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Prolonged exposure of naive CD8" T cells to interleukin-7 or
interleukin-15 stimulates proliferation without differentiation
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Introduction

Summary

Interleukin (IL)-7 and IL-15 are cytokines implicated in homeostatic
control of the peripheral CD8 T-cell pool. We compared the effects of
IL-7 and IL-15 on survival and proliferation of purified human CD8"
T-cell subsets. Low concentrations of either cytokine reduced the sponta-
neous apoptosis of all subsets, and enhancement of survival correspon-
ded to the extent of Bcl-2 up-regulation. Surprisingly, although minimal
proliferation of naive CD8" T cells was observed during the first week
of culture with cytokines, a marked expansion of these cells occurred at
later time points, particularly in response to IL-15. This occurred largely
without phenotypic change or acquisition of effector function, indicating
a dissociation of differentiation from proliferation. Notably, progression
of naive CD8" T cells through several cell divisions resulted in up-regu-
lation of telomerase and the maintenance of telomere length. These data
show that IL-7 and IL-15 induce cell proliferation and rescue from
apoptosis in a concentration, time and subset-dependent manner, and
have implications for the homeostatic expansion of the naive CD8"
T-cell pool.
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division balanced by cell death.*” The relatively quiescent
nature of naive T cells may limit their ability to persist

The T-cell pool comprises cells differing in phenotype
and history of encounter with antigen. In humans, differ-
ential expression of CD45 isoforms was originally used to
distinguish naive T cells from previously primed cells,
naive cells selectively expressing CD45RA rather than
CD45RO." More recently expression of the chemokine
receptor CCR7 has been used to further subdivide T cells
into CD45RO" CCR7" ‘central’ memory cells (T-CM)
and CCR7  ‘effector’ memory cells (T-EM), while
CD45RA" CD8" T cells can be divided into CCR7" naive
and CCR7 primed (RA-primed) subsets.

Over the lifetime of an individual, the absolute number
of cells in the recirculating T-cell pool remains relatively
constant.” Overall stability, however, is maintained in a
highly dynamic manner, involving the production and
death of billions of cells. Moreover, within the T-cell
pool, the naive and primed cell populations are regulated
in different ways so that, in general, naive T cells persist
largely as non-dividing cells after export from the thymus,
while primed T-cell populations undergo frequent cell
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into old age, when thymic output declines. Consistent
with this idea, the proportion of naive CD8" T cells is
typically lower in the elderly® while other populations,
particularly RA-primed cells, increase.”® However, in
mice, naive T cells proliferate extensively after adoptive
transfer into lymphopenic hosts, indicating that under
certain conditions they possess the capacity for ‘homeo-
static’ expansion.”'°

Cytokines are one factor influencing the kinetic beha-
viour of naive and memory CD8" T cells, both interleu-
kin (IL)-7 and IL-15 have been implicated in CD8" T-cell
homeostasis. The importance of IL-7 in promoting survi-
val of naive CD8" T cells was shown in adoptive trans-
fer models, in which IL-7"" cells disappeared rapidly
after transfer into IL-7 7" mice, as did IL-7R-deficient cells
injected into normal hosts.''* IL-7 is required for
homeostatic proliferation of naive T cells in lympho-
penic mice;'" conversely, IL-15 stimulates proliferation of
memory-phenotype (CD44™) but not naive-phenotype
(CD44'°) CD8" T cells in vivo and in vitro,'> both the
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number and proliferation rate of CD8 memory cells being
reduced in IL-157 and IL-15Ro"" mice."* However, the
correlation between IL-7 and naive cells, and IL-15 and
memory cells is not absolute; high levels of IL-7 can sub-
stitute for IL-15 in driving memory CD8" T-cell prolifer-
ation'* and IL-15 can enhance the survival of both naive
and memory-phenotype CD8" T cells."?

In humans, the relative contribution of these cytokines
to survival and proliferation of naive and memory CD8*
T cells is less well established. IL-7-dependent expansion
of CD45RA" neonatal CD8'T cells has been reported,'®
whilst IL-15 stimulates proliferation of CD45RO" CD8" T
cells'” and induces re-expression of CD45RA on activated
Epstein-Barr virus-specific CD8" T cells.'® At present,
though, the ability of IL-15 to cause proliferation of naive
cells is not clear.'”'*?°

Ultimately, persistence of cell populations is determined
by the balance between cell division and death. The fac-
tors controlling the survival and proliferation of different
T-cell subsets are likely to be distinct. We have investi-
gated how IL-7 and IL-15 regulate the homeostasis of the
four major human CD8" T-cell subpopulations. Both
cytokines can induce proliferation and rescue cells from
apoptosis, but do so in a concentration- and cell subset-
dependent manner. Most strikingly, prolonged exposure
to IL-15 stimulates a late expansion of naive CD8" cells,
largely without alteration of the naive cell phenotype but
accompanied by up-regulation of telomerase activity. The
implications of these findings for T-cell homeostasis are
discussed.

Materials and methods

Cell sorting

Peripheral blood mononuclear cells (PBMC) were isolated
from 50 ml of heparinized fresh human blood from vol-
unteers or buffy coats (NE London Blood Transfusion
Centre, Colindale, London, UK) by Ficoll-Paque (Phar-
macia, St Albans, UK) density gradient centrifugation and
CD8" T cells isolated using CD8-magnetic-activated cell
sorting (MACS) beads (Miltenyi Biotec, Bisley, UK)
according to the manufacturer’s instructions. These cells
(1 x 10’/ml in phosphate-buffered saline (PBS) + 0-2%
bovine serum albumin (BSA) were stained with CCR7 +
goat F(ab’), anti-mouse immunoglobulin M (IgM)-
R-phycoerythrin (RPE); Southern Biotechnology Associ-
ates, Birmingham, AL), CD45RO-antigen-presenting cell
[Allophycocyanin (APC); Caltag Medsystems, Towcester,
UK] together with CD56-fluoroscein isothiocyanate
(FITC; Serotec, Oxford, UK), to remove residual natural
killer (NK)* cells. CD45RO" CCR7", CD45RO" CCR7,
CD45RO™ CCR7" and CD45RO™ CCR7™ subsets were
sorted using a Moflo cytometer (Cytomation, Fort Col-
lins, CO), purities >95%. CD45RO (rather than CD45RA)
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monoclonal antibody (mAb) was used to ensure the naive
fraction did not contain CD45RO* CD45RA™ double
positive cells or CD45RO™™ cells. For convenience
CD45RO™ cells are referred to as CD45RA*. Ethical
approval was granted by the Human Subjects Committee,
Edward Jenner Institute for Vaccine Research.

Cell culture

Cells (5 x 10%) were cultured at 37° in round-bottomed
96-well plates in medium (RPMI-1640 + 10% fetal calf
serum (FCS)) with or without recombinant human IL-15
or IL-7 (R & D Systems, Abingdon, UK) at final concen-
trations of 0-4-50 ng/ml for 24 hr to 87 days (without
change of medium). In some experiments cells were cul-
tured with CD3/CD28 T-cell expander Dynabeads (Dynal,
Wirral, UK; 8 x 10* beads/well) for 6 hr.

Flow cytometric analysis

Cells were stained with FITC-conjugated mAbs (CDl11a,
CD27, CD28, CD38, CD62L, CD95, CD45RA, CD45RO
(BD Biosciences Pharmingen, Oxford, UK) CD45RB
(DAKO, Ely, UK), CD69 (Caltag), or with CCR7 mAb
(BD Pharmingen) + goat F(ab’), anti-mouse IgM-RPE.
Alternatively cells were stained with CD45RO-APC (Cal-
tag), CD8-biotin and streptavidin. Relevant isotype con-
trols were included. 10 000-50 000 cells were collected on
a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA) and analysed using WinMDI software.

For intracellular staining cells were fixed and permeabi-
lized at room temperature for 40 min with Permeafix
(Ortho Diagnostics, High Wycombe, UK), washed, then
stained with FITC-conjugated perforin, granzyme A, gran-
zyme B or Bcl-2 mAbs.

For intracellular staining for cytokines, phorbol 12-
myristate 13-actetate (PMA; 5 ng/ml, Sigma, Poole, UK),
ionomycin (500 ng/ml) and GolgiPlug (according to
manufacturer’s instructions, BD Biosciences) were added
to cultures for the last 5 hr. Cells were fixed, permeabi-
lized and intracellular staining carried as described using
FITC-conjugated mAbs to interferon-y (IFN-y) or
tumour necrosis factor-a (TNF-a). Cells were stained with
annexin V-FITC according to the manufacturer’s instruc-
tions (BD Pharmingen).

Control of CD95 expression by cytokines

CD45RA" CCR7" cells were cultured with IL-15 or IL-7
(50 ng/ml) as described above and stained for CD95
expression at regular intervals. At day 16, when CD95
up-regulation had occurred on all cells, half the cells
were extensively washed to remove residual cytokine and
replaced in culture in medium without cytokine. After
9 days CD95 expression was rechecked.

© 2006 Blackwell Publishing Ltd, Immunology, 119, 243-253



Telomere length measurement by Southern blot analysis

Genomic DNA, from sorted CD45RA* CCR7" cells cul-
tured with IL-7 or IL-15 (50 ng/ml), was digested with
Rsal and Hinfl, loaded onto a 0-5% agarose gel (1 pg/
well) and separated by electrophoresis. Gels were dena-
tured, neutralized, dried and probed overnight at 37° with
32p  end-labelled oligonucleotide (CCCTAA) to detect
telomeric sequences as previously described.”' After exten-
sive washing with 0-1 X sodium chloride-sodium citrate
buffer (SSC) telomeres were visualized by autoradio-
graphy. Terminal restriction fragment (TRF) length was
calculated following densitometry using Bio-Rad GS700
system running Molecular Analyst software.

Cell labelling

MACs-purified or Moflo-sorted subsets of CD8" T cells
were labelled with 2-5 um 5(6)-carboxyfluorescein diace-
tate N-succinimidyl ester (CFSE) (Renovar, Madison, WI)
for 8 min at 37°, washed three times with RPMI-
1640 + 10% FCS at room temperature then incubated at
37° for 20 min. After washing once, cells were cultured
with/without cytokines at various concentrations.

Proliferation assays

2:5 x 10* cells/well were cultured, in triplicate, in 96-well
plates for 3-21 days with IL-15 or IL-7. Proliferation was
determined by measuring incorporation of [*H]-thymi-
dine into cells pulsed for the last 6 hr with 1 pCi/well.

Measurement of telomerase activity

A modified version of the telomeric repeat amplification
protocol (TRAP: TRAPeze Telomerase Detection Kit,
Intergen Company, Oxford, UK)** was used to measure
telomerase activity in cell pellets from samples of puri-
fied CD8" subset T cells which were snap frozen either
post sorting or after in vitro culture with IL-15 or IL-7
(50 ng/ml). Polymerase chain reaction (PCR) was per-
formed on 5000 cells per reaction. The negative control
contained the PCR mix without cell extract, the positive
control contained an extract of a telomerase-positive
tumour line. TSR8 denotes the internal quantitative con-
trol (oligo containing the same sequence as the TS primer
plus eight telomeric repeats).

Results

Characteristics and response of CD8" subsets to high
and low doses of IL-7 and IL-15

Cell surface markers indicate the state of differentiation
of cells. CD45RA™ CCR7" T cells are predominantly
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Figure 1. Expression of CD132 (common Yy-chain), CD122 (IL-2/
15R PB-chain) and CDI127 (IL-7R a-chain) on subsets of CD8" T
cells. PBMC were stained as described in materials and methods.
One representative experiment of three is shown.

CD11a®" and CD95"Y, characteristics of unprimed
cells,> while the three other CD8" T-cell subsets
expressed high levels of CD1la and were CD95" (not
shown). All subsets expressed moderate levels of CD132,
the common interleukin receptor vy-chain. CDI122,
the B-chain of the IL-2 and IL-15 receptor, was most
strongly expressed on CCR7" subsets while CD127, the
IL-7 receptor o-chain, was most highly expressed on
CD45RA™ CCR7" naive cells (Fig. 1).** Although IL-15Ra
expression was not analysed, this chain may not be
required for T-cell responses to IL-15.**?> These data sug-
gest that CD45RA™ CCR7" cells should be unresponsive
to IL-15 but might respond to IL-7.

Preliminary experiments showed that IL-15 but not IL-
7 induced substantial cell division of total CD8" T cells
in a dose-dependent manner (Fig. 2a). With IL-15
(50 ng/ml) 30% of CD8" cells had divided at least once
by day 6 while little cell division occurred with any dose
of IL-7.

Proliferation of the phenotypically defined subpopula-
tions was assessed by culturing purified subsets with
high or low concentrations of cytokines and pulsing
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Figure 2. Induction of proliferation and prevention of apoptosis by
IL-7 and IL-15. (a) Purified CFSE-labelled CD8" T cells were incuba-
ted with graded doses of recombinant human IL-7 or IL-15 for
6 days and the percentage of cells that had undergone division meas-
ured (one representative experiment of three). (b) Purified CD8"
T-cell subsets were stimulated with high or low doses of IL-7 or
IL-15 and proliferation measured by [*H]-thymidine incorporation
on day 6. (c) Apoptosis of purified subsets in the presence or
absence of IL-7 or IL-15 was measured by annexin V-FITC staining
on day 6 (mean + SE of data from six individuals). *Indicates
P < 0-05 compared to the same cells cultured in medium alone.

with [3H]-thymidine (Fig. 2b). IL-7 did not induce
proliferation, except for a minor response by the
CD45RO" CCR7™ subset when a high dose (50 ng/ml)
was used. In contrast, IL-15 (50 ng/ml) induced prolifer-
ation in all subsets although only a low response of
CD45RO" CCR7" cells was observed and the response of
CD45RA" CCR7" cells was variable at 7 days. At a low
dose (0-8 ng/ml), neither cytokine induced proliferation.
The ability of both cytokines to prevent apoptosis of
purified subsets was examined by annexin V staining. Fol-
lowing 6 days of culture in medium alone extensive apop-
tosis had occurred within all subsets (Fig. 2c), although
the degree of apoptosis varied between individuals. Both
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the CCR7 subpopulations were more susceptible to
spontaneous apoptosis within the first 24 hr (data not
shown). Interestingly, both cytokines induced substantial
rescue from apoptosis in CD45RA™ CCR7" cells (Fig. 2¢),
even though the B-chain of the IL-15 receptor (CD122) is
not highly expressed in this subset (Fig. 1). There was a
trend for better survival in the presence of IL-15 for all
primed subsets although this did not reach statistical sig-
nificance and although IL-7 slightly reduced the percent-
age of apoptotic cells in the primed subsets, this cytokine
was a less potent survival factor for these cells than for
CD45RA™ CCR7" cells.

Effects of IL-15 and IL-7 on Bcl-2 levels

Since Bcl-2 has important pro-survival effects for CD8" T
cells and can be induced by yc-family cytokines'®*® we
examined the role of this molecule in the anti-apoptotic
effects of IL-7 and IL-15. Ex vivo expression of Bcl-2 varied
between subsets, being higher on CCR7" than CCR7™ cells,
which could account for the higher susceptibility of the
latter to spontaneous apoptosis (see above). Consistent
with their anti-apoptotic effects (Fig. 2c) both cytokines
induced up-regulation of Bcl-2 in all subsets (Fig. 3)
although both quantitative and qualitative differences were
observed. Uniform up-regulation of Bcl-2 occurred in both
CCR7" subsets after culture with either cytokine. After cul-
ture with IL-15, a small proportion of CD45RA™ CCR7~
cells did not appear to respond, in keeping with the
reduced efficiency with which IL-15 inhibited apoptosis in
this subpopulation. After IL-7 treatment, both the CCR7~
subsets exhibited bimodal expression of Bcl-2, a sizeable
proportion of cells showing no up-regulation. This could
reflect the presence of IL-7Rol” cells in these subsets (data
not shown). Taken together, these results show a close
association between the ability of IL-15 and IL-7 to up-
regulate Bcl-2 and their capacity to protect CD8" T cells
from apoptosis, providing a plausible mechanism for their
pro-survival effects. For cells with a history of previous
activation and replication, IL-15 appears to be a more
effective survival factor than IL-7, a phenomenon that is
partly related to their expression of cytokine receptors.

IL-15 induces a late expansion of CD45RA™ CCR7*
CD8" T cells

Although in most experiments little cell division was
detected among CD45RA™ CCR7" cells cultured for 6 days
in IL-15, an unexpected increase in cell numbers was
observed at later time points. For example, after 21 days of
culture with IL-15 (50 ng/ml), there was a sevenfold
increase in cell numbers (5-10-fold increase in four of four
experiments) (Fig. 4a). Subsequently the number of cells
gradually decreased, although viable cells were maintained
as long as 87 days without further addition of cytokine or
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Figure 3. Induction of Bcl-2 by IL-7 and IL-15. Purified subsets of
CD8" T cells were cultured for 4 days with non-proliferative doses
(1 ng/ml) of IL-15 or IL-7 and up-regulation of Bcl-2 measured by
flow cytometry using a live cell gate. Solid fill, Bcl-2 on day 4; solid
line, Bcl-2 on day 0; dotted line, isotype control for day 0 and;
dashed line, isotype control for day 4.

medium (data not shown). In contrast, with IL-7, only a
small expansion (2x) was observed at day 21 (Fig. 3a),
although, in one experiment (out of four) a larger rise,
similar to that observed with IL-15, occurred at day 31
(data not shown). These data suggest that IL-15- or IL-7-
induced proliferation of CD45RA™ CCR7" cells can occur,
but only after prolonged exposure to these cytokines.

Cell proliferation in these long-term cultures was meas-
ured directly using thymidine incorporation (Fig. 4b).
Substantial proliferation was detected in IL-15-containing
cultures at day 14. In a separate experiment, CFSE-
labelled CD45RA™ CCR7" cells were cultured with IL-15
or IL-7. Figure 4(c) shows the number of cells that had
divided at least once at different time points. With IL-15,
there was a burst of cell division beginning around day 8
(as seen with thymidine, Fig. 4b) and by day 13 all cells
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Figure 4. Delayed proliferation of CD45RA™ CCR7* CD8" T cells in
response to IL-7 or IL-15. (a, b) Purified cells cultured with 50 ng/ml
of IL-7 or IL-15 for 34 days (representative data shown for one
experiment of four). Spontaneous apoptosis of cells in medium
alone was >90% by day 7 (data not shown). (a) Viable cell num-
bers were determined at different time points by sampling bulk cul-
tures repeatedly (trypan blue exclusion). (b) Proliferation was
measured by [*H]-thymidine incorporation at the indicated time
points. (c—e) CFSE-labelled cells were cultured as indicated and cell
division measured by flow cytometry. (d, e) dotted line day 3, solid
line day 13, solid fill day 21.

had divided once, the response to IL-7 occurring more
slowly. Differences between the responses to IL-15 and
IL-7 were more evident when CFSE labelling was com-
pared at days 13 and 21 (Fig. 4d, e). At day 13, 88% of
CD45RA™ CCR7" cells cultured with IL-15 had under-
gone more than three divisions compared to 37% of IL-
7-treated cells. By day 21, most IL-15-stimulated cells had
undergone five or more divisions (98%) whereas 14% of
IL-7-cultured cells had undergone five divisions, 85%
having divided three times.
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These long-term effects of the cytokines were surprising,
given that IL-15 and IL-7 were only added to the cultures
on day 0, however, at least immunoreactive IL-15 could be
demonstrated in supernatants by enzyme immunoassay up
to 87 days after the initiation of culture (data not shown).

Phenotypic characteristics of cytokine-expanded
CD45RA* CCR7* CD8" T cells

To further characterize the effects of prolonged cytokine
exposure on CD45RA" CCR7" cells, we analysed their

phenotype over time. The «cells remained largely
unchanged (Fig. 5a). They did not up-regulate CD45RO
or CD38, although there was a slight increase in CD25
and CDlla (data not shown). Retention of the
CD8" CD45RO™ CCR7" phenotype excluded the possibil-
ity that the observed proliferation was caused by out-
growth of a contaminating population, a conclusion
supported by the absence of changes in VP family usage
among cultured cells (Table 1).

CD45RA* CCR7"* cells cultured for 6 hr with CD3/
CD28 beads up-regulated CD69 (Fig. 5b). Surprisingly,
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Figure 5. Phenotype of purified CD45RA* CCR7" CD8" T cells cultured for a prolonged period in IL-7 or IL-15. (a) Flow cytometric analysis
of cell surface markers on purified cells cultured for 15 days with 50 ng/ml of IL-7 or IL-15. Filled histogram represents expression on day 0, dot-
ted line cells cultured with IL-7, and solid line cells cultured in the presence of IL-15. (b) CD69 expression measured after 6 hr culture with
CD3/CD28 expander beads/cytokines, filled histogram represents CD69 expression on day 0, dotted line and dashed line represent culture with
IL-15 and IL-7, respectively, solid line represents culture with CD3/CD28 expander beads. (c) CD69 expression during 34 days culture with
50 ng/ml of IL-7 or IL-15. (d) CD95 expression was measured on cells at day 0 (dotted line) or cultured for 16 days (solid line) with 50 ng/ml
IL-15. Solid fill represents isotype day 0, dashed line isotype day 16. (e) CD95 expression measured after culture with IL-15 for 25 days (solid
line), or after 16 days culture with cytokines followed by washing and culture in medium alone for 9 days (dotted line). Isotype control for day
25 represented by dashed line, isotype for washed and recultured cells represented by solid fill histogram.
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Table 1. VB expression on purified CD8" CD45RA™ CCR7" T cells
before or after culture with either IL-7 or IL-15 at 50 ng/ml for
15 days

Day 15 + Day 15 +
Day 0 IL-15 IL-7

VB 3.1 31 2.7 37
VB 5.1 7 7 6-9
VP 5.3(5a) 4-2 3-8 4.3
VB 5.1 (5b) 13 12 11
VB 6.7 1-4 29 3

VB 8 1.7 1-4 1-3
VB 12 8-8 81 58
VP 13.1 6-6 6-1 6

VB 2 2-4 2:2 1-4
VB 12.1 6-6 8.7 7-3

however, when cells were cultured with IL-15 or IL-7
almost no CD69 up-regulation occurred at any time point
(Fig. 5¢). In contrast, the other CD8" T-cell subsets up-
regulated CD69 after culture with IL-15 (data not shown).

Although most activation markers were absent on
CD45RA™ CCR7" cells cultured with cytokines, one
exception was CD95 (Fig. 5d), a surface marker that is
absent from naive CD8" T cells.® By day 16 most cells
cultured with IL-7 or IL-15 (50 ng/ml) expressed CD95,
although up-regulation of CD95L (FasL) did not occur
(data not shown).

To determine whether CD95 expression on cytokine-
stimulated CD45RA* CCR7" cells represented a perma-
nent change or a transient response to stimulation, cells
were incubated for 16 days in IL-15 or IL-7, then either
left with cytokine or washed extensively and cultured for
a further 9 days in medium alone. As shown in Fig. 5(e),
down-regulation of CD95 was observed following removal
of cytokines indicating that high level expression of CD95
by CD45RA™ CCR7" cells appears to require continuous
stimulation with cytokines.

IL-15 and IL-7 do not induce effector activity in
CD45RA* CCR7" CD8" T cells

Effector function was investigated by measuring the effects
of cytokines on expression of three key components of
the cytotoxic T lymphocyte killing machinery: granzyme
A, granzyme B and perforin.®* CD45RA™ CCR7" cells
remained negative for granzyme A, granzyme B and perfo-
rin after culture with either cytokine for 7-20 days. In con-
trast, in the other subsets, there was constitutive expression
of granzyme A, and by day 7 up-regulation of granzyme B
and perforin had occurred in the primed subsets (by day
20 extensive cell death had occurred in these subsets mak-
ing further analysis impossible) (Fig. 6a—c). As an addi-
tional assay for effector activity in CD45RA" CCR7" cells,
we examined the effects of IL-15 and IL-7 on expression of
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Figure 6. Analysis of effector function in purified subsets of CD8" T
cells stimulated with 50 ng/ml of IL-7 or IL-15. Expression of gran-
zyme A (a), granzyme B (b), or perforin (c) measured by intracellu-
lar staining of purified subsets on day 0 or after culture with IL-15
or IL-7 for 7, 15 or 20 days (CD45RA™ CCR7" cells only) as indica-
ted. (d, e) Expression of IFN-y and TNF-a, on purified subsets cul-
tured for 7, 15 or 20 days (CD45RA™ CCR7" cells only) with
cytokines, incubated for the last 5 hr with PMA + ionomycin + Gol-
giPlug. Cytokines were detected by intracellular staining. All results
are representative of three independent experiments.

IFN-y and TNF-o (Fig. 6d, e). Constitutive expression of
IFN-y and TNF-o was detected in a proportion of all
primed subsets but not in CD45RA"™ CCR7" cells. Whilst
IL-7 and IL-15 were able to augment cytokine production
in some primed subsets, importantly, no significant induc-
tion of cytokine production by CD45RA™ CCR7" cells was
observed. Therefore, these results indicate that CD45RA™
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CCR7" cells do not acquire effector activity in response to
stimulation with IL-15 or IL-7 alone.

Culture of CD45RA* CCR7* CD8* T cells with IL-15
or IL-7 promotes telomerase induction

Because telomere erosion occurs with cell division®” cyto-
kine-induced proliferation of CD45RA" CCR7" cells
might be expected to cause a reduction in telomere length
over time. However, telomere shortening can be counter-
acted by induction of the enzyme telomerase, which can
occur following stimulation of T cells through the T-cell
receptor’® or when memory CD8" T cells are cultured
with IL-15.%

To ascertain whether IL-7 or IL-15 induce telomerase
in the CD45RA" CCR7" subset, purified cells were cul-
tured with concentrations of cytokines that supported
proliferation, telomerase activity was measured using the
TRAP assay. In seven of eight individuals endogenous
telomerase activity in freshly isolated CD45RA* CCR7"
cells was minimal. Figure 7(a) shows the results of one
experiment with cells from three separate individuals after
14 days culture in either cytokine, induction of telo-
merase activity was observed. The effects of both cyto-
kines were dose dependent, higher levels being detected
with 50 ng/ml than with 3 ng/ml (data not shown). The
effect of telomerase up-regulation was assessed by com-
paring telomere length in the same population of
CD45RA"CCR7" cells on day 0 and after 19 days of cul-
ture with cytokines (Fig. 7b). Strikingly, telomeres were, if
anything, slightly longer in the cytokine-treated cells,
implying cytokine-mediated up-regulation of telomerase
activity plays an important role in preventing telomere
erosion and maintaining replicative potential of CD45RA™
CCR7" cells.

Discussion

We have investigated the potential for IL-15 and IL-7 to
regulate the homeostasis of human CD8" T subpopula-
tions by examining the effects of these cytokines on the
survival and proliferation of purified subpopulations
representing naive, T-CM, T-EM and RA-primed cells
in vitro. We found that these cytokines were capable both
of promoting cell survival and stimulating cell division.
The anti-apoptotic effects of the cytokines were apparent
at lower concentrations than those required to induce
proliferation, in accordance with the reported effects of
IL-15 on mouse CD8" T cells.'”” These dose-dependent
effects could provide an effective ‘homeostat’ for regula-
ting T-cell numbers. Under steady-state conditions, the
size of the T-cell pool would be limited by the number of
cells that could successfully compete for access to cyto-
kines in amounts sufficient to sustain cell viability. If cell
numbers drop, the effective concentration of cytokines
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Figure 7. Induction of telomerase activity and maintenance of telo-
mere length by CD45RA" CCR7" CD8" T cells cultured with 50 ng/ml
of IL-15 or IL-7. (a) Purified cells (from three individuals A, B, C)
analysed on day O or after 14 days of culture with cytokines.
Telomerase activity in cell lysates was measured by Southern blot
analysis. TSR8 denotes the internal quantitative control. (b) Telo-
mere length analysis of purified cells on day 0 or after 19 days of
culture with 50 ng/ml of IL-7 or IL-15. 1 pg of genomic DNA was
digested with Hinfl and Rsal and probed with **P-labelled
(CCCTAA) to detect repeat sequences.

would increase so that some cells now receive prolifer-
ation-inducing signals, allowing for expansion and return
to steady-state cell numbers. Alterations in the production
of these cytokines would be analogous to changing the
setting on the ‘homeostat’.

The two cytokines did not promote cell survival equally
among all subsets. IL-7 strongly inhibited the apoptosis of
CD45RA™ CCR7" cells, but was less effective for the other
subsets. These differential effects might be partially related
to IL-7R expression, because T-EM and RA-primed popu-
lations include some cells that are IL-7Ro!*""~. However,
variation in IL-7R expression could not account for
all observed differences in responsiveness, because T-CM

cells are uniformly IL-7Ra"™&" but were only weakly
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rescued from cell death by IL-7. IL-15 was relatively effi-
cient in preventing apoptosis within all subsets, although
rescue was less effective for the RA-primed subset (this
subset also showed the poorest response to IL-7). For
both cytokines, enhancement of CD8" T-cell survival cor-
related with the extent to which they induced up-regula-
tion of the anti-apoptotic molecule Bcl-2. A role for Bcl-2
in IL-7-mediated protection from cell death would fit
with a previous report showing that enforced expression
of Bcl-2 in IL-7Roi”™ mice could rescue T-cell lymphopoi-
esis.’® However, in addition, signals through the IL-7R
also lead to inactivation of the proapoptotic molecules
Bax’® and Bad® promotion of glucose metabolism and
maintenance of cell viability through a phosphatidylinosi-
tol 3-kinase/Akt-dependent, Bcl-2-independent pathway.”?
Therefore, it is likely that multiple mechanisms are invol-
ved in cytokine-mediated rescue of CD8" T cells from
apoptotic death.

IL-15 and IL-7 differed substantially in their ability
to stimulate CD8" T-cell proliferation. In short-term
cultures, high concentrations of IL-7 induced low-level
proliferation only of the naive subset, whilst high doses of
IL-15 caused marked proliferation of T-CM, T-EM and
RA-primed cells, but a minor response by naive cells.
Taken together with the selective effects of IL-7 on cell
survival, these data are consistent with the view that IL-7
is primarily involved in regulating the homeostasis of
naive rather than antigen-primed CD8" T cells. Moreover,
although IL-15 is able to inhibit apoptosis of cells in all
CD8" subsets, it is clear that the overall response of naive
CD8" T cells to IL-15 is very different from that of other
subpopulations.

Analysis of long-term cultures of cytokine-treated cells
revealed a striking late expansion of naive CD8" T cells in
response to IL-15. This was associated with a surge in the
number of dividing cells, beginning at around 1 week of
culture and peaking at approximately day 14; a slower
response, more variable in magnitude, was observed for
cells treated with IL-7. The delayed, cytokine-induced,
proliferation of naive cells was distinct from the response
of primed cells to IL-15 in several respects. In particular,
no induction of effector molecules was observed in cyto-
kine-treated naive cells. In addition, despite actively pro-
gressing through cell cycle, they did not express typical
markers of activation such as CD69. In fact, the expanded
population essentially exhibited a naive phenotype, with
the exception of the up-regulation of CD95 and a tran-
sient and minor increase in CDlla (data not shown).
Expression of CD95 was dependent on the continued
presence of the cytokines.

Our results showing that naive CD8" T cells proliferate
without differentiating in response to IL-15 or IL-7 are in
line with previous observations that IL-7 can expand and
preserve a naive repertoire when added to total CD45RA*
cord blood cells.'® Others have shown that culture of
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CD45RA™ CD8" cord blood cells in IL-15 leads to expan-
sion of CD56" NK T cells that arise from CD56-precur-
sors.”> However, no experiments were carried out on
CD56-depleted adult naive cells, as in the present study.
Our CD56-depleted adult naive CD8" cells do not acquire
CD56 when cultured in IL-7 or IL-15, supporting the
view that adult and cord blood T cells differ in their
response to cytokines. At first sight our data contrast with
those of Alves et al.*® showing that naive CD8" T cells in
short-term (7 days) IL-15-containing cultures underwent
conspicuous phenotypic and functional changes, including
down-regulation of CD45RA, CD28, CCR7 and CD62L
and up-regulation of IFN-y, TNF-a, perforin, granzyme B
and cytolytic activity. Closer examination indicates several
differences between these experiments and our own. First,
many of the published experiments used cord blood
lymphocytes and where adult naive CD8" T cells were
used, the cells were separated using CD45RA rather than
CD45RO and CD27 rather than CCR7 mAbs. The
CD45RA" cells may include double positive CD45RA™
CD45RO" cells, while separation with CD45RO excludes
these double positives. Furthermore, because CD27 is a
costimulatory molecule and CD27 mAbs activate naive T
cells treated with a variety of stimuli®* it is possible that
signals through CD27 could synergize with IL-15 in sti-
mulating effector function. In contrast to these results,
but in accord with our own, others have found that
CD45RA™ CCR7" cells do not lose CCR7 or gain perforin
expression when treated with a combination of IL-7 and
IL-15.'° However, these authors cultured the cells for only
7 days so that they did not observe the late proliferation
to IL-15 and IL-7 reported here'.

One phenotypic change that occurred in cytokine-
stimulated naive CD8" T cells was the up-regulation of
CD95. Expression of CD95 could indicate that these cells
are susceptible to apoptosis.”®> However, expression of
CD95 is not strictly correlated with sensitivity to apopto-
sis, and under some circumstances signals mediated
through CD95 appear to promote T-cell proliferation.*®

The delayed response of naive CD8 T cells to both IL-7
and IL-15 is surprising and we have not yet investigated
the underlying biochemical events. We speculate that at
least two factors may contribute to this prolonged delay.
First, we have shown that CD4" CD45RA" CCR7" T cells
are extremely quiescent dividing on average only once a
year.”” If CD8" CD45RA™ CCR7" cells are similarly quies-
cent it might be expected that they would be difficult to
stimulate. Second, T-cell activation by antigen requires
multiple signals delivered through antigen-specific and
costimulatory receptors. Cytokine-mediated stimulation
initiates signalling via a single receptor complex; this may
mean that it is relatively inefficient in highly quiescent
naive cells.

Although exposure to cytokines frequently results in
rapid up-regulation of cytokine receptors, continuous
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exposure can also lead to down-regulation.”®*® In prelim-
inary experiments we have stained cells for CD122, CD127
and CD132 after exposure of naive CD8" T cells to IL-7 or
IL-15. We have not seen obvious up-regulation of the
receptor chains but this may be complicated by interference
of the bound cytokines with staining by the monoclonal
antibodies. Resolution of these issues will require studies of
the expression of IL-7 and IL-15 receptor chain genes in
naive cells during prolonged culture in the cytokines.

The ability of naive CD8" cells to expand after pro-
longed exposure to IL-15 or IL-7 in vitro raises the ques-
tion whether this mechanism contributes to naive T-cell
homeostasis in vivo. In theory, naive T cells could be
exposed to elevated concentrations of cytokines for exten-
ded periods of time under conditions of lymphopenia.
IL-7- or IL-15-stimulated cells retain their naive pheno-
type and maintain telomere length through up-regulation
of telomerase, although we have not examined telomere
length or telomerase in cultures maintained for more than
3 weeks, so that we do not know yet whether eventually
telomerase is down-regulated and telomere shorten-
ing occurs, as in T-cell cultures repeatedly re-stimulated
in vitro by mitogens or alloantigens.*” However, as cyto-
kine-mediated expansion of naive CD8 T cells appears to
cease after several cell divisions, even though cytokine is
still present in the cultures, it might be an effective way
of increasing the size of the naive pool without loss of
telomere length, alteration of functional properties or sig-
nificant narrowing of the repertoire. Whether or not this
occurs under natural conditions, these findings suggest
that like IL-7, IL-15 could have potential therapeutic
benefits in certain conditions of T-cell deficiency, or in
bone marrow transplantation.*' These data also indicate a
profound difference in the cytokine response machinery
of naive versus primed CD8" T cells.
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