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S u m m a r y  

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 o f  the aged phenotype are dependent upon repeated contact with antigen in 
the environment, we examined CD4 + cells isolated from TC1L Tg n'nce. There is good evi- 
dence that no cross-reacting antigens for the Tg TCIL recognizing pigeon cytochrome c are 
found in the environment o f  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, TC1L trans- 
geneP °' CD4 + cells, although decreased in number and antigen responsiveness, maintain a naive 
phenotype rather than acquinng a prototypxcal aged memory phenotype. In contrast, the pop-  
ulation o f  transgene 1 .. . .  g CD4 + cells increase m proportion and express the aged phenotype. 
Consistent with their naive status, transgeneP °s cells o f  aged individuals remain CD44 l° 
C D 4 5 R B  h~, secrete IL-2 and not IL-4 or IFN-3, upon antigenic stimulation, and require co- 
stimulation to prohferate to anti-CD3 stimulation. These findings suggest that the aging-associ- 
ated shift to CD4 cells expressing the memory  phenotype is dependent on antigenic stimula- 
tion. However,  the decrease in antigen responsiveness o f  naive transgene p°~ cells, as revealed by 
a lower secretion o f  IL-2 and IL-3 and a lower proliferative capacity, suggests that additional 
intrinsic changes occur with aging that do not depend on encounter with antigen. 

S tudies in humans and rodents established that the de- 
cline in protective immumty  with advancing age is 

largely due to changes in the T cell compartment (1-19). 
Among  the more dramatic changes that contrabute to the 
diminished T cell function in aged individuals are a decline 
in the frequency o f  CD4 + T cells producing IL-2 (1) and 
decreased expression of  IL-2 receptors (2). Data on the 
production o f  other cytoklnes by T cell populations stimu- 
lated in vitro support an age-related increase in IL-4 and 
IL-5 production (3-5), an increase in IL-10 production (6), 
and a decrease in IL-3 production (5, 7). This is coupled with 
a decrease in the early events o f  signal transduction (8-12) 
and an overall decrease in proliferanon of  CD4 + T cells in 
response to various kinds o f  TCIL-  and costimulus-medi- 
ated stimulation (13-17). 

As animals age, there is an increase in the proportion o f  
T cells expressing a memory  cell phenotype, reflected by an 
increased expression of  CD44 and decreased expression o f  
C D 4 5 R B  (3, 14-16, 18, 19). The T cells o f  the aged share 
some of  the properties associated with memory  cells, in- 
cluding their requirements for stimulation and patterns o f  
cytokine production (20-25), but their decreased prolifera- 
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tion and overall lowered levels o f  cytokine production are 
more consistent with an accumulation o f  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 o f  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 o f  cells with a memory phenotype is seen in both the 
CD4 and CD8 populations (3, 14-16). The majority o f  
these cells that accumulate with aging seem to be resting, 
not activated lymphocytes, based on their size, D N A  pro- 
file, lack o f  activation markers (19, 28), and their require- 
ment for further stxmulation for cell cycle entry. 

The naive and memory subsets of  the CD4 and CD8 
populations o f  aged individuals can be further divided based 
on their ability to extrude the fluorochrome, Rhodamine  
123 (R123) 1 (29-31). The extrusion of  R123 is dependent 
on P-glycoprotein, the 170 kD ATP-dependent  plasma 

1Abbreviations used in this paper: PCC, pigeon cytochrome c; PCCF. pigeon 
cytochrome c fragment 88-104; R123, Rhodamme 123; Tg, transgenlc. 
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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.  Wi th  age, CD4 T cells that stain dimly with  
1<123 increase in number,  and this change appears to be in-  
dicative o f  the activation state or developmental  history o f  
the T cell (30, 34). Indeed, activated cells, as well as cells 
within the memory  subset o f  the CD4 population,  are 
1<123 d~m (29-31). Furthermore,  the P,.123 extruding frac- 
tion, i.e., 1<123 "~'m cells, from ummmunized  mice has been 
shown to include preactivated cells capable o f  IL-2 and 
some I F N - y  product ion (30). 

To investigate whether  interaction with environmental  
antigens contributes to the aging-associated generation o f  
memory  phenotype T cells and whether  naive 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 (TCP,) that recognizes pigeon cytochrome c 
(PCC) in the context  o f  I-E k (i.e., A N D  Tg mice) (35). 
Previous studies o f  young mice indicate that the TCI< TgP °~ 
CD4 + cells are greater than 90% of  naive phenotype and 
function, and that the naive cells respond vigorously to de- 
fined peptide antigen presented by appropriate antigen- 
presenting cells (APCs) (36). hnportantly,  few, i f  any, TgP °~ 
memory  ceils 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 P C C  differs from the murine homologue  in 
only three positions in the fragment recognized by the Tg 
TCI< (37). Indeed, the frequency o f  CD4 + T cells in nor-  
mal animals specific for P C C  is less than 0.1% (38), and the 
response is o f  l imited heterogeneity,  being comprised al- 
most exclusively o f  V[33Vclll  T cells (38, 39) supporting 
its oligoclonahty. Thus, the chance for crossreaction is 
minimal.  In contrast, the T ~  . . . .  g cells in A N D  mice ex- 
press endogenous receptors and have a memory  phenotype 
(36, 40), presumably reflecting selection by environmental  
antigens. Therefore,  it is expected that age-related changes 
in the TC1< Tg p°~ CD4 populat ion would  likely be due to 
the ant igen-independent  aspects o f  aging. W e  find that in 
aged mice, the CD4 + T cells expressing nontransgenic 0~ 
and ]3 chain TC1< increase m number  and are p redomi-  
nantly of  the memory  phenotype,  whereas the Tg p°~ CD4 + 
T cells retain a naive phenotype,  have lower  levels o f  
1<123, and become hyporesponslve. Thus, some age-asso- 
ciated deficiencies o f  CD4 T cell responses apparently de-  
velop independent  of  response to antigen. 

Materials and Methods 
Animals. H-2 k/k or H-2 b/b TCtl.-ec[3 (i.e., AND) Tg mice 

were bred from a C57BL/6 × SJL founder, provided by Dr. S. 
Hednck (University of California, San Diego), by successive 
backcrosses onto the B10.Br or C57BL/6 background, respec- 
tively. Unless indicated, the mice used m these studies were on 
the H-2 k/k background. The mice were housed at either the ani- 
mal facilities at the Umverslty of Californm at San Diego (La Jolla, 
CA) or at the Scnpps lq.esearch Institute, (LaJolla, CA) until their 

use at 2-4 mo (young) and 15-26 mo old (aged). Mice with evi- 
dence of gross pathology were excluded from the study. 

Cell Isolations. The isolanon of spleen cells enriched for CD4 
cells has been described previously (36, 41). In bnef, the cells were 
passed through a nylon wool column and the nonadherent cells 
were stained with cy-chrome antl-CD4, phycoerythnn anti-Veil 1, 
biotin ann-V[33, and Texas red streptavidm. The CD4+VI33 + 
Vodl  + cells and the CD4+V[33-Vc¢11 cells were sorted using 
either the FACStar Plus or the FACSVantage (Becton Dickin- 
son). The sorted populations contained less than 1.5%, cells falling 
outside the sort gates. 

Immunofluorescent Staining. The tbllowing antibodies and fluo- 
rescent reagents were used: Cy-chrome antl-CD4 (clone RM4-5; 
PharMingen, LaJolla, CA), FITC anti-CD44 (clone IM7; PharMm- 
gen, La Jolla, CA), FITC anti-CD45RB (clone 23G2; PharMin- 
gen), FITC antl-CD3e (clone 145-2Cll;  PharMlngen), phyco- 
erythnn ann-Vodl (clone RR8-1; PharMingen), biotin ann-V[33 
(clone KJ25; PharMangen), phycoerythrin antl-CD25(IL-2 receptor, 
oL chain; clone 3C7; PharMingen), phycoerythrin antl-CD69 (clone 
H1.2F3; PharMingen), Texas red streptavldin (Blomeda, Foster 
City, CA), and 13,123 (Molecular Probes, Inc., Eugene, OR). For 
the analysis of CD3, CD44, CD45R_B, and CD62L expression on 
CD4 TgP °~ cells, the cells enriched for CD4 were stamed 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 examme R.123 staining, spleen cells were incubated with 
12.5 bLM P,.123 for 10 min at 37°C, washed three times with cold 
PBS, incubated an addinonal 30 rain at 37°C, washed, and then 
incubated with antibodies to CD4, V0d 1, and VI33 as described 
above. 

Cell Cultun'. Cells were cultured in P, PMI 1640 (GIBCO 
Bl<L, Galthersburg, MD) supplemented with penicillin (200 
I~g/ml), streptomycin (200 btg/ml), glutamine (4 raM), 2-mer- 
captoethanol (50 btM), Hepes (10 mM), and 10% FCS (Hyclone, 
Logan, UT). DCEK-ICAM, a fibroblast cell line that expresses 
B7-1 consntunvely, and is stably transfected with ICAM and class 
II MHC (I-E k) molecules, was used as APCs (42). These cells do 
not express other costlmulatory molecules, such as LFA-1, CD48, 
and heat stable anngen, and do not secrete detectable levels ofcy- 
tokmes, such as IL-2, IL-4, IFN-y, and TNF-ol (25). DCEK- 
ICAM/B7 cells are excellent APCs for stimulating both naive and 
other CD4 T cells (25). 

Assays to detect DNA synthesis, an indicator of proliferation, 
were performed in microcultures. For antigen-specific stmiula- 
tion, varying numbers ofCD4 + cells (1.25-5 × 10S/nil for 0.2 nil 
microcultures) were incubated along with mitomycin c-treated 
(100 p,g/ml for 30 min at 37°C) DCEK-ICAM/B7 APCs (2.5 × 
105/ml) with or without 5 puM PCC fragment 88-104 (PCCF). 
For anti-CD3 stimulation, varying numbers of T cells were cul- 
tured with or without 7.2 ng/ml anti-CD28 antibody (prepared 
from ascites generated in pnstane-pnmed nude nfice with 37.51 
cells [provided by Dr. J. Allison, University of California, Berke- 
ley (43)]) in mlcrowells precoated with 10 p~g/ml antl-CD3 ant> 
body (2Cll).  The microcultures were pulsed the last 16 h of the 
3 day culture with 1 jxCi [3H]TdR (6.7 C1/mmol; ICN, Irvine, 
CA), harvested and counted. The cultures were incubated 24 h 
before removing the culture supernatant for the assessment of cy- 
tokme production. 

Effector cells were generated in bulk culture from sorted 
CD4+V[33+Votll + T cells. These cells were incubated at 1.5 × 
10S/ml with twice as many mitomycln c-treated DCEK-ICAM/ 
B7, 5 txM PCCF, and IL-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 phenotyplng or were cultured an additional 
24 h with antigen and APCs for determining cytokine production 
profiles. 

Cytokine Detection. Culture supematants 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 described (27). The data were quanti- 
tated from standard curves using recombinant cytokines and are 
expressed as units per milliliter where 50% of the maximum re- 
sponse represents 1 U of activity. Units per ml were calculated 
from the reciprocal of the dilution that gives half-maximal activaty, 
divided by the culture volume. IL-2 was detected by measunng 
proliferation of the NK3 cell line that responds to both IL-2 and 
IL-4. Anti-IL-4 monoclonal antibody (11B11) was added to the 
assay to block any IL-4-induced proliferation. IL-3 was detected 
by proliferation of the 32Dc15 cell line (44) that does not respond 
to other cytokines under our experimental conditions. The lower 
limit of assay detection for both IL-2 and IL-3 was 5 U/ml. 1 U 
oflL-2 determined by this assay corresponds to 14 pg protein. 

IFN-y (27) and IL-4 were detected by ELISA. Both IL-4 and 
IFN- 3, were quantltated by comparison with standard curves gen- 
erated using recombinant cytokmes and are expressed as ng per 
ml for IL-4 or units per ml for IFN-'y. The IL-4 ELISA employs 
the 11Bll  antibody for capture and biotinylated BVD6-24G2 
(PharMmgen) for detection. The lower limits of assay detection 
for IFN-'y and IL-4 were 10 U/ml and 40 U/ml, respectively. 1 U 
of IL-4 and IFN-',/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 A N D  mice retained naive Tg p°s 
cells or  whether  the CD4 populat ion shifted to a Tg ~g or 
more  memory  phenotype,  we examined the expression o f  
the Tg T C R  on CD4  + cells o f  young  and aged mice. N o  
striking differences were observed in the number  o f  CD4 + 
T cells isolated from the spleens of  young  (2-4 mo; n = 8) 
or aged (15-26 too; n = 8) T C R  Tg mice (data not shown). 
Gating on the CD4 + populat ion,  the expression o f  the Tg 
T C R  chains V~xll and V[33 were examined by flow cy- 
tometry  (Fig. 1). The  propor t ion  o f  CD4 + T cells express- 
ing both  V c d l  and V[33 progressively decreased with age, 
while that o f  T ~  °-n~g cells increased, but  a large propor t ion  
o f C D 4  T cells remained TgP°L An example o f  V[33/V~xll 
expression in gated CD4  T cells from one experiment  is 
shown in Fig. 1 A and the relative expression as a function 
o f  age in all animals is shown in Fig. 1 B. In young  mice, 
the percentage o f  TgP °~ T cells averaged over  80% of  the 
total CD4  + T cells, while in mice over 20 mo o f  age, TgP °~ 
T cells represented less than 50% of  the CD4  + T cell popu-  
lation. Many CD4 + T cells in aged mice expressed inter-  
mediate levels o f  V[33 and /o r  V{x11 (Fig. 1 A). As shown 
in Fig. 1 C, although the expression o f  V[33 or  Vcxl I de-  
clined with increasing age, the level o f  CD3 expression re- 
mained high on cells o f  both  young  and aged mice (mean 
fluorescence intensity o fCD3:V[33  - [144 versus 72 young], 
[140 versus 88 aged[; Vex11 - [144 versus 71 young],  [142 
versus 80 aged]), suggesting that the T ~  ° ~g CD4  + T cells 
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F i g u r e  1. T h e  expression o f V c d  1 and  V133 on  C D 4  + spleen cells iso- 
lated f rom A N D  T g  mace Gat ing  o n  the C l ) 4  + cells, the levels o f  Veal 1 
and  V[33 expression o f a  4 - m o - o l d  (left) and  a 2 6 - t o o - o l d  (right) mouse  are 
s h o w n  m A, and  the percentage  o f  cells expressing bo th  Veal 1 and  V ~ 3  
for  each mouse  is s h o w n  in B ( A N D  T g  rmce on  the m - 2  k/k b a c k g r o u n d  
[open symbols] and  H - 2  b/b b a c k g r o u n d  [closed symbols]). T h e  expressmn o f  
C D 3  versus V ~ 3  and  C D 3  versus V~xll on  C D 4  + spleen cells isolated 
f rom A N D  T g  nuce  Is s h o w n  m C. G a t m g  on  the C D 4  + cells, the levels 
o f  C D 3  and  V[33 or  V~xl 1 expression o f  a 4 - t o o - o l d  (left) and  a 1 9 - m o -  
old (r(~ht) mouse  are s h o w n  

express endogenous encoded T C R  or- and [3-chains (22, 
40, 45) in addit ion to various levels of  Tg-encoded  Vci and 
V[3. Indeed, Balomenos et al. (40) have recently demon-  
strated an increase in the coexpression o f  endogenous and 
Tg V133 TCI< in aged A N D  mice. 

To  evaluate the phenotype o f  the aged CD4  + T cells, 
we focused on TgP °~ and Wg l°-neg cells, which in all proba-  
bility represent those T cells which have never encoun-  
tered antigen versus those which  are most  l ikely antigen 
selected, respectively. Results o f  a typical experiment  are 
shown in Fig. 2. In aged conventional  animals, a pheno-  
typic shift occurs in the total CD4 + T cell populat ion from 
a predominant ly  naive populat ion to a predominant ly  
memory  populat ion,  as determined by the levels o f  expres- 
sion o f  CD44  and C D 4 5 R B  (3, 14-16,  18, 19). Gat ing 
on the total transgene-expressing or transgene-nonexpress- 
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Figure 2. The expression of CD44 and CD45P,.B on CD4 + T cells 
from aged AND Tg mice The expression of CD44 and CD45RB on to- 
tal CD4 + T cells (first row), V[~3+Vot11 + CD4 + T cells (second row), 
and Vi33-V(x11- CD4 + T cells (third row) from young and aged AND 
Tg mice are shown in A. The relative expression of the CD molecules on 
CD4 + T cells from a 3-too-old mouse (sohd line) versus a 16-too-old 
mouse (bold line) ,ire shown. Although results with cells from the young 
were similar, only antibody ]sotype controls are shown with cells from the 
aged (dotted line). Gating of CD4+V[33+V0d 1 + versus CD4+V]~3-Vod 1- 
are shown in Fig. 1. Shown are representative data from one experiment 
with one mouse from each age group w~th a minimum of five experi- 
ments performed. The phenotype of effectors generated in vitro from 
naive transgene-expressmg T cells from 3-too-old (solid hne) versus 
16-too-old (bold line) AND Tg mice are shown in B. FACS-sorted 
V~33Vodl positive CD4 + T cells were cultured at 1 5 × 10S/ml with 
twice as many mitomycln c-treated DCEK-ICAM/B7, 5 btM PCCF, and 
IL-2 (20 U/M). After 4 d, the cells were washed and stained with fluoro- 
chrome conjugated antibodies to CD4, V]33, Vix11, CD44, and 
CD45RB. The relative levels of expression of CD44 (left) and CD45P, B 
(right) 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 effector cells recovered from culture were V[~3V~xl I posmve 
CD4 + T cells. Shown are representative data from one experiment with 
two experiments performed 

ing  C D 4  + spleen cells f rom mice  at varying ages, the rela- 
tive levels o f  expression o f  C D 4 4  and C D 4 5 R B  was ana-  
lyzed (Fig. 2 A). As we  reported earlier (36), in  y o u n g  
A N D  mice  the T g  p°s C D 4  ÷ cells expressed a relatively na -  
ive phenotype ,  i.e., C D 4 4  l° C D 4 5 R B  h', as compared  wi th  
the T g  a ..... g C D 4  + cells, wh ich  were C D 4 4  h* C D 4 5 R B  l°. 

However ,  unl ike  previous findings f rom conven t iona l  aged 
mice (3), the transgene expressing C D 4  + cells f rom aged 
individuals retained a C D  profile consistent wi th  that o f  na-  
ive cells. Important ly ,  w h e n  C D 4  + T cells f rom aged T g  
mice  were st imulated wi th  ant igen and APCs in vitro, they 
were able to switch to an activated pheno type  (Fig. 2 B). 
Moreover ,  like y o u n g  mice,  the Tg  j . . . .  g C D 4  + cells f rom 
y o u n g  and aged donors  had a m e m o r y - h k e  phenotype .  
These findings were similar in  all age groups studied. 
Therefore ,  the slight shift to a m e m o r y  pheno type  a m o n g  
the whole  C D 4  ÷ popula t ion  in the aged T g  mice  is the re- 
sult o f  an increased representat ion o f  the more  m e m o r y -  
like T g  l°-neg cells, while  TgP m cells retain a naive pheno type  
consistent wi th  lack o f  ant igen exposure. This was exem-  
plified by  the increased p ropor t ion  o f  C D 4 4  h' cells in  the 
total C D 4  T cell popula t ion .  O w i n g  to the heterogenei ty  
and lower  levels o f  f luorescence intensi ty  o f  C D 4 5 R B  ex- 
pression, the age-associated shift toward an increased repre-  
sentat ion o f  a m e m o r y  pheno type  was no t  apparent  except 
once  the total C D 4  cells were separated into TgP °s and 
T g  neg populat ions.  

The Functional Phenotype of Aged Tg p°s C D 4  T Cells. 
T o  evaluate whe the r  the TgP °~ C D 4  + popula t ion  expressed 
a naive pheno type  by  funct ional  criteria, we examined  
their ability to p roduce  a panel  o f  cytokines.  Naive  cells 
have been  shown to p roduce  IL-2 as the major  cytokine  
fol lowing 24 h. o f  ant igen exposure,  whereas l ong - t e rm 
m e m o r y  cells (or activated cells) produce high levels o f  IL-2 
in addit ion to significant levels o f  IL-4 and IL-5 or IFN-3, 
(20-23).  T o  obta in  pure  T g  p°~ C D 4  T cells, we sorted 
V ~ 3 + V c l l l  + C D 4  + cells f rom the spleens o f  y o u n g  and 
old mice,  and st imulated these cells for 24 h. wi th  ant igen 
(PCCF) and A P C  ( D C E K - I C A M / B 7 ) .  As shown  in  a rep-  
resentative exper iment  in  Fig. 3 (A, B, and E), s t imulat ion 
o f  cells f rom y o u n g  T C R  T g  mice induced  p roduc t ion  o f  
high levels o f  IL-2, and modera te  levels o f  IL-3 bu t  no  de-  
tectable IL-4 or IFN-~ .  Similar patterns o f  cy tokme p ro -  
duc t ion  were obta ined  wi th  cells f rom old mice;  however ,  
the levels o f  IL-2 and IL-3 secretion were  significandy re- 
duced. Thus,  the TgP °~ cells o f  aged mice behaved like na-  
ive T cells and did no t  make IL-4 or I F N - y ,  bu t  they dif- 
fered f rom TgP °' cells o f  y o u n g  mice  in  that less IL-2 and 
IL-3 were p roduced  by the equivalent  n u m b e r  o f  cells. I m -  
portantly,  effector cells generated f rom sorted TgP °S C D 4  + 
T cells o f  aged Tg  mice were capable o f  IL-4 and I F N - y  
secretion u p o n  antigenic exposure (Fig. 3 F) .  T o  substanti-  
ate the significance o f  the reduc t ion  o f  IL -2 / IL -3  p roduc -  
t ion,  Fig. 3 C and D show the units o f  cytokine  in cultures 
o f  cells o f  y o u n g  and aged animals in  three exper iments  in 
wh ich  sorted TgP °~ C D 4  + T cells were compared.  In the 
aged, IL-2 p roduc t ion  was reduced by 50% or more  and 
IL-3 p roduc t ion  was reduced by 25% or more.  This sug- 
gests that even though  aged TgP °~ C D 4  cells retain a naive 
pheno type  they have become  hyporesponsive.  

T h e  use o f  antibodies recogniz ing the T C R  to isolate 
pure populat ions  o f  t ransgene-expressing cells did no t  itself 
induce  cytokine  product ion ,  since similar cultures o f  sorted 
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Figure 3. Cytokme productmn by sorted VI33Vall positive CD4 + 
cells from 2-raG-old (closed symbols and sohd bars) and 16-mo-old (open 
symbols and hatched bars) AND Tg rmce. Cytoklne production by freshly 
isolated cells and by effector cells (that were generated as described in Fig. 
2/3) are shown in A-E and F, respectively. The VI33 + Val  1 + CD4 + cells 
were sorted from preparations of freshly isolated spleen cells or from m 
vitro generated effector cells. Varying numbers of these cells were cul- 
tured with 5 IxM PCCF and 1 × 10 s DCEK-ICAM/B7 cells for 24 h. 
Supernatants were tested for IL-2, IL-3, IL-4, and IFN-3~ as described in 
Materials and Methods. The lower l imit  of assay detection for both IL-2 
and IL-3 was 5 U/ml. No IL-4 (detection limit, 40 U/ml) nor IFN-3~ 
(detection 1Hmt, 10 U/rtd) secretion was detected m cultures of freshly 
isolated cells (ND, not detectable). Shown are representative data from 
one experiment with three expenments (panels A, B, and E) or two ex- 
periments (F) performed In panels C, D, E and F of this figure are the 
data from m&vldual experiments m which the levels of cytoklne secreted 
by 1 × 105 sorted V[33Val 1 posmve CD4 + cells are shown. 

cells in  the  absence  o f  an t i gen  d id  n o t  p r o d u c e  any  cy to -  

kines.  F u r t h e r m o r e ,  the  t ransgene express ing C D 4  ceils we re  

n o t  act ivated.  In the  absence  o f  an t igen ic  s t imula t ion ,  the  
cells isola ted f r o m  b o t h  o ld  and  y o u n g  m i c e  w e r e  f o u n d  to 

r e m a i n  small  and  res t ing  as j u d g e d  by  the i r  f o r w a rd  scat ter  
prof i le  as wel l  as t he i r  lack o f  express ion  o f  d e t e r m i n a n t s  

f o u n d  o n  ac t iva ted  T cells, such  as 1L-2 recep to r ,  t ransfer-  
r in  recep tor ,  and  C D 6 9  (data n o t  s how n) .  Final ly the  levels 

o f c y t o k i n e  p r o d u c t i o n  seen in  these  e x p e r i m e n t s  are c o m -  
parab le  to  those  seen in  m a n y  p rev ious  e x p e r i m e n t s  w i t h  

u n s o r t e d  cells, w h i c h  had  n e v e r  b e e n  s ta ined w i t h  a n t i b o d y  

(21, 22, 36). 
Requirements for Costimulation in the Aged Tg p°s C D 4  T 

Cells. T o  assess i m m u n o l o g i c  respons iveness  w i t h  aging,  
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Figure 4. Prohferatlon by sorted TgP °' and Tg aleg CD4 + T cells from 
young versus aged AND Tg rmce in response to insoluble anti-CD3 anti- 
body. In A, sorted VI33V~xl 1 posmuve CD4 + T cells from 2-mo- (squares) 
versus 16 mo-old (circles) AND Tg mice were cultured at varying num- 
bers m the presence of plate-bound ann-CD3 annbody (2C11) plus (open 
symbols) or minus (closed symbols) 7.2 ng/ml of soluble anti-CD28 anti- 
body. The mlcrocultures were pulsed with [3H]TdlL the last 16 h of the 
3 d culture, harvested, and counted. Shown are representative data (mean -+ 
SD) from one expenment with three experiments performed. In B, 
75,000 sorted V133Vetl 1 posmve or negative CD4 + T cells from 2-mo- 
(open bars) versus 17-mo-old (solid bars) AND Tg mice were cultured as 
described above. Shown are representative data (mean -+ SD) from one 
experiment with two experiments pertbmmd 

m o s t  s tudies h a v e  rel ied u p o n  s t imu la t i on  w i t h  po lyc lona l  

ac t ivators  such  as a n t i b o d y  to C D 3 .  A l t h o u g h  this s t imula-  
t i on  is t h o u g h t  to  m i m i c  an t igen-spec i f ic  responses  t h r o u g h  

the  T C R ,  t r e a t m e n t  w i t h  a n t i - C D 3  w i t h o u t  added  A P C s  

or  c o s t i m u l a t i o n  has b e e n  s h o w n  to s t imula te  cells p re fe r -  
ential ly in  the  m e m o r y  p o o l  (24). In  fact, na ive  cells are 

c o m p l e t e l y  d e p e n d e n t  o n  cos t imu la t i on  (25), w h i l e  m e m -  

ory  cells can  r e s p o n d  s o m e w h a t  in  the  c o m p l e t e  absence  o f  

cos t imuladon  (22, 46). T o  assess fur ther  the  naive status o f  the  

Tg~ °~ C D 4  ÷ p o p u l a t i o n ,  w e  d e t e r m i n e d  p ro l i f e ra t ion  o f  the  
sor ted  TgP °' cells f r o m  y o u n g  and  o ld  m i c e  in  response  to 

i m m o b i l i z e d  a n t i - C D 3  a n t i b o d y  w i t h  or  w i t h o u t  c o s t i m u -  

l a t ion  p r o v i d e d  by  a n t i - C D 2 8  (Fig. 4 A).  C o n s i s t e n t  w i t h  
p r ev ious  analyses o f  na ive  cells, TgP °~ cells d id  n o t  p ro l i fe r -  

ate to  a n t i - C D 3  a n t i b o d y  alone,  a l t h o u g h  u p o n  add i t i on  o f  
a n t i - C D 2 8  an t ibody ,  the  sor ted  VI33+Vod1  + C D 4  + cells 

r e sponded  vigorously.  W i t h  the  o p t i m u m  st imulus p r o v i d e d  
by  a n t i - C D 3  plus a n t i - C D 2 8 ,  the  aged TgP °~ cells n o n e t h e -  

less pro l i fe ra ted  s ignif icant ly  less t h a n  the  y o u n g  TgP °S cells. 
Th i s  p rov ides  f u r t he r  s u p p o r t  tha t  the  TgP °S cells are na ive  

and  suggests tha t  e v e n  w i t h  op t ima l  s t imu la t i on  t hey  are 

hypore spons ive .  M o r e o v e r ,  t he  increased  p ro l i fe ra t ion  by  
the  T g  nes cells versus TgP °s cells f r o m  the  y o u n g  m i c e  in  re -  
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Figure 5. P, A23 stalmng within the whole CD4 population (left), 
VI~3Vixll poslUve CD4 population (middle), and V133VIxll negauve 
CD4 population (right) In 4-mo-old (solid line) and 26-too-old (bold hne) 
AND Tg lmce. Cells were incubated with P, 123 and conjugated antlbod- 
ms to CD4, V133, and Vod 1 as described in Materials and Methods. Gat- 
ing on CD4 + cells (left), V[33Voe11 positive CD4 cells (middle), or 
V[33Vod1 negative CD4 cells (r/ght), the relative fluorescence of R123 
was analyzed. Shown are representative data from one experiment with 
three experiments performed. 

sponse to ant i -CD3 alone further supports the decreased 
dependence upon costimulatory molecules by memory cells 
(Fig. 4 /3). As shown by others (17) and as demonstrated 
here (Fig. 4 B), the cells expressing the memory  phenotype 
(i.e., T g  neg cells) from the aged mice were less responsive to 
stimulation by ant i -CD3 alone or with anu-CD28 anti- 
body. 

R123  Staining of Aged Tg p°~ CD4 T Cells. A m o n g  the 
many changes observed with aging is an increase in the 
percentage o f  cells that stain dimly with the fluorescent 
dye, R123 (29-31). The  uptake and extrusion o f R 1 2 3  has 
been correlated with P-glycoprote in  activity (29-31). 
Whe the r  cont inued antigenic stimulation or other elements 
in the aged environment  are responsible for these shifts in 
R123 staining is not  clear. Therefore,  we examined 1K123 
staining patterns in the unseparated and sorted TgP °~ and 
Tg j ° - ~  CD4 + populations from aged mice. O u r  findings 
in the unseparated populat ion were similar to those re- 
ported by others using cells from conventional  mice and 
humans (29-31), in that the CD4 + cells from aged T C R  
Tg mice displayed bimodal  staining with 1K123 (Fig. 5). In 
the total CD4 populat ion the R123 d~m populat ion was in-  
creased in aged mice. Importantly,  the presence o f  the 
dimly staining subset was evident in both  the CD4 + 
VI33Vod1 negative and positive populations from aged 
mice (although to a lesser extent m the Tg  p°~ population),  
suggesting that this change may also be independent  o f  
conversmn to memory  phenotype and thus due to an anti- 
gen- independent  aspect o f  aging. 

Antigen-induced Responsiveness of Naive Tg p°s CD4 Cells 
from Aged versus Young Mice. Based on our  earlier finding 
o f  decreased IL-2 production,  it was not  surprising to find 
that ant igen-induced proliferation was also somewhat  de-  
creased with age, even over  a range o f  T cell numbers and 
in repeated experiments (Fig. 6). Importantly,  the reduc-  
t ion in proliferation and cytokine product ion by the Tg p°' 
cells from aged mice was evident over a range of  P C C F  
concentrations (0.1-30 IxM) (Fig. 7). Moreover ,  prolifera- 
t ion by the Tg p°' cells from the aged mice remained lower 
in 3- and 4-d cultures (data not  shown). 
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Figure 6. Proliferative activity of V[$3Vodl positive CD4 cells from 
2-too-old (closed symbols and solid bars) versus 16-mo-old (open symbols and 
hatched bars) AND Tg mace in the presence of 5 btM PCCF and 1 × 10 s 
mitomycm c-treated DCEK-ICAM/B7 APCs. Traphcate cultures were 
pulsed with [3H]TdR the last 16 h of the 3 d culture, harvested, and 
counted Shown in the upper panel are representative data (mean --_ SD) 
from one experiment with three experiments performed. In the lower 
panel of this figure are the data from individual experiments In which the 
levels of prohferation (cpm) by 1 × 10 s sorted V~3Votl I posmve C1)4 + 
cells are shown. *Aged and young AND Tg mice on the H-2 wb back- 
ground were used m experiment 3. 

Discuss ion  

In these studies, we have &scovered several interesting 
aspects o f  the alteration in CD4 T cells associated with ag- 
ing. First, we have presented data strongly suggesting that 
the shift o f  the CD4 T cell populat ion to a more  memory  
phenotype is antigen driven and does not  happen if  antigen 
is not  available. Second, we have shown that ceils that re- 
tain a naive phenotype and have most likely never encoun-  
tered antigen undergo changes associated with aging, in- 
cluding the relative loss o f  IL-2 and IL-3 production,  
reduced proliferative capacity, and an increase in the num-  
ber o f  lL123 aim cells. This suggests that factors unrelated to 
antigen exposure are responsible for the hyporesponsive-  
ness o f  aged CD4 T cells. 

In this study, we addressed the issues o f  whether,  in the 
absence of  contact with cognate antigen, CD4 + T cells o f  
aged mice retain normal antigen responsiveness, and CD4 + 
T cells acquire the memory  cell phenotype  associated with 
aging. To do so, we analyzed the phenotype and respon- 
siveness o f  CD4 + T cells m aged versus young  A N D  Tg 
mice. The CD4 + T cells with lower  Tg expression but  
normal CD3 levels, which have been reported to express 
endogenous TCP,., increased with age (Fig. 1) and exhib-  
Ited the memory  phenotype as defined by higher levels o f  
expression o f  CD44 and lower  levels o f  expression o f  
C D 4 5 R B  (Fig. 2). This is similar to the findings in aged 

1896 Anugen-independent Changes in Naive CD4 T Cells with Aging 



500.  

"a 4 0 0 .  

I.-- 3 0 0 .  
Z 

~, 200. 
.a 

lOO ] YOUNG 
0 I[~ , , ~ ,  AGED 

0 10 20 30 40 

PCCF (p .M)  
Z 1 4 0 0 0 0 .  

1 2 O 0 0 0 .  

o 
n 

1 0 0 0 0 0 .  

(0  
z 

8 0 0 0 0 .  NG 
"o  D 1-  

60000  . , . . . .  . , . , . 

2 4 6 8 10 12 

P C C F  (I . tM) 

Figure 7. The  effect o f  P C C F  concentrat ion on IL-2 productxon and 
prohferanve activity of  V~33V~xll positive C D 4  cells from 2- too-old  
(closed symbols) versus 16-mo-old  (open symbols) A N D  _Tg mice m the pres- 
ence of  I X 105 n-ntomycm c-treated D C E K - I C A M / B 7  APCs. 

conventional and Tg mice (40), wherein a greater propor- 
tion of CD4 + T cells express the CD profile typical of  
memory and effector cells. Because environmental antigens 
are likely capable of  stimulating only the T ceils in the 
AND Tg mice that express alternate T C R ,  and since 
memory cells have longer lifespans than naive cells (21), the 
shift to an increased representation of CD44 h' CD45RB t° 
CD4 + cells, the aged phenotype, is most likely the result of  
an antigen-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 Tg p°~ 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 Tg p°~ CD4 + T cells was confirmed 
by phenotyplc and functional parameters. The CD44 ]° 
CD45RB h' profile expressed by the Tg p°~ cells in aged ani- 
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 TgP °~ CD4 population of aged mice produce IL-2 but 
no detectable IL-4 nor IFN-y  (Fig. 3). This pattern of  cy- 
tokine production is also restricted to naive CD4 T cells. 
Finally, the absence of proliferation to insoluble anti-CD3 
antibody in the absence of  costimulation is also diagnostic 
for naive CD4 T cells (Fig. 4). As reported with the trans- 
gene expressing CD4 cells from young mice (22, 47), the 
naive transgene-expressing CD4 ceils from aged mice were 
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capable of  differentiation to effector ceils upon antigen 
stimulation. This was evidenced by their changes in CD 
prone  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 TCIk 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 
environment, 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 TgP °~ CD4 + T cell 
populations of  extremely high purity (i.e., >98%), which 
do not respond to anti-CD3, it is safe to conclude that any 
of the changes that are observed are indeed in the CD4 
T cells themselves and not a consequence of contaminating 
ceils. Although one cannot rule out the possibility that 
variables inherent to the T C R  Tg model may influence the 
phenotype and function of the TgP °s CD4 T ceils, our find- 
ings would suggest that when stimulated with antigen in 
vivo, the TgP °' CD4 T cells were equivalent to the Tg aleg 
CD4 T cells in their ability to switch to a memory pheno- 
type. This is supported by several experiments: (a) Upon 
adoptive transfer and antigenic stimulation, the naive TgP °~ 
CD4 T cells differentiate to memory cells based on pheno- 
type and function (47); and (b) Immunization of AND Tg 
mice with the superanngen/staphylococcal enterotoxin A 
(SEA) induces the switch of the majority ofTgP °~ cells to a 
memory cell phenotype (Schuenke, K., and S.L. Swain, 
unpublished observation). 

P-glycoprotein-medlated extrusion of the fluorescent dye 
tk123 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 tumor cell hnes and human tumors in vivo (32, 33), 
but several normal cells including lymphocytes display func- 
tional activity associated with P-glycoprotein expression 
(29-31). The function of P-glycoprotein in normal cells is 
not yet clear, but its demonstrated abihty to serve as a chlo- 
ride ion channel, ATP channel, a membrane ATPase, and a 
transport pump, suggest that it 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 annnals (29-31), in 
that the CD4 + T ceils from aged TCR. Tg mice also dis- 
played bimodal staining with RA23 (Fig. 5). hnportantly, 
the R123 extruding subset was evident in both the T~  °-neg 
(i.e., memory ph.enotype) and TgP °~ (i.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). O f  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 o f  IL-2 and IL-3 secretion seen with great 
consistency and decreased proliferation in response to anti- 
genic stimulation (Figs. 3 and 6). Moreover, the decline in 
proliferative capacity does not appear to be due to delayed 
kinetics (unpublished observation) or suboptimal concentra- 
tions of  antigen (Fig. 7). Although reduced proliferation 
may partly be a consequence of  decreased IL-2 production, 
other alterations such as those in signal transduction through 
the T C R  may contribute to the hyporesponsiveness ob- 
served in naive cells. Moreover, a decrease in IL-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 deficiencies. The alterations in the na- 
ive T g ~  cells in cytokine producuon, proliferation, and 
expression of  P-glycoprotein 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 1L123 a~ as opposed to the 1L123 bnght 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 at the naive population in aged individuals may not 
be effective. Moreover, the age-dependent accumulauon 
of  memory phenotype cells (as exemplified by the increase 
in the endogenous T C R  encoded population) further sug- 
gests that the T C R  repertoire as reshaped during aging by 
the history of  exposure to antigen, leading to the predom- 
inance of  antigen-engaged clonotypes; thus, potentially lead- 
ing to constrictions of  the overall repertoire and possible 
deficiencies in the responses to rarely encountered antigens 
(40). These findings suggest that the basis for the decline in 
responsiveness by the elderly to new antigens may be two- 
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 function 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 IL-2 would be decreased in the aged; concordantly, 
memory cells, known to make some IL-4 and IFN-% 
would represent a higher fraction of the T cell population 
of the aged. 

These studies have not yet addressed the changes that 
occur in the "memory" phenotype population with aging, 
except to document the increase in the P-glycoprotein 
(R123 i'm) population and a decrease 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 these mice, subtle changes in the cell populations 
present remain unknown. The presence of significant num- 
bers of  naive transgene-expressing cells in the secondary 
lymphoid organs of  the aged mice raises the question of 
whether the thymus is productive in the aged and/or 
whether the naive cells in 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 phenotype cells lS most likely 
due to the expansion and/or persistence of such cells, and 
the decrease m 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- 
crease in naive T cell numbers and their decreased respon- 
siveness. 
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