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IL-7-Dependent Extrathymic Expansion of CD45RA1 T Cells
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Mike Salmon,‡ and Arne N. Akbar2*

T

he immune system is regulated by homeostatic mechanisms which maintain the constant size of the lymphoid
compartment concomitantly with the retention of selected
Ag-experienced cells (1–3). An important component within this
homeostatic network is the maintenance of the peripheral naive T
cell repertoire. In newborns, essentially all cord blood T lymphocytes express the CD45RA isoform of the leukocyte common Ag,
a marker associated with naive or unprimed T lymphocytes (4).
Postnatal development is accompanied by an increase in size of the
total lymphocyte compartment and appearance of primed cells that
lose expression of the CD45RA isoform while acquiring expression of CD45RO (5). Since CD45RA1 T cells are thought to be
precursors of CD45RO1 T lymphocytes (6, 7), it would be predicted that eventual deletion of CD45RA1 T cell numbers as a
result of repeated immune challenges would occur unless this subset is replenished. Thymic involution suggests that continuous output of CD45RA1 T cells from the thymus may not be sufficient to
maintain the size of the peripheral CD45RA1 T cell pool (8).
Two possibilities for naive CD45RA1 T cell maintenance
throughout life have been suggested. In the first, reversion from
CD45RO1 to CD45RA1 expression may occur in some cells (9).
However, data from patients with viral infections suggest that the
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majority of the expanded CD45RO1 population perish by apoptosis rather than revert to CD45RA1 expression (10). A second possibility is that expansion of T cells within the CD45RA1 T cell
pool may occur in the presence of certain cytokines that induce
proliferation without acquisition of CD45RO expression (11, 12).
Another homeostatic constraint on the T cell pool is telomere
shortening as a result of proliferation (13–15). Telomeres are unique
terminal chromosomal structures consisting of hexameric repeats
((TTAGGG)n) and are involved in the maintenance of chromosomal integrity (16). Cell division leads to the loss of telomeric
DNA; therefore telomere shortening acts as a mitotic clock, restricting
the number of divisions that a cell can undergo (17, 18). Critically
short telomeres signal growth arrest, a process known as replicative senescence (15). Previous studies have shown that CD45RO1
T cells have shorter telomeres than CD45RA1 T cells, suggesting
that the former population has decreased replicative potential (19).
To investigate mechanisms that may regulate homeostasis of the
naive T cell pool, we have studied both adult and cord blood
CD45RA1 T cells, the latter population being truly naive, not
complicated by the presence of putative “back-converted”
CD45RO1 T cells (4, 5, 9). In adults, CD45RO1 T cells are particularly prone to apoptosis because of their low expression of
survival genes such as bcl-2 but high expression of apoptosisinducing molecules such as CD95 (Fas/Apo-1) (5, 7, 10, 20). Resting adult CD45RA1 T cells are also susceptible to apoptosis but to
a much lesser extent than CD45RO1 T cells in either a resting or
an activated state (21) (D. Pilling, A. N. Akbar, and M. Salmon,
manuscript in preparation). Freshly isolated resting cord blood
CD45RA1 T cells, however, were highly susceptible to spontaneous apoptosis in culture, suggesting that neonatal and adult
unprimed populations have some functional differences (22). Both
cord and adult CD45RA1 T cells can be induced to proliferate by
IL-7, without conversion to a CD45RO1RA2 phenotype. Furthermore, we show for the first time that IL-7 alone can induce strong
telomerase activity in CD45RA1 T cells without the requirement
for TCR stimulation. Although a decrease in the mean telomere
0022-1767/98/$02.00
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We have investigated the regulation of adult and cord blood CD45RA1 T cell proliferation and apoptosis to identify factors that
may control the naive T cell pool. Cord CD45RA1 T cells were highly susceptible to spontaneous apoptosis as compared with
CD45RA1 T cells from adults. Apoptosis was prevented by the addition of IL-2, IL-4, IL-7, and IL-15 which signal via the g-chain
of the IL-2 receptor. IL-7 prevented the decrease in Bcl-2 and Bcl-xL and induced cell cycling in up to 20% of cord T cells after
8 days, resulting in a threefold increase in cord T cell numbers. However, the expanded cells retained a CD45RA1CD45RO2
phenotype. Similar results were obtained with adult CD45RA1 T cells. IL-7-expanded CD45RA1RO2 T cells expressed CD45RO
after stimulation through the TCR. Investigations into the regulation of replicative senescence showed that after 12 days in culture
with IL-7, cord blood CD45RA1 T cell proliferation resulted in telomere shortening. Nevertheless, IL-7-expanded cord blood T
cells still maintained longer telomeres than unstimulated adult T cells. IL-7 but not IL-2 could directly induce high telomerase
activity which probably retarded the rate of telomere shortening in cord blood T cells. These results suggest that proliferation
induced by IL-7 may be important for extrathymic expansion of neonatal CD45RA1 T cells and may also contribute to the
maintenance of the adult CD45RA1 T cell pool. The Journal of Immunology, 1998, 161: 5909 –5917.
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Table I. Abs used in this study
Ab

Isotype

Code

Fluorochome

Source

IgG1
IgG

Mo2
FcRgIII

Immunotech
Immunotech

CD19
CD45RA

IgG1
IgG1

RFB9
SN130

CD45RO

IgG2a

UCHL1

CD3
CD4

IgG2a
IgG1

UCHT1
RFT4

FITC
PE

RFH
RFH Conjugated by SBA

CD8

IgG1

RFT8

PE

RFH Conjugated by SBA

CD95

IgG1

APO-1/FAS

FITC

Immunotech

Bcl-2
Bcl-xL

IgG-1
Polyclonal rabbit
anti-human IgG

FITC
Second-layer antirabbit IgG-FITC

Santa Cruz
Santa Cruz

RFHa
RFH Conjugated by SBA

PE

UCH

Monocytes
NK cells neutrophils,
macrophages
B cells
B cells, T cell subsets
(naive T cells),
monocytes, NK cells
T cell subsets (memory
T cells), B cell
subsets, monocytes,
macrophages
Most peripheral T cells
Class II-restricted T
cells
Class I-restricted T
cells
Pro-apoptotic TNFR
family
Anti-apoptotic protein
Anti-apoptotic protein

a
RFH, Royal Free Hospital; SBA, Southern Biotechnology Associates, Birmingham, AL; UCH, kindly provided by Professor P. C. L. Beverley, University College and
Middlesex School of Medicine, London, U.K.; Santa Cruz Biotechnology, Santa Cruz, CA; Immunotech, Birmingham, U.K.

length was observed after culture, telomerase up-regulation by
IL-7 may enable bystander expansion of naive T cells by cytokines
without significant telomere loss, thus preserving the replicative
potential of the expanded cells.

Materials and Methods
Blood samples
Umbilical cord blood samples were obtained after uncomplicated births.
Blood samples were collected into heparinized syringes and processed immediately. Heparinized venous peripheral blood samples obtained from
healthy laboratory staff were used as adult control cells.

Cytokines used in the study
The cytokines used in this study were obtained from R&D Systems
(Abingdon, U.K.) and used at pretitrated optimal concentrations of 5 ng/ml.

Lymphocyte subset purification
PBMC were separated using Ficoll-Hypaque (Nycomed, Oslo, Norway)
density gradient centrifugation as previously described (10). CD45RA1 T
cells were separated by negative selection by immunomagnetic bead depletion. Cells were firstly incubated in a mixture of mAbs directed at the
populations to be eliminated (CD16, CD14, CD19, and CD45RO; see Table I for details). Cord blood samples were preincubated with antiglycophorin A (Dako, High Wycombe, U.K.) to eliminate nucleated RBC
precursors. Cells were then incubated with Dynabeads (Dynal, Oslo, Norway) coated with affinity-purified goat anti-mouse Ig M450) at room temperature for 30 min. A magnetic particle concentrator allowed the recovery
of unbound CD45RA1 T cells. Two rounds of depletion were performed.
Purified populations contained 85–95% CD31/CD45RA1. In cord blood
samples, contaminating CD32/RA2 cells constituted ,4% of gated populations, whereas the percentage of CD32/RA1 ranged from 1 to 10%.
CD45RA1-enriched T cells were cultured, in the presence or absence of
cytokines, in RPMI 1640 (Life Technologies, Paisley, U.K.) containing
10% FCS (M. B. Meldrum, Bourne End, U.K.), antibiotics (Life Technologies), and supplemented with L-glutamine (ICN Biomedicals, High
Wycombe, U.K.).

Cell staining for flow cytometric analysis
FACScan (Becton Dickinson, Oxford, U.K.) analysis of T cell phenotype
was performed as previously described (23) using different combinations of
the Abs shown in Table I. Cells were incubated with Abs for 10 min and
fixed in 2% paraformaldehyde in PBS before analysis. Analysis of the
intracellular expression of Bcl-2 and Bcl-xL required cell permeabilization

with Permeafix (Ortho Diagnostic Systems, High Wycombe, U.K.). Data
analysis was performed using LYSIS II Software.

Detection of apoptosis and cell cycle analysis
Apoptosis was detected as described previously (7, 10), first in cytocentrifuge preparations of cells by morphologic changes such as chromatin
condensation, nuclear fragmentation, and decreased nuclear-cytoplasmic
ratio after May-Grünwald-Giemsa staining. Secondly, the nucleus of cells
in suspension was labeled with propidium iodide (PI3, Sigma-Aldrich,
Poole, U.K.) after permeabilization with 90% ethanol. PI binds to DNA,
allowing the identification of apoptotic, resting, and proliferating cells by
their variable DNA content. Apoptotic cells characteristically have lower
DNA content and are smaller than resting viable cells which in turn have
one-half the DNA content of proliferating cells.

Enumeration of the absolute numbers of lymphocytes
The number of viable cells surviving in culture, treated or untreated with
the IL-2R common g-chain cytokines, was assessed using the Cytoron
Absolute Cytometer (Ortho). Samples were collected at different time
points, fixed with 1% paraformaldehyde in PBS, and run through the Cytoron Absolute using preset gates for viable cells.

Activation of cytokine-expanded populations by anti-CD3 Ab
Anti-CD3-coated plates were prepared by overnight incubation of antiCD3 (UCHT1, 10 ng/ml) at 37°C in coating buffer (Sigma-Aldrich). The
plates were then washed twice with medium (RPMI 1640, containing 10%
FCS), and cells were added at 106/ml. Cells cultured with or without antiCD3 and in the presence of IL-2 R common g-chain cytokines were harvested at 1 and 2 days after anti-CD3 stimulation. Response to anti-CD3
stimulation was evaluated by cell viability and PI staining to determine the
relative degree of apoptosis and proliferation.

Assessment of the mean terminal restriction fragment (TRF)
length
CD45RA1-enriched cord blood T cells were analyzed before and after
culture with IL-7. Cell samples (2 3 106 to 4 3 106 cells) were pelleted by
centrifugation, transferred into Eppendorfs, and washed in PBS. The pellets
were then snap-frozen in liquid nitrogen and stored at 270°C. Genomic
DNA was extracted from frozen samples using the WIZARD genomic
DNA purification kit (Promega, Southampton, U.K.) and digested for 6 h
3
Abbreviations used in this paper: PI, propidium iodine; MFI, mean fluorescence
intensity; TRAP, telomeric repeats amplification protocol; TRF, terminal restriction
fragment.
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at 37°C with restriction enzymes MspI and RsaI (both from Pharmacia
Biotech, St. Albans, U.K.). The digests were then electrophoresed in a
0.7% agarose gel in Tris-acetate for 48 h at 20 V. The gel was then subjected to depurination, denaturation in an alkaline solution, and neutralization. The DNA was transferred onto a nitrocellulose membrane (Hybond
N1, Amersham Life Science, Amersham, U.K.) by Southern blotting and
fixed by baking at 80°C. Before hybridization with the telomeric probe, the
membranes were prehybridized with Rapid Hyb Buffer (Amersham). Hybridization with the telomeric specific probe (TTAGGG)3, which had previously been labeled with [g-32P]ATP using polynucleotide kinase (Pharmacia), was performed at 42°C for 1 h. Autoradiographs were obtained by
exposing the autoradiography film (Hyperfilm MP, Amersham) to the hybridized membrane at 270°C for the appropriate amount of time. TRF
length was calculated by densitometry of autoradiographs within the linear
range using Molecular Analyst software (Bio-Rad, Hemel Hempstead,
U.K.). The mean TRF length was calculated as described (24).

Measurement of telomerase activity
A modified version of the telomeric repeat amplification protocol (TRAP)
was used (Oncor, Gaithersburg, MD) as previously described (25). Extracts
from varying cell numbers were used for telomeric elongation, using a
[g-33P]ATP-end-labeled primer. These samples were used for PCR amplification (Perkin-Elmer Cetus, Norwalk, CT), using 25 to 28 cycles of 30 s
at 94°C and 30 s at 59°C. The PCR products were run on a 12% polyacrylamide (Amersham) gel which was vacuum dried for exposure to autoradiography film (Hyperfilm MP, Amersham). Telomerase activity was
calculated using the optical density of the telomeric repeat bands, divided
by the strength of the internal PCR control band (which also served to
indicate the absence of Taq inhibitors). Extracts from the immortalized 293
cell line provided the positive control. The negative controls were obtained
by heat inactivation of the RNA template for each cell extract used. In
addition, lysis buffer was used in place of cell extract in one reaction tube.

Results
Neonatal vs adult T cell survival
T lymphocytes from 10 umbilical cord blood samples and 10 normal
adult individuals were prepared and cultured under the same conditions. Cord blood T cell populations contain ,3% (range, 0.5–6%)
CD45RO1 T cells, whereas T cell populations from healthy adults
contain 40% (range, 30 –50%) of these cells (22). When CD45RA1 T
cells from adult and cord were isolated and cultured without added
exogenous stimuli, similar survival rates for the first 72 h were observed in culture (Fig. 1). This was followed by a substantial decrease
in the viability of cord blood T cells. By day 8, virtually all the cells
in cord cultures were dead, whereas 75% of the cells in adult cultures
were still viable. These data clearly show a deficiency in the ability of
CD45RA1 cord blood T cells to survive in culture compared with
their adult counterparts.

FIGURE 2. PI uptake by cord and adult T cells. A, B, and C are representative profiles obtained after PI staining and analysis on the FACScan.
A, Freshly isolated cord blood CD45RA1 T cells; B, cord CD45RA1 T
cells cultured for 6 days; C, Adult CD45RA1 T cells cultured for 6 days
without exogenous stimulus. M1 contains apoptotic cells, M2 resting viable lymphocytes, and M3 proliferating cells. D shows the mean percentage
apoptosis in cord and adult cultures after 6 days in culture obtained from
five cord and six adult samples. Vertical bars represent S.E.M. Student’s t
test revealed a statistically significant difference between the mean percentage apoptosis in the cord and adult samples; p , 0.0002.

Cell death occurring by apoptosis
The occurrence of apoptosis in cord blood CD45RA1 T cells after
6 days in culture was demonstrated by increased PI incorporation
as a sub-G0 peak (Fig. 2B). The level of apoptosis in cultured cord
T cell samples was greater than that observed in freshly isolated
cord blood T cells (Fig. 2A) and adult CD45RA1 T cells (Fig. 2C).
The occurrence of apoptosis was also confirmed by the typical
morphologic changes detected by May-Grünwald-Giemsa staining
(data not shown). Fig. 2D represents the mean percentage apoptosis of cord and adult CD45RA1 T cell populations cultured for 6
days showing a statistically significant increase in apoptosis in
cord blood T cells ( p , 0.0002).
Cord blood T cells can be rescued from apoptosis by IL-2R
common g-chain cytokines
In view of previous studies showing the ability of a group of cytokines sharing the g-chain of the IL-2 receptor to prevent resting
and activated T cell death (23, 26, 27), we investigated the effect
of these cytokines (IL-2, IL-4, IL-7, and IL-15) on cord blood T
cell apoptosis. Supplementing cord blood T cell cultures with these
cytokines resulted in a significant increase in cell recovery at day
8 relative to the initial cell input (Fig. 3A). Both CD41 and CD81
T cells were expanded (data not shown). IL-7 produced the most
striking results inducing a threefold increase in cell numbers compared with the initial input of cells. The greater effect of IL-7
compared with the other IL-2R common g-chain-signaling cytokines was still observed when up to 10-fold higher concentrations
of IL-2, IL-4, and IL-15 were used (data not shown). IL-6 was used
as a control cytokine, and no rescue was achieved. The increase in
cell recovery induced by IL-2 and especially IL-7 in both adult and
cord blood T cells resulted in part from proliferation (Fig. 3B).
Control adult and especially cord T cells cultured without added cytokines for 8 days showed a considerable decrease in viability (see
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FIGURE 1. Cord vs adult CD45RA1 T cell survival in vitro. Cord and
adult T cells were enriched for CD45RA1 subset using immunomagnetic
bead depletion and cultured without exogenous stimuli under the same
conditions. Cell recovery was determined using the Cytoron Absolute, and
survival was calculated as a percentage of the initial input of cells. Mean
survival values for 10 cord and 10 adult samples are shown, and the vertical
bars represent the SEM
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Phenotype of proliferating cord blood T cells

FIGURE 3. IL-2R common g-chain cytokines promote cord blood T
cell survival. Cord blood CD45RA1 T cells were cultured with and without
IL-2, IL-15, IL-7, IL-4, and IL-6 (5 ng/ml). Cell recovery was determined
at several time points in culture using the Cytoron Absolute cytometer (A).
The mean of five cord samples is shown. Vertical bars show the S.E.M.
whereas survival is represented as a percentage of the initial input of cells.
Cord and adult T cells, cultured for 8 days with IL-2 or IL-7, were stained
with PI to determine the number of cells in cycle and analyzed on the
FACScan. B, Mean and S.E.M. for three experiments are shown.

Fig. 1). In four cord and four adult CD45RA1 T cell samples studied,
only 4.4 6 1.4% (mean 6 S.E.M.) and 2.2 6 1.5%, respectively, of
residual control cells cultured without cytokines for 8 days were in
cycle.

FIGURE 4. Effect of IL-2R common g-chain
cytokines on CD45RA/RO expression. Purified
cord CD45RA1 T cells were cultured in the presence or absence of IL-2 or IL-7 (A). Cells were
harvested from culture at day 8, counted on the
Cytoron absolute cytometer, and analyzed for CD3
and CD45RA expression. The mean result of six
cord blood samples is shown. Vertical bars, SEM.
Typical FACScan profiles of CD4RA/RO expression are shown for fresh adult PBMC (B) and cord
blood T cells after 8 days in culture without (C) or
with IL-7 (D).

Bcl-2 and Bcl-xL expression in cord blood T cells
To determine whether the susceptibility of cord blood T cell to
apoptosis was caused by changes in the constitutive expression of
Bcl-2 or Bcl-xL which prevent apoptosis (28, 29), freshly isolated
cord and adult T cells were stained for these proteins and analyzed
by flow cytometry. It was found that both proteins were expressed
at the same concentrations in cord blood and adult peripheral blood
T cells before culture (data not shown). Bcl-2 and Bcl-xL levels
were then measured after culture in the presence or absence of the
survival-promoting cytokines (Fig. 5). After 7 days in culture without exogenous addition of cytokines, Bcl-2 and Bcl-xL levels decreased, when compared with day 0 (Fig. 5, A and B). A comparison of the mean percentage decrease in Bcl-2 levels after culture
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Adult and cord CD45RA1RO2T cells have been shown to convert
to a “primed” phenotype (CD45RO1RA2) upon stimulation (4, 6,
22). We investigated whether proliferation induced by cytokines
alone caused a similar switch. Cells cultured with or without IL-2
or IL-7 were harvested at several time points and analyzed for
CD3, CD45RA, and CD45RO expression. The mean results from
six cord blood samples are shown in Fig. 4A. The absolute numbers of CD31/RA1 cells were always increased in cytokine-supplemented cultures as compared with control cultures. Interestingly, proliferation in these cells was not accompanied by a switch
to CD45RO1RA2 (Fig. 4D). IL-7 produced the most pronounced
effect, not only in terms of absolute numbers of viable cells recovered but also in the extent of CD45RA1 T cell proliferation
induced. Similarly, adult CD31CD45RA1 T cells cultured in the
presence of these cytokines did not switch to CD45RO1 expression (data not shown).
To investigate whether expansion of CD45RA1 cord T cells by
IL-7 had a selective effect on certain T cell clones, a panel of 19
different TCR anti-Vb Abs was tested on three cord blood samples
before and after culture in IL-7. The staining profiles in CD4- and
CD8-positive T cells showed that there was no selective expansion
in any particular Vb family in any of these samples (not shown).
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FIGURE 5. Bcl-2 and Bcl-xL expression by cord blood CD5RA1 T
cells before and after culture in the presence or absence of IL-7. Freshly
isolated cells and cells harvested from culture at day 7 were investigated
for Bcl-2 (A) and Bcl-xL (B) expression by flow cytometry (one representative experiment is shown). The percentage decrease in Bcl-2 expression
(MFI) for five cord and five adult CD45RA1 T cell samples after 7 days
without added cytokines are shown in C. The percentage decrease in Bcl-xL
expression in CD45RA1 T cells from four adults and four cord samples
under similar conditions is shown in D. Horizontal bars indicate the mean
percentage decrease in expression for the different groups.

in cord and adult CD45RA1 T cells showed that the mean expression by cord T cells decreased by 42.9%, whereas that of adults
decreased by 3% (Fig. 5C). The mean expression of Bcl-xL was
decreased by 35% in cultured CD45RA1 cord T cells compared
with the starting population, whereas in adults Bcl-xL expression
decreased by a mean of 11% without cytokines (Fig. 5D). Although both Bcl-2 and Bcl-xL were consistently decreased in all
the cord samples tested after culture, the magnitude of the decrease
was variable. One reason for this was that the decrease in expression of these proteins occurred earlier in some cells than in others,
which resulted in a bimodal expression of these molecules in cul-

FIGURE 6. Increase in Bcl-2 (A–D) and Bcl-xL
(E–H) expression of cord blood CD45RA1 T cells in
the presence of IL-2R g- chain cytokines after 7 days
of culture as compared with control cultures (Con)
without cytokines. Each pair of points represents the
MFI of an individual cord CD45RA1 T cell sample in
the presence or absence of the cytokine indicated. IL-6
used as a control did not prevent apoptosis, and similar
cell numbers to the control cultures were left after 7
days of culture. These residual IL-6-cultured cells did
not show enhanced Bcl-2 or Bcl-xL expression.

Effects of anti-CD3 activation on the phenotype of cytokineexpanded T cells
We next investigated whether cytokine-expanded cord blood
CD45RA1 T cells could be induced to express CD45RO after
TCR ligation. Following stimulation with immobilized anti-CD3
for 48 h in the absence of APCs and costimulatory signals, cord
blood CD45RA1 RO2 T cells that had been expanded by cytokines for 6 days acquired CD45RO1 expression (Fig. 7, E–H).
Although the majority of cells at 48 h showed dual expression of
both CD45RA and CD45RO (Fig. 7), at later time points (5 days),
the majority of cells were CD45RA2,CD45R01, confirming our
previous results (6, 7, 22). Freshly isolated cord blood CD45RA1
T cells that were not cultured in cytokines could also convert to
CD45RO expression after anti-CD3 stimulation as demonstrated
previously (22). In addition, the small number of CD45RA1 T
cells remaining after 7 days of culture in the absence of cytokines
could also convert to CD45RO expression upon stimulation with
anti-CD3 Ab (data not shown).
CD95 is a cell surface molecule expressed by T cells upon activation. Triggering by its ligand (CD95L) induces a cascade of
intracellular events culminating in apoptosis (30 –32). Although
cord blood CD45RA1 T cells express lower concentrations of
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tured cord T cells (representative experiment shown in Fig. 5, A
and B). Although these bimodal profiles convincingly demonstrate
a decrease in expression of Bcl-2 and Bcl-xL in a substantial proportion of cells, the net mean fluorescence intensity (MFI) of these
bimodal peaks showed little change compared with the original
population (Fig. 5A; MFI day 0 is 54 whereas MFI of cells cultured
for 7 days without IL-7 is 50). In addition, the preferential death of
cultured cord blood CD45RA1 T cells with low expression of the
apoptosis-regulating molecules underestimates the extent of the
decrease, since the remaining viable cells have apparently higher
concentrations of these molecules. Adult T cells, on the other hand,
do not decrease the expression of these molecules to the same
extent as cord T cells and are relatively resistant to apoptosis under
similar conditions (see Fig. 1).
When cord blood T cells were cultured in the presence of different IL-2R common g-chain cytokines, Bcl-2 and Bcl-xL expression increased in every experiment performed (Fig. 6; representative staining profile for CD45RA1 T cells cultured with or without
IL-7 in Fig. 5, A and B). Although all the IL-2R common g-chain
cytokines increase Bcl-2 and Bcl-xL expression, the greater effect
of IL-7 on cell survival and recovery suggests that signaling components of the IL-7R, other than the g-chain, also have a role in the
effects of this cytokine.
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FIGURE 7. CD45RA1 to CD45RO1 conversion by
cord blood T cells after anti-CD3 stimulation. After a
6-day period of culture in medium supplemented with
the different cytokines indicated, cord blood T cells
were stimulated with immobilized anti-CD3. After
48 h, CD45RA and CD45RO expression was analyzed
in CD3-stimulated (E–H) and control non-CD3-stimulated (A–D) cultures. The numbers represent the percentage of cells found in each quadrant.

Telomere length and telomerase activity and in cord blood
T cells
Telomere length has been used to compare the replicative history as
residual replicative capacity of T cell subpopulations, although the
modulating effects of telomerase, which is able to add back telomeric
sequences, must also be considered. We therefore looked for telomere
shortening after IL-7-induced proliferation. CD45RA1 cord blood T
cells were cultured with anti-CD3 in the presence or absence of IL-2
or IL-7. Samples were collected for both telomere length (Fig. 9) and
telomerase activity analysis (Fig. 10).
Telomere length was analyzed in four different cord blood samples before and after 12 days in IL-7-supplemented medium (2
representative cord samples shown in Fig. 9). We found that the

FIGURE 8. Effect of anti-CD3 on proliferation and apoptosis of IL-7expanded cord blood T cells. After a 6-day period of culture with IL-7,
cord blood CD45RA1 T cells were transferred to anti-CD3-coated plates.
PI incorporation was analyzed before and after 1 and 2 days of anti-CD3
stimulation. The results represent the mean and S.E.M. of five separate
experiments.

extensive proliferation induced by IL-7 caused the mean TRF to
decrease by only 0.5 kb (Fig. 9). Nevertheless, IL-7-cultured cord
blood T cells still maintained longer telomeres than control freshly
isolated adult CD45RA1 T cells.
We then investigated telomerase activity in these samples.
Freshly isolated cord blood CD45RA1 T cells had very low telomerase activity (Fig. 10) which was maintained in cells cultured
for 1 day with either IL-2 or IL-7 but increased in antiCD3-stimulated cells. Telomerase activity was substantially higher
after 4 days in culture in both anti-CD3-treated cultures and cells
cultured with IL-7 alone. Cells cultured with IL-2 showed only a
small up-regulation of telomerase. Fig. 10 shows one representative experiment of four performed to date. Under all experimental
conditions, telomerase activity returned to basal levels at later time
points (e.g., day 11), even when cytokines were replenished.

Discussion
The study of cord blood T cell function is becoming increasingly
important because of its potential use in bone marrow reconstitution with low incidence of graft-vs-host disease (33). In addition,
the identification of factors that maintain a naive (CD45RA1) T
cell repertoire may be important for the understanding of why
depletion of this compartment occurs in patients with HIV infection (34). For these reasons, we have investigated the differential
regulation of apoptosis and proliferation in cord blood and adult
CD45RA1 T cells to identify factors that may regulate the peripheral naive T cell repertoire.
Neonatal CD45RA1 T cells were more susceptible to spontaneous apoptosis than adult CD45RA1 T cells. This was associated
with the inability of the former population to maintain the expression of anti-apoptotic molecules such as Bcl-2 and Bcl-xL. Since
neonatal CD45RA1 T cells are susceptible to apoptosis, factors
that prevent death must be present in vivo to enable expansion of
the immune system in newborns (4). We have shown that the
IL-2R g-chain-signaling cytokines (in particular IL-7) are a group
of factors that not only prevent apoptosis but also induce proliferation of cord blood CD45RA1 T cells. One possible reason for
the preferential action of IL-7 in neonatal T cells is the constitutive
expression of the IL-7 receptor on cord compared with adult
CD45RA1 T cells (35, 36). These data support and extend previous reports showing that postthymic peripheral T cells in neonates
require the presence of additional factors to attain full maturity
(22) by revealing that the presence of anti-apoptotic factors is also
required. Previous studies support the hypothesis that IL-7 and
other IL-2R common g-chain-signaling cytokines may have a central involvement in the maintenance of homeostasis of T cells at
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CD95 than unstimulated adult CD45RA1 T cells, the IL-2R common g-chain cytokines induced striking increases in CD95 expression in both CD41 and CD81 T cells (data not shown). It was
possible, therefore, that the major outcome of anti-CD3 stimulation was death rather than proliferation of cytokine-expanded
CD45RA1 T cells and that the cells that convert to CD45RO were
only a minor residual subset. To clarify this, we examined the
extent to which apoptosis and proliferation occurred after activation with anti-CD3 (Fig. 8). After 24 h, there was an increase in
apoptosis but proliferating cells were also present. After 2 days
(Fig. 8) and 5 days (not shown), proliferating cells predominated,
and cell numbers increased, indicating that cytokine-expanded
CD45RA1 T cells could be induced to proliferate by TCR ligation.
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both early and late stages of differentiation (37– 40). These studies
also suggest that IL-7 exerts its action on cord and adult T cell
survival in part via a Bcl-2-dependent mechanism, which supports
our current and previous observations (23, 37, 38). Our data, re-

ported here, suggest that IL-2, IL-4, and IL-15, which also signal
via the g-chain of the IL-2R, up-regulate Bcl-2 and Bcl-xL in cord
CD45RA1 T cells. IL-7, however, consistently has a greater effect
on survival of these T cells. This suggests that Bcl-2 and Bcl-xL
up-regulation is not the only way by which IL-7 exerts its effect,
other signals perhaps mediated by the IL-7R a-chain may also
contribute to the proliferation/survival of cord CD45RA1 T cells
(38). In addition to its role in maintaining homeostasis, IL-7 has
also been shown to be essential for the functional development of
neonatal T cells and induces the initial expression of IL-4 by activated neonatal CD41 T cells (35).
The non-Ag-specific expansion of CD45RA1 T cells may also
be induced by other cytokines apart from IL-7. It has been reported
that a combination of IL-2, TNF-a, and IL-6 can stimulate
CD45RA1 RO2 T cell proliferation without a switch to
CD45RO1RA2 (11, 12). In both these and our studies, the cytokine-expanded cells can be stimulated through the TCR to switch
to CD45RO expression (11, 12). It is of interest that cytokineexpanded CD45RA1 T cells express increased levels of CD95 and
other adhesion molecules (12) (N. Borthwick and A. Akbar, unpublished observations). Previous studies demonstrated that a proportion of freshly isolated CD45RA1 T cells in adults express
increased levels of adhesion molecules (41, 42). It has been suggested that these CD45RA1 T cells were revertant CD45RO1 T
cells (41, 42). In contrast, our results together with those of
Unutmaz et al. (12) suggest the possibility that these cells may be
cytokine-expanded CD45RA1 T cells. We have also shown that
IL-4 alone could induce the proliferation of cord CD45RA1 T
cells in agreement with previous reports (43) and have extended
these observations by showing that that conversion to CD45RO1
did not occur. Other cytokines that induce bystander T cell proliferation (44) should now also be investigated for their effect on
the CD45RA1 T cell pool.
Cell proliferation is generally associated with telomere shortening, which results in replicative senescence (13–16). Telomeric
repeats are synthesized by telomerase, a riboprotein that uses its
RNA component as a template (45, 46). Telomerase is constitutively expressed on germline and tumor cells (15). Although most
somatic cells do not express telomerase, the low activity seen in
resting T cells is increased upon activation in vitro (14, 47–51) and
in vivo4. Up-regulation of telomerase activity in activated T lymphocytes may retard the loss of telomeres and the development of
senescence (13–16). We therefore investigated whether cytokinedriven expansion of CD45RA1 T cells induced changes in telomerase activity and telomere length. We found low telomerase
activity in ex vivo naive T cells derived from cord blood, confirming previous observations on peripheral blood T cells (48, 52, 53).
Surprisingly, we found that upon culture with IL-7, cord blood T
cells strongly up-regulated telomerase activity to the same extent
as anti-CD3-stimulated cells. After an initial burst of strong telomerase activity which lasted for 4 – 6 days, it declined dramatically. In agreement with previous reports, we found no significant
telomerase up-regulation upon culture with IL-2 alone. Cord blood
T cells cultured with IL-7 were found to have decreased telomere
length after a 12-day period, suggesting that under these in vitro
conditions, telomerase activity may not sufficient to completely
abrogate the progress toward replicative senescence. Nevertheless,
the mean TRF length was still longer in IL-7-expanded CD45RA1
T cells than in adult CD45RA1 T cells. It would be predicted that

4
Maini, M. K., M. V. D. Soares, C. F. Zilch, A. N. Akbar, and P. C. L. Beverley.
Telomerase up-regulation in an acute viral infection: a mechanism to maintain the
replicative capacity of CD81 T cells undergoing clonal expansion. Submitted for
publication.
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FIGURE 9. Mean terminal restriction length analysis on cord blood T
cells. Autoradiography of TRF analysis on one representative adult T cell
sample and two of four cord blood T cell samples analyzed. Cord blood
samples were collected at day 0 and after 12 days in the presence of IL-7.
All the tracks shown were obtained from samples processed at the same
time and are on the same gel. The mean TRF length is indicated on the
bottom of each track. Similar results were obtained on two additional cord
samples tested. The m.w.s (kilobases) of the bands from the 1-kb DNA
ladder are included.
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excessive expansion by CD45RA1 T cells would eventually result
in senescence and growth arrest. Since IL-7-expanded T cells acquire resistance to apoptosis, this may be an important mechanism,
which protects against uncontrolled cytokine-mediated expansion
of the naı̈ve/unprimed T cell pool. These results are compatible
with observations that in aged subjects, CD45RA1 T cells have
shorter telomeres than similar cells from young individuals, the
former cells having progressed further toward senescence than the
latter (19). Although this may be the result of reversion of
CD45RO1 T cells with shorter telomeres to CD45RA1 expression, our current data suggest that bystander activation by cytokines, which aged cells have experienced more frequently, may
also contribute to these observations. Collectively, these results
suggest that IL-7 contributes to the maintenance of the naive T cell
pool by slowing down rather than completely abrogating the development of senescence of expanded CD45RA1 T cells.
The factors that regulate the size of the CD45RA1 T cell pool
in adults are not well defined, but clearly, mechanisms that enable
the replenishment of CD45RA1 T cells throughout life are required to prevent the eventual loss of this subset through recruitment, by activation, into the CD45RO1 pool followed by removal
through apoptosis or replicative senescence (14, 54). Apart from
reversion of cells from CD45RO to CD45RA (9), we now suggest
that expansion of CD45RA1 T cells by IL-7 may be a mechanism
for extrathymic expansion of the developing T cell system in ne-

onates in a non-Ag-specific manner and may also contribute to the
maintenance of the CD45RA1 T cell pool in adults.
An important question is whether there is sufficient IL-7 production
in vivo to enable CD45RA1 T cell stimulation to occur. It has been
shown that IL-7 is found in adult human intestinal epithelial cells and
is intimately involved in the regulation of mucosal lymphocyte proliferation (36). Also, the recently reported development of chronic
colitis in IL-7-transgenic mice indicates that chronic inflammation at
this site may be mediated by excessive colonic epithelial cell-derived
IL-7 (55). We have also recently demonstrated that there is high level
of IL-7 expression by epithelial cells in neonatal gut (L. Poulter, D.
Howie, T. T. MacDonald, and A. Akbar, unpublished observations)
and that considerable levels of T cell proliferation can be observed in
this tissue (56). These data are compatible with the idea that IL-7driven proliferation may take place in certain anatomic sites in both
adults and neonates.
In summary, we have provided evidence that CD45RA1 T cell
proliferation induced by cytokines such as IL-7 which induce proliferation without a switch to CD45RO expression. This cytokinemediated expansion may have an important role in extrathymic
expansion of neonatal cells during growth and may also contribute
to the maintenance of a naive T cell repertoire in adults. Further
investigations into the mechanisms that regulate the homeostasis
of the CD45RA1 T cell pool are important to rationalize ways in
which the naive T cell compartment may be reconstituted in patients who are immunodeficient for various reasons.
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FIGURE 10. Telomerase activity in cord
blood T cells. Telomerase activity was measured
in CD45RA1-enriched cord blood T cell samples,
supplemented with IL-2 or IL-7 and in the presence or absence of anti-CD3. Cultured cells were
harvested at days 0, 1, 4, and 11. Activity was
measured on extracts from 5 3 105 cells using the
TRAP assay described earlier (see Materials and
Methods). Autoradiography of TRAP assay acrylamide gel showing a representative experiment
from four performed. A. Cell extract heat inactivated at 85°C for 10 min before PCR reaction to
inactivate the RNA component of telomerase
(HI). The arrow shows the internal PCR control
36-bp band. The control template (oligo containing the same sequence as TS primer plus 8 telomeric repeats) TSR8 was used in two dilutions (1
and 2 ml of oligo added, TSR8 1 and 2). The
positive control (1CNT) is the 293 transformed
cell line which was used for calculating the relative telomerase activity as a percentage of the activity obtained for that transformed line. For the
negative control (2CNT) the cell lysis buffer replaced extract. Relative telomerase activity and
cell recovery analysis on cord blood T cells (B).
Telomerase activity was calculated as a percentage of the activity obtained by the positive control
cell line. Cell recovery was calculated as a percentage of the initial input of cells and is indicated for each condition by f.

The Journal of Immunology

Acknowledgments
We acknowledge Professor Maria de Sousa for her encouragement and
support in this project. We also thank Professor Tom T. MacDonald, Professor Peter Beverley, and Dr. Duncan Howie for discussions; and Dr. Stan
Wickremasinghe and Mrs. Eira Rawlings for their help with the molecular
biology techniques. This work would not have been possible without cooperation from the Royal Free Hospital labor ward staff.

References

28. Boise, L. H., G. M. Garcia, C. E. Postema, L. Ding, T. Lindsten, L. A. Turka,
X. Mao, G. Nunez, and C. B. Thompson. 1993. bcl-x, a bcl-2-related gene that
functions as a dominant regulator of apoptotic cell death. Cell 74:597.
29. Nunez, G., R. Merino, D. Grillot, and M. Gonzalez-Garcia. 1994. Bcl-2 and
Bcl-x: regulatory switches for lymphoid death and survival. Immunol. Today
15:582.
30. Krammer, P. H., I. Behrmann, P. Daniel, J. Dhein, and K.-M. Debatin. 1994.
Regulation of apoptosis in the immune system. Curr. Opin. Immunol. 6:279.
31. Lynch, D. H., F. Ramsdell, and M. R. Alderson. 1995. Fas and FasL in the
homeostatic regulation of immune responses. Immunol. Today 16:569.
32. Abbas, S. K. 1996. Die and let live: eliminating dangerous lymphocytes. Cell
84:655.
33. Wagner, J. E., N. A. Kernan, M. Steinbuch, H. E. Broxmeyer, and E. Gluckman.
1995. Allogeneic sibling umbilical-cord-blood transplantation in children with
malignant and non-malignant disease. Lancet 346:214.
34. Mackall, C. L., F. T. Hakim, and R. E. Gress. 1997. T-cell regeneration: all
repertoires are not created equal. Immunol. Today 18:245.
35. Webb, L. C., B. M. Foxwell, and M. Feldmann. 1997. Interleukin-7 activates
human naive CD41 cells and primes for interleukin-4 production. Eur. J. Immunol. 27:633.
36. Watanabe, M., Y. Ueno, T. Yajima, Y. Iwao, M. Tsuchiya, H. Ishikawa, S. Aiso,
T. Hibi, and H. Ishii. 1995. Interleukin-7 is produced by intestinal epithelial-cells and
regulates the proliferation of intestinal mucosal lymphocytes. J. Clin. Invest. 95:2945.
37. Maraskovsky, E., L. A. OReilly, M. Teepe, L. M. Corcoran, J. J. Peschon, and
A. Strasser. 1997. Bcl-2 can rescue T lymphocyte development in interleukin-7
receptor-deficient mice but not in mutant rag-1(2/2) mice. Cell 89:1011.
38. Akashi, K., M. Kondo, U. vonFreedenJeffry, R. Murray, and I. L. Weissman.
1997. Bcl-2 rescues T lymphopoiesis in interleukin-7 receptor-deficient mice.
Cell 89:1033.
39. Plum, J., M. D. Smedt, G. Leclercq, B. Verhasselt, and B. Vandekerckhove.
1996. IL-7 is a critical growth factor in early human T-cell development. Blood
88:4239.
40. Nakajima, H., E. W. Shores, M. Noguchi, and W. J. Leonard. 1997. The common
cytokines receptor g-chain plays an essential role in regulating lymphoid homeostasis. J. Exp. Med. 185:189.
41. Hviid, L., N. Odum, and T. G. Theander. 1993. The relation between T cell
expression of LFA-1 and immunological memory. Immunology 78:237.
42. Okumura, M., Y. Fujii, K. Inada, K. Nakahara, and H. Matsuda. 1993. Both
CD45RA1 and CD45RA2 subpopulations of CD81 T-cells contain cells with
high levels of lymphocyte function-associated antigen-1 expression, a phenotype
of primed T cells. J. Immunol. 150:429.
43. Early, E. M., and D. J. Reen. 1996. Antigen-independent responsiveness to interleukin-4 demonstrates differential regulation of newborn human T cells. Eur.
J. Immunol. 26:2885.
44. Sprent, J., and Tough, D. F. 1994. Lymphocyte life-span and memory. Science
265:1395.
45. Blackburn, E. H., J. Bradley, C. Greider, M. Lee, D. Romero, D. Shippenlentz,
and G. L. Yu. 1991. Synthesis of telomeres by the ribonucleoprotein telomerase.
FASEB J. 5:A1784.
46. Bodnar, A. G., M. Ouellette, M. Frolkis, S. E. Holt, C. P. Chiu, G. B. Morin,
C. B. Harley, J. W. Shay, S. Lichtsteiner, and W. E. Wright. 1998. Extension of
life-span by introduction of telomerase into normal human cells. Science 279:349.
47. Yamada, O., T. Motoji, and H. Mizoguchi. 1996. Up-regulation of telomerase
activity in human lymphocytes. Biochim. Biophys. Acta Mol. Cell Res. 1314:260.
48. Pan, C. G., B. H. Xue, T. M. Ellis, D. J. Peace, and M. O. Diaz. 1997. Changes
in telomerase activity and telomere length during human T lymphocyte senescence. Exp. Cell Res. 231:346.
49. Weng, N. P., B. L. Levine, C. H. June, and R. J. Hodes. 1996. Regulated expression of telomerase activity in human T-lymphocyte development and activation. J. Exp. Med. 183:2471.
50. Weng, N. P., L. D. Palmer, B. L. Levine, H. C. Lane, C. H. June, and R. J. Hodes.
1997. Tales of tails: regulation of telomere length and telomerase activity during
lymphocyte development, differentiation, activation, and aging. Immunol. Rev.
160:43.
51. Weng, N. P, B. L. Levine, C. H. June, and R. J. Hodes. 1997. Regulation of
telomerase RNA template expression in human T lymphocyte development and
activation. J. Immunol. 158:3215.
52. Hiyama, K., Y. Hirai, S. Kyoizumi, M. Akiyama, E. Hiyama, M. A. Piatyszek,
S. Ishioka, and M. Yamakido. 1995. Activation of telomerase in human lymphocytes and hematopoietic progenitor cells. J. Immunol. 155:3711.
53. Counter, C. M., J. Gupta, C. B. Harley, B. Leber, and S. Bacchetti. 1995. Telomerase activity in normal leukocytes and in hematologic malignancies. Blood
85:2315.
54. Akbar, A. N., and M. Salmon. 1997. Cellular environments and apoptosis: tissue
microenvironments control activated T cell death. Immunology Today 18:72.
55. Watanabe, M., Y. Ueno, T. Yajima, S. Okamoto, T. Hayashi, M. Yamazaki, Y. Iwao,
H. Ishii, S. Habu, M. Uehira, H. Nishimoto, H. Ishikawa, J. Hata, and T. Hibi. 1998.
Interleukin 7 transgenic mice develop chronic colitis with decreased interleukin 7
protein accumulation in the colonic mucosa. J. Exp. Med. 187:389.
56. Howie, D., J. Spencer, D. E. Lord, C. Pitzalis, N. C. Wathen, P. Dogan,
A. N. Akbar, and T. T. MacDonald. 1998. Extrathymic T cell development in
human intestine early in life. J. Immunol. In press.

Downloaded from http://www.jimmunol.org/ by guest on September 16, 2019

1. Ahmed, R., and D. Gray. 1996. Immunological memory and protective immunity:
understanding their relation. Science 272:54.
2. Sprent, J. 1997. Immunological memory. Curr. Opin. Immunol. 9:371.
3. Van Parijs, L., and A. K. Abbas. 1998. Homeostasis and self-tolerance in the
immune system: turning lymphocytes off. Science 280:243.
4. Hayward, A. R., J. Lee, and P. L. Beverley. 1989. Ontogeny of expression of UCHL1
antigen on TCR-11 (CD4/8) AND TCR-d T cells. Eur. J. Immunol. 19:771.
5. Akbar, A. N., M. Salmon, J. Savill, and G. Janossy. 1993. A possible role for
bcl-2 in regulating T cell memory: a “balancing act” between cell death and
survival. Immunol. Today 14:526.
6. Akbar, A. N., L. Terry, A. Timms, P. C. L. Beverley, and G. Janossy. 1988. Loss
of CD45R and gain of UCHL1 reactivity is a feature of primed T cells. J. Immunol. 140:2171.
7. Salmon, M., D. Pilling, N. J. Borthwick, N. Viner, G. Janossy, P. A. Bacon, and
A. N. Akbar. 1994. The progressive differentiation of primed T cells is associated
with an increasing susceptibility to apoptosis. Eur. J. Immunol. 24:892.
8. Janossy, G., D. Campana, and A. N. Akbar. 1989. Kinetics of T lymphocyte
development. Curr. Top. Pathol. 79:59.
9. Bell, E. B., S. M. Sparshott, and C. Bunce. 1998. CD4(1) T-cell memory,
CD45R subsets and the persistence of antigen: a unifying concept. Immunol.
Today 19:60.
10. Akbar, A. N., N. Borthwick, M. Salmon, W. Gombert, M. Bofill, N. Shamsadeen,
D. Pilling, S. Pett, J. E. Grundy, and G. Janossy. 1993. The significance of low bcl-2
expression by CD45RO T cells in normal individuals and patients with acute viral
infections: the role of apoptosis in T cell memory. J. Exp. Med. 178:427.
11. Unutmaz, D., P. Pileri, and S. Abrignani. 1994. Antigen-independent activation
of naive and memory resting T cells by a cytokine combination. J. Exp. Med.
180:1159.
12. Unutmaz, D., F. Baldoni, and S. Abrignani. 1995. Human naive T cells activated
by cytokines differentiate into a split phenotype with functional features intermediate between naive and memory T cells. Int. Immunol. 7:1417.
13. Hodes, R. J. 1997. Aging and the immune system. Immunol. Rev. 160:5.
14. Pawelec, G., A. Rehbein, K. Haehnel, A. Merl, and M. Adibzadeh. 1997. Human
T-cell clones in long-term culture as a model of immunosenescence. Immunol.
Rev. 160:31.
15. Effros, R. B., and G. Pawelec. 1997. Replicative senescence of T cells: does the
Hayflick limit lead to immune exhaustion? Immunol. Today 18:450.
16. Blackburn, E. H. 1990. Telomeres: structure and synthesis. J. Biol. Chem. 265:
5919.
17. Allsopp, R. C., E. Chang, M. Kashefiaazam, E. I. Rogaev, M. A. Piatyszek,
J. W. Shay, and C. B. Harley. 1995. Telomere shortening is associated with
cell-division in-vitro and in-vivo. Exp. Cell Res. 220:194.
18. Vaziri, H., W. Dragowska, R. C. Allsopp, T. E. Thomas, C. B. Harley, and
P.M. Lansdorp. 1994. Evidence for a mitotic clock in human hematopoietic stem
cells: loss of telomeric DNA with age. Proc. Natl. Acad. Sci. USA 91:9857.
19. Weng, N. P., B. L. Levine, C. H. June, and R. J. Hodes. 1995. Human naive and
memory T lymphocytes differ in telomeric length and replicative potential. Proc.
Natl. Acad. Sci. USA 92:11091.
20. Tamaru, Y., T. Miyawaki, K. Iwai, T. Tsuji, R. Nibu, A. Yachie, S. Koizumi, and
N. Taniguchi. 1993. Absence of bcl-2 expression by activated CD45RO1 T lymphocytes in acute infectious mononucleosis supporting their susceptibility to programmed cell death. Blood 82:521.
21. Boise, L. H., A. J. Minn, C. H. June, T. Lindsten, and C. B. Thompson. 1995.
Growth factors can enhance lymphocyte survival without committing the cell to
undergo cell division. Proc. Natl. Acad. Sci. USA 92:5491.
22. Bofill, M., A. N. Akbar, M. Salmon, M. Robinson, G. Burford, and G. Janossy.
1994. Immature CD45RAlowROlow T cells in the human cord blood. I. Antecedents of CD45RA1 unprimed T cells. J. Immunol. 152:5613.
23. Akbar, A. N., N. J. Borthwick, R. G. Wickremasinghe, P. Panayitidis, D. Pilling,
M. Bofill, S. Krajewski, J. C. Reed, and M. Salmon. 1996. Interleukin-2 receptor
common gamma chain signalling cytokines regulate activated T cell apoptosis in
response to growth factor withdrawal: selective induction of anti-apoptotic (bcl-2,
bcl-xL), but not pro-apoptotic (bax, bcl-xs) gene expression. Eur. J. Immunol. 26:294.
24. Harley, C. B., A. B. Futcher, and C. W. Greider. 1990. Telomeres shorten during
aging of human fibroblasts. Nature 345:458.
25. Holt, S. E., J. C. Norton, W. E. Wright, and J. W. Shay. 1996. Comparison of the
telomeric repeat amplification protocol (TRAP) to the new TRAP-eze telomerase
detection kit. Methods Cell Sci. 18:237.
26. Mor, F., and I. R. Cohen. 1996. IL-2 rescues antigen-specific T cells from radiation or dexamethasone-induced apoptosis. J. Immunol. 156:515.
27. Vella, A. T., S. Dow, T. A. Potter, J. Kappler, and P. Marrack. 1998. Cytokineinduced survival of activated T cells in vitro and in vivo. Proc. Natl. Acad. Sci.
USA 95:3810.

5917

