposed to the R 123 subset.

An important implication of the observation that naive
cells from the aged do not respond to antigen as well as
their young counterparts is that specific immunization tar-
geted ac the naive population in aged indrviduals may not
be effective. Morcover, the age-dependent accumulation
of memory phenotype cells (as exemplified by the increase
in the endogenous TCR encoded population) further sug-
gests thae the TCR repertotre 15 reshaped during aging by
the history of exposure to antigen, leading to the predom-
nance of antigen-engaged donotypes; thus, potentially lead-
ing to constrictions of the overall repertoire and possible
deficicncies in the responses to rarely encountered antigens
(40). These findings suggest that che basis for the decline in
respormsiveness by the clderly to new antigens may be twao-
fold, i.e., not only are there fewer naive phenotype cells in
the elderly but this is compounded by a decline in antigen-
specific function of these cells. It is possible that the intrin-
sic decline in naive T cell tunction may become more pro-

nounced if the function of APCs from the elderly is also al-
tered, as suggested by others (13, 50).

Another implication of these studies is that the shift in
cytokine profile associated with aging could be accounted
for by the phenotypic shift from a population dominated
by naive cells to one composed primarily of memory phe-
notype cells. Since the number of naive cells and IL-2 se-
cretion by these cells are decreased, the overall production
of JL-2 would be decreased in the aged; concordantly,
memory cells, known to make some IL-4 and [FN-y,
would represent a higher fraction of the T cell population
of the aged.

These studies have not vet addressed the changes that
occur in the “memory” phenotype population with aging,
except to document the increase in the P-glycoprotein
(R123%) population and a decreasc in proliferation in re-
sponse to anti-CD3 with or without anti-CD28 costimula-
tion. A relative comparison of antigen-induced responses
by young and aged memory T cells is planned and should
help to establish whether the aged memory cells are also, as
expected, hyporesponsive.

In these studies, the contribution to the findings by
newly generated T cells from the thymus has not been
identified. Although the thymus does decrease in size with
age in thesc mice, subtle changes in the cell populations
present remain unknown. The presence of significant num-
bers of nmaive transgene-expressing cells in the secondary
lymphoid organs of the aged mice raises the question of
whether the thymus 1s productive in the aged and/or
whether the naive cells 1 the aged are long-lived. From
the studies presented here, it is clear that in the aged the
shift to cells expressing predominantly the memory pheno-
type is likely the result of antigenic stimulation, the increase
in the number of memory phenatype cells 15 most likely
due to the expansion and/or persistence of such cells, and
the decrease i antigen-induced responsiveness in naive
cells of the aged is in part the consequence of intrinsic
changes. The findings suggest that strategies to vaccinate
elderly individuals must take into account both the de-
creasc in naive T cell numbers and their decreased respon-
sIveness.
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