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Human Ag-specific CD8� T lymphocytes are heterogeneous and include functionally distinct populations. In this study, we report
that at least two distinct mechanisms control the expansion of circulating naive, memory, and effector CD8� T lymphocytes when
exposed to mitogen or Ag stimulation. The first one leads to apoptosis and occurs shortly after in vitro stimulation. Susceptibility
to cell death is prominent among primed T cell subsets, and it is inversely correlated with the size of the ex vivo Bcl-2high

population within these subsets. Importantly, the Bcl-2high phenotype is associated to the proportion of responsive CD8� T cells,
independently of their differentiation stage. The second one depends on the expression of newly synthesized cyclin-dependent
kinase inhibitor p16INK4a that occurs in a significant fraction of T cells that had been actively cycling, leading to their cell cycle
arrest upon stimulation. Strikingly, accumulation of p16INK4a protein preferentially occurs in naive as opposed to primed derived
T lymphocytes and is not related to apoptosis. Significant levels of p16 are readily detectable in a small number of ex vivo CD8�

T cells. Our observations reveal that activation-induced p16 expression represents an alternative process to apoptosis, limiting the
proliferation potential of activated naive derived T lymphocytes. The Journal of Immunology, 2006, 176: 2173–2182.

C irculating CD8� and CD4� T lymphocytes are hetero-
geneous and composed of various subpopulations with
distinct functional characteristics (1–3). The patterns of

expression of cell surface markers such as CD45RA, CCR7, and
CD27 have been widely used to distinguish and isolate human
Ag-experienced CD8� T lymphocytes from naive cells. Although
naive T cells display a CD45RA�CCR7�CD27� pattern, primed
cells can be subdivided into at least three additional subsets. Central
memory (CM)3 T cells (CD45RA�CCR7�CD27�) possess both
high proliferative capacity and the ability to migrate to secondary
lymph organs, but lack immediate cytolytic function. In contrast, ef-
fector memory (EM) T cells (CD45RA�CCR7�CD27�/�) home
preferentially to nonlymphoid tissues and produce variable levels of
effector cytokines such as IFN-�. Finally, differentiated E T cells
(CD45RA�CCR7�CD27�) display low proliferative capacity and
high levels of effector (E) molecules and cytotoxicity.

Human or mouse CD4� and CD8� T lymphocytes proliferate
ex vivo when exposed to either mitogens or Ags. However, the
response to stimulation is quite heterogeneous because about one-
half of the cells enter into cell cycle, whereas the remainder of the
cells fail to divide (4–7). Heterogeneity to mitogen or Ag respon-
siveness may be associated with Ag-experienced cells that have

undergone proliferation and differentiation, before their isolation
ex vivo. Indeed, human naive and memory T cell subsets do
present different capacities to proliferate in response to TCR stim-
ulation or homeostatic cytokines (8, 9). What is unclear, at present,
is the nature of the factors that control T lymphocyte proliferation
and whether these can be differentially regulated in T cell subsets,
and as a consequence, may lead to potential differences in their in
vivo and in vitro proliferative capacity.

Apoptosis induced either by TCR triggering or cytokine depriva-
tion has been shown to limit survival and replicative capacity of T
cells (10). It involves mainly the engagement of surface death recep-
tors such as Fas (11) or of a mitochondrially dependent pathway in-
volving members of the Bcl-2 family (12). Several studies have
shown that Bcl-2 expression plays a role in T cell survival (reviewed
in Ref. 13). T cells that either overexpress the antiapoptotic protein
Bcl-2 (14) or lack proapoptotic members of the Bcl-2 family such as
Bim, Bak, or Bax seem to be protected from cell death (15, 16).
Increased levels of Bcl-2 protein were reported in Ag-specific mem-
ory T cells during the chronic phase of viral infection when compared
with those found among the E T cells of the acute phase (17, 18).
Moreover, previous studies also showed that levels of Bcl-2 expres-
sion differed among human T cell subpopulations ex vivo (9, 19).
However, the precise relationship among Bcl-2 expression levels, cell
survival, and proliferation potential within naive, memory, and E
CD8� T cell subsets upon activation remains unclear.

Cell growth arrest and quiescence are maintained in cells by the
retinoblastoma protein (pRb) family members that bind to and in-
hibit the transcriptional activity of E2F. Therefore, to enter into
cell division cycle, the pRb proteins, especially pRb itself, must be
inactivated by cyclin-dependent kinases (CDKs), through phos-
phorylation (20). Both pRb phosphorylation and concomitant entry
into the cell cycle can be prevented by the presence of the p16Ink4a

(hereafter p16) protein, a CDK inhibitor belonging to the INK4
family (21, 22). In mesenchymal and epithelial cells, the p16 pro-
tein is expressed in response to various forms of cell stress and is
associated with irreversible cell cycle arrest (23–27).

The role and function of p16 in regulating T lymphocyte cell
cycle progression remain intriguing. The relevance of p16 in
regulating in vivo T cell proliferation is suggested by the high
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frequency of loss of function mutations in the p16 gene in T cell
leukemias and lymphomas (reviewed in Ref. 28). Moreover, p16-
deficient mice display enlarged thymus with significant increased
cell numbers, and T splenocytes exhibit enhanced mitogen respon-
siveness, consistent with the established role of p16 in constraining
cell proliferation (29). Recently, we reported that p16 expression
could directly be induced as a consequence of T cell activation (7).
Importantly, knocking down p16 expression allowed increased
proliferation of T cells. Our data further indicate that accumulation
of p16 is responsible for the exit of a significant proportion of
CD8� T cells from the proliferative population, thus limiting their
numerical expansion in vitro. Interestingly, detectable p16 accu-
mulation was restricted to a variable proportion of the cultured
cells. At present, a critical issue involves the identity of the subset
of CD8� T cells (if not all) that expresses the p16 protein.

In this study, we report a kinetic analysis of the proliferative
response of purified CD8� T cell subsets upon activation with
mitogens or specific antigenic peptides. We show that Bcl-2high

expression represents a surrogate marker to estimate the proportion
of responsive T cells. The fraction of responding cells, although
variable for each subset, gradually diminishes upon cell differen-
tiation. Importantly, a large fraction of naive derived CD8� T lym-
phocytes expresses high levels of p16 protein in response to stim-
ulation, and this expression is coincident with reduced rates of
proliferation. Our results indicate striking differences in the control
of the expansion potential between human CD8� T cell
subpopulations.

Materials and Methods
Monoclonal Abs

The following mAbs were purchased from BD Pharmingen: anti-CD27
FITC and PE, anti-p16 PE, anti-Bcl-2 PE, purified anti-CCR7 rat IgG, goat
anti-rat IgG allophycocyanin, and anti-CD8 allophycocyanin/Cy7. Anti-
CD45RA PE-Texas Red mAb was obtained from Beckman Coulter. Syn-
thesis of allophycocyanin-labeled HLA-A2*0201/Melan-A26–35 (ELA-
GIGILTV) and HLA-A2*0201/Flu matrix protein58–66 (GILGFVFTL)
multimers was performed, as previously described (30).

Cell preparation and cell sorting by flow cytometry

Peripheral blood samples were collected from healthy volunteers (n � 11;
average, 33 years; range, 27–38 years), with a normal proportion of CD8�

T lymphocytes (average, 23%; range, 15–35%). Four elderly individuals
were further included in the ex vivo p16 expression study (average, 68
years; age range, 61–75 years). PBMCs were obtained by density centrif-
ugation using Ficoll-Hypaque (Pharmacia). CD8� T lymphocytes were
positively purified from fresh PBMCs using anti-CD8-coated magnetic mi-
crobeads (MACS; Miltenyi Biotec). Cells were stained with anti-CD8, anti-
CCR7, anti-CD45RA, and anti-CD27 Ab and sorted into naive
(CD8�CD45RA�CCR7�CD27�), CM (CD8�CD45RA�CCR7�CD27�),
EM (CD8�CD45RA�CCR7�CD27�/�), and E (CD8�CD45RA�

CCR7�CD27�) T subpopulations on a FACSVantage SE using CellQuest
software (BD Biosciences). Immediate reanalysis of the isolated T cell
subsets revealed �95% purity. Melan-A- and Flu-specific T lymphocytes
were stained with either allophycocyanin-labeled Melan-A or Flu multim-
ers for 1 h at room temperature.

Cell culture

Cultures of human T cell subsets were obtained following flow cytometry-
based cell sorting of 0.5 � 105 to 2 � 105 cells, seeded in culture plates in
RPMI 1640 medium supplemented with 8% human serum and 150 U/ml
human rIL-2 (a gift from GlaxoSmithKline), and stimulated with 1 �g/ml
PHA (Sodiag) plus 1 � 106/ml irradiated allogeneic PBMCs (3000 rad) as
feeder cells. Most importantly, cells were seeded at the same concentration
per well whether T cells were derived from naive, CM, EM, or E subsets.
In particular, the volume of medium and the concentration of feeder cells
were adapted to the initial number of sorted cells. Cell density per well was
further kept similar for each derived T cell subculture, following the second
and third rounds of stimulation. Growing cells were always maintained
between 0.5 and 2 � 106 cells/ml, upon daily care. Medium was renewed,
and cell cultures were split whenever required. The stimulation procedure

was repeated every 12 days of culture (31). Population doublings (PD)
were determined by periodic counting of living cells using trypan blue to
exclude dying cells, and according to the following formula: PD (day x;
day y) � (log (average cell count at day y) � log (average cell seeded at
day x))/log2. To allow the direct comparison of the proliferative potential
of each subset, the PD at day 5 after stimulation was adjusted to the initial
fraction of cells that start to proliferate in response to stimulation based on
Fig. 1D as corrected PD � (PD at day 5/percentage of recruited cells) �
100. The rate of proliferation (PD/day) was calculated for each time point
(day x; day y) as PD (day x; day y)/(day y � day x).

For the expansion of Ag-specific T cells from PBMCs, 0.2 � 105 cells/
well were cultivated in RPMI 1640 medium complemented with 8% hu-
man serum, in 96-well round-bottom plates, in the presence of either
Melan-A (10 �M) or Flu (10 �M) peptide. Human rIL-2 (1000 U/ml) was
added after 2 days, and fresh medium from day 3 onward. Microcultures
were pooled on day 12 before FACS analysis. In the second cycle of stim-
ulation, 106 Ag-specific T cells were then cocultured with 0.3 � 105 irra-
diated peptide-pulsed T2 cells (10,000 rad) plus 1 �g/ml �2-microglobulin
(Fluka).

When indicated, cell samples were resuspended in 1 ml of CFSE (Mo-
lecular Probes) solution (2 �g/ml in PBS), incubated for 10 min at 37°C,
washed twice, and seeded into 24-well plates. The percentage of cells that
responded to mitogen stimulation at day 5 was calculated using the area of
every single CFSE dilution peak, as described by Wells et al. (4).

Annexin V staining, intracellular staining, and flow cytometry
analysis

To enumerate living, apoptotic, and necrotic T cells at 36 h after stimula-
tion, cells were washed, resuspended in annexin V buffer, and stained with
Cy-5-conjugated annexin V (BD Biosciences) and 7-aminoactinomycin D
(7-AAD; BD Biosciences), according to manufacturer instructions. Allo-
geneic PBMCs (CFSE negative) were discarded by gating the cells in the
corresponding plots. Bcl-2 and p16 expression was assessed after fixation
and permeabilization with Cytofix/Cytoperm buffer (BD Biosciences) for
15 min, and staining with PE-conjugated mAbs against human Bcl-2, p16,
or corresponding isotype-matched control mAbs. Cells were incubated 1 h
at room temperature, washed with washing buffer (BD Biosciences), re-
suspended in 400 �l of PBS/3% FCS/0.05% NaN3, and kept at 4°C until
analyzed on a FACSCalibur flow cytometer (BD Biosciences). Mean flu-
orescence intensity values for Bcl-2 expression were obtained by subtract-
ing the geometric mean value of the isotype control histogram from that of
the anti-Bcl-2 histogram. The percentage of p16-positive cells was deter-
mined, as recently described (7).

BrdU incorporation assay

For BrdU incorporation studies, 106 cell samples were incubated in the
presence of 10 �g/ml BrdU during the indicated periods of time at 37°C.
Cells were then fixed, permeabilized, treated with DNase to expose BrdU
epitopes, and stained with an anti-BrdU Ab and 7-AAD using the BrdU
flow kit (BD Biosciences). When indicated, anti-p16 Ab or the correspond-
ing isotype control was also added for simultaneous intracellular staining.

Statistics

The results were analyzed by Student’s t test and by linear regression
analysis.

Results
Mitogen-stimulated human CD8� T cell subsets display different
proliferation potential depending on their ex vivo differentiation
status

To investigate the precise dynamics of cell proliferation within
various CD8� T cell subsets, we conducted a quantitative flow
cytometry analysis of the proliferative response to mitogen using
CFSE labeling as an indicator of cell division. Subsets of CD8� T
cells isolated by flow cytometry sorting from peripheral blood
were CFSE labeled, and their response to mitogens was analyzed
over a period of 7 days (Fig. 1). Naive and CM CD8� T cell
subsets underwent massive expansion when compared with EM
and E T cell subpopulations. Importantly, the proportion of cells
that did not initiate cell division was significantly higher in the EM
and E T cell subsets, as observed at days 3 and 5 after stimulation
(Fig. 1, A and B). By day 7, all undivided cells (CFSEhigh), com-
prising as well EM- and E-derived T cells, were diluted out, most
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likely because of the high cycling rate up to seven to eight divi-
sions of the activated cells.

Using BrdU incorporation assays, we next measured the fraction
of CD8� T cells that was in, or entered into, the S phase of the cell
cycle during a 1-h pulse at day 5 following stimulation (Fig. 1C).
Clearly, all T cells incorporating BrdU were composed of cells that
had divided one to eight times (CFSElow). In contrast, �1% of the
CFSEhigh cells were able to uptake BrdU directly, indicating that
these cells could no longer be recruited into cell cycle. Based on
this observation, the proportion of cells, within each CD8� T cell
subset, that start to proliferate in response to mitogen stimulation
was then assessed according to the obtained area of every single
CFSE dilution peak (Fig. 1B), as previously described (4) (Fig.
1D). Strikingly, while almost all naive T cells started to divide in
response to stimulation (mean � SD; 92 � 4%), there was a pro-
gressive and marked decline in the proportion of primed T cells
that were recruited to proliferate, from CM (52 � 5%) through EM
(18 � 8%) to E (8 � 3%) T cells. Similar analyses on blood
samples collected from four different healthy individuals provided
highly reproducible results (Fig. 1D). Although a small proportion
of E T cells (�10%) did divide in response to mitogen, their cy-
cling rates were similar to those of naive or CM CD8� T cells.
This is best illustrated by the similar number of CFSE dilution
peaks, from one up to eight cell divisions, observed in all prolif-
erating CD8� T cell subsets (Fig. 1B).

Together, these results show that the heterogeneity in mitogen
responsiveness detected on the entire CD8 population in fact re-
flects the different proportion of cells, within each T cell subset,
that respond to mitogens. Furthermore, the fraction of responding
cells is highly associated to the ex vivo differentiation status of

human CD8� T lymphocytes, from naive through CM to EM and
E cells.

High levels of Bcl-2 protein expression in T cell subsets ex vivo
correlate with resistance to apoptosis and mitogen
responsiveness

Activation of T lymphocytes through the TCR stimulates cell pro-
liferation, but may also induce apoptosis. Thus, the low prolifer-
ative potential of Ag-experienced T lymphocytes could be associ-
ated with a high rate of cell death following stimulation. To
address this issue, we determined the proportion of cells undergo-
ing apoptosis in each ex vivo isolated T cell subset, shortly after
mitogen stimulation, by simultaneous annexin V and 7-AAD
costaining (Fig. 2A). Apoptotic cells were only rarely found within
cells of naive origin, with most of the cells remaining alive fol-
lowing 36 h of stimulation (90%). In contrast, there was a pro-
gressive and marked increase in the proportion of early (annexin
V� 7-AAD�) and late (annexin V� 7-AAD�) apoptotic cells,
from CM to EM and E T cell subset. These data were extended
when annexin V and 7-AAD costaining was combined with the
CFSE dilution analysis at day 5 after stimulation (Fig. 2B). Im-
portantly, most of the undivided CFSEbright cells consisted of cells
that underwent apoptosis (annexin V� 7-AAD�).

To further explore the relationship between the fraction of cells
that is susceptible to apoptosis and those cells that are recruited
into cell cycle, we characterized the expression of the antiapoptotic
Bcl-2 protein within each CD8� T cell subset (Fig. 2C). All cy-
cling cells (CFSElow), whether they were derived from naive or
primed T cell subsets, revealed high levels of Bcl-2 expression at
day 4 after stimulation. In addition, there was a strong positive

FIGURE 1. Expansion potential of human CD8� T cell subsets following mitogen stimulation. Naive, CM, EM, and E CD8� T cells were FACS sorted
according to their expression of CD45RA, CCR7, and CD27; stained with CFSE; and stimulated. A, Overlays of the CFSE fluorescence histograms
(identical scale) obtained separately from each T cell subset at day 5 after stimulation. Progeny from identical numbers of precursors were analyzed allowing
direct comparison between samples. A 20-fold image amplification of the CFSE analysis (corresponding to the highest fluorescence peak) is depicted. B,
CFSE fluorescence histograms at days 3.5, 5, and 7 after stimulation, normalized according to the highest peak of fluorescence. Dotted lines indicate CFSE
intensity corresponding to undivided cells (right) and cells that underwent seven cell divisions (left). C, Mitogen-stimulated and CFSE-labeled bulk CD8�

T lymphocytes were incubated during 1 h in the presence of BrdU on day 5 after stimulation. The proportion of cycling BrdU� cells according to the
magnitude of the CFSE fluorescent signal (the corresponding number of cell divisions is indicated in the x-axis) is depicted. Of note, T cells that had divided
at least four times (CFSElow) are composed of highly cycling cells (50% BrdU�). D, The percentage of cells, within each subset, that start to proliferate
in response to mitogen stimulation was calculated according to the CFSE fluorescence profiles (B), as previously described (4). Mean of four independent
experiments.
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correlation between the proportion of ex vivo Bcl-2high-expressing
cells present within all four T cell subsets (Fig. 2D), with 1) cell
survival at 36 h after stimulation (R2 � 0.98) as well as with 2) the
fraction of cells that responded to mitogen (R2 � 0.96) (Fig. 2E).
Thus, our observations suggest that high levels of Bcl-2 protein
expression (ex vivo Bcl-2high phenotype) in T cells may be pre-
dictive of the population of cells that will respond and enter into
cell cycle upon mitogen stimulation, regardless of their differen-
tiation stage. Moreover, the size of the ex vivo Bcl-2high popula-
tion is variable in each studied T cell subset, ranging from 90% in
the naive derived cells to �15% in E T lymphocytes.

Ex vivo stimulated naive and primed CD8� T lymphocytes are
characterized by distinct growth kinetics

To define more precisely the growth kinetics of CD8� T cell sub-
sets, we determined the proliferative rate of ex vivo sorted naive

and primed T cells by counting living cells at regular intervals after
mitogen stimulation (Fig. 3). Of note, the cell density was kept
similar for each cell culture whether cells derived from naive or
primed sorted T cell subsets (see Material and Methods). During
the first 5 days of in vitro culture, naive and CM sorted T cells
underwent extensive proliferation, as both subsets recruited a
higher proportion of cells into cell cycle (Fig. 1D). To allow the
direct comparison between each proliferating subset, the cell yields
were adjusted to the initial fraction of cells that start to proliferate
in response to stimulation (see corrected PD; Fig. 3A). Surpris-
ingly, a significant decline in the PD and thus in the proliferative
rate was found for the naive T cell subset from day 6 onward. In
contrast, Ag-experienced T cells maintained a steady rate of pro-
liferation over 3 additional days of culture (until day 9; Fig. 3A).
These findings were made with cells obtained during the first cycle
of mitogenic stimulation of T cell subsets ex vivo. When we

FIGURE 2. Positive correlation among Bcl-2high ex-
pression, cell survival, and mitogen responsiveness in
human CD8� T cell subsets. A, Simultaneous staining
with annexin V (AV) and 7-AAD at 36 h after stimu-
lation allows the quantification (in percentages) of living
(AV�/7AAD�), early apoptotic (AV�/7AAD�), late
apoptotic (AV�/7AAD�), and necrotic (AV�/7AAD�)
cells. One representative experiment of three is shown.
B, Dot plots representing simultaneous staining with
CFSE, annexin V, and 7-AAD at day 5 after stimulation
are shown for each T cell subset. Percentage of living
cells (AV�/7AAD�) is depicted for CFSElow and
CFSEbright gated cells. C, Simultaneous CFSE and Bcl-2
staining at day 4 after stimulation is shown for each T
cell subset. D, Ex vivo purified CD8� T cells were
stained for the expression of CD45RA, CCR7, and
CD27; fixed; permeabilized; and stained for Bcl-2 ex-
pression. Both isotype control (open) and Bcl-2 (gray)
histograms are depicted. Mean � SD (in percentage) of
four independent experiments. As maximal differential
expression of Bcl-2 was observed between naive and
differentiated E T cells, this allowed us to set a well-
defined cutoff point for ex vivo Bcl-2high-expressing
cells. Note that high and homogeneous Bcl-2 fluores-
cence was typically observed in naive T cells. E, Posi-
tive correlation between the proportion of ex vivo Bcl-
2high-expressing cells with cell survival (percentage of
living AV�/7AAD� cells at 36 h) and with the fraction
of cells that start to proliferate (see Fig. 1D) within all
four T cell subsets.
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assessed the proliferation potential of the individual T cell subsets
in two consecutive stimulation cycles, the same reproducible pat-
tern was observed in each cycle (Fig. 3B). Thus, our data describe
distinct growth kinetics between naive and Ag-experienced T cells,
best illustrated by a two-phase model. During the early phase of
mitogen stimulation, naive derived cells exhibit faster rate of pro-
liferation over the one found in EM and E T lymphocytes (days
0–6). There is, however, a complete reversion in growth kinetics
during the late phase of stimulation, with sustained proliferation
primarily found within the primed derived T subsets (days 6–12).

Naive, but not primed, derived T lymphocytes express high
levels of p16 protein, associated to cell cycle arrest

We recently reported that the expression of the cyclin-dependent
kinase inhibitor p16 limits the proliferative potential of CD8� T
lymphocytes responding to mitogen stimulation by preventing a
fraction of cells to enter into cell cycle (7). We next addressed
whether de novo p16 expression is associated with the transient
decline in the proliferative rate observed in naive derived T lym-
phocytes during the late phase of every stimulation cycle (Fig. 3),
by determining p16 expression levels by intracellular staining.
High levels of p16 were found in a substantial proportion of naive
derived T cells, while only in small proportions of primed T cell
subsets (Fig. 4A). This increase in p16 expression became partic-
ularly robust from day 12 onward, and �50% of the naive-derived
T population contained high amounts of p16 by day 24 after

FIGURE 3. Growth kinetics of human CD8� T cell subsets after mito-
gen stimulation. CD8� T cell subsets were isolated by cell sorting and
mitogen stimulated. Their growth kinetic was assessed by periodic cell
counting (PD) following the first cycle of stimulation (A) as well as two
consecutive stimulation cycles (second and third; B). PD, corrected PD,
and rate of proliferation (PD/day) were calculated, as described in Mate-
rials and Methods. Rate of proliferation of naive vs primed (average of
CM, EM, and E) T cells is depicted. Mean of four (A) and two (B) inde-
pendent experiments. SD �10% of mean value (data not shown). Each
cycle of stimulation is divided into early (open) and late (gray) phase.

FIGURE 4. Expression of p16 protein in human CD8� T cell subsets
following repeated rounds of stimulation and during cell cycle replication.
CD8� T cell subsets were isolated by cell sorting and mitogen stimulated.
Levels of p16 expression were measured at various time points over three
cycles of stimulation. A, Representative dot plots and histograms were
obtained at days 12 and 24 after stimulation. The reference for p16 posi-
tivity is based on the signal obtained with an isotype control Ab (see solid
line). Both isotype control (open) and p16 (gray) histograms are depicted.
B, The percentage of p16-positive cells was calculated, as described in
Materials and Methods. Data collected from two independent experiments
are expressed as mean � SD. C, BrdU incorporation (1-h pulse) and DNA
content (7-AAD; linear scale) analysis on gated p16-negative and p16-
positive naive derived T cells as well as on total EM-derived T cells at days
4, 7, and 12 (second cycle of stimulation). The proportion (in percentages)
of T cells, respectively, in G0-G1 (see arrow; BrdU�) and in S (BrdU�)
phases of cell cycle is shown. The EM subpopulation is representative of
all primed (CM, EM, and E) T cells.
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stimulation (Fig. 4B). Moreover, similar levels of p16 expression
were found when CD8� T lymphocytes were stimulated in the
absence of exogenous IL-2, indicating a limited impact, if not any
of this cytokine on the induction of p16 protein (data not shown).
These p16-positive T cells were predominantly composed of non-
cycling cells, as assessed by BrdU incorporation assays and simul-
taneous 7-AAD costaining of the DNA content (Fig. 4C). Collec-
tively, our data show that activation-induced p16 expression is
responsible in preventing a fraction of cells to enter into cell cycle
when stimulated. Accumulation of p16 protein occurs preferen-
tially in cultured T lymphocytes derived from naive, but not from
primed, subpopulations. Because parameters such as cell density
and medium consumption were, for each derived T cell subset
culture, tightly controlled during stimulation (see Material and
Methods), this differential induction of p16 is unlikely to be ex-
plained by inadequate culture conditions (32). Of note, the per-
centage of cycling cells within the naive derived compartment was
barely detectable at day 12 after stimulation, in comparison with
the one present in primed derived T cells (Fig. 4C). These results
further support our previous observations that almost all naive de-
rived T cells exit the cell cycle during the late phase of the stim-
ulation cycle (Fig. 3). They also indicate that cell cycle arrest may
be mediated by either the p16 protein or by other yet-to-be-defined
mechanisms.

Activation-induced p16 expression is not related to apoptosis
and is a delayed response of some naive derived T lymphocytes
to mitogen stimulation

To investigate the precise kinetics of apoptosis and activation-in-
duced p16 expression, we measured annexin V and p16 expression
in bulk CD8� T lymphocytes on days 4, 7, and 10 after the second
cycle of stimulation (Fig. 5). Although an increase in annexin V-
positive cells was detected 4 days after stimulation, this percentage
of positive cells decreased thereafter, presumably as a result of the
increase in the number of proliferating cells. In contrast, the p16
expression kinetics in cells was delayed, with an augmentation of
p16-expressing cells from day 5–6 onward (Fig. 5) (7). Virtually
no cells were positive for both p16 and annexin V, and apoptotic-
and p16-positive cells showed markedly different forward/side
light scatter profiles. Most annexin V-positive cells were smaller

than the rest of the population (green dots), with shrinkage being
a typical feature of apoptotic cells. p16-positive cells (red dots),
while partially overlapping in size with the proliferating cells (blue
dots), were on average larger and had slightly increased cytoplas-
mic granularity. These observations nicely correlated to the mor-
phological changes, in regard to cell volume and loss of original
shape, found in mesenchymal and epithelial cells (33). Undoubt-
edly, cells undergoing apoptosis were distinct from cells that ex-
pressed p16 after several rounds of cell division. Altogether, our
results demonstrate that apoptosis primarily involves primed T
cells during the early phase of stimulation. In contrast, activation-
induced p16 expression is a delayed response affecting mainly
cells of naive origin during the late phase of stimulation.

Detectable frequencies of p16-expressing CD8� T lymphocytes
ex vivo

We observed that p16 expression could be induced in response to
mitogen stimulation in vitro, and that its expression in T cells was
associated to cell cycle arrest. An important question raised from
our observations is whether the proliferative potential of T cells in
vivo, particularly of recently activated cells, might to some extent
be controlled by p16/pRb pathway. To address this technically
challenging point, we have analyzed the expression of p16 ex vivo
in freshly isolated bulk CD8� T lymphocytes collected from 12
healthy individuals by flow cytometry (Fig. 6A). We found low,
but significantly detectable levels of p16 in a small fraction of
circulating CD8� T cells (mean � SD; 0.53 � 0.21%, p � 0.005).
Because ex vivo primary T cells only expressed minute amounts of
the p16 protein, we could neither address which phenotypic subset
specifically expressed the protein, nor whether these cells have
increased size and granularity, as do the in vitro generated ones
(Fig. 5). In parallel experiments, we performed an intracellular
staining for Ki67 content, a nuclear Ag mostly present in cycling
cells (Fig. 6B). Similarly to p16 expression, a small proportion of
ex vivo isolated CD8� T lymphocytes expressed low, but readily
detectable levels of Ki67 (mean � SD; 0.5 � 0.22%, p � 0.005).
These data are in line with the view that most mature T cells
isolated from peripheral blood are found in a quiescent resting
state, and consequently, only low proportions of either p16-ex-
pressing cells or cycling cells (34) are to be expected.

Apoptosis and activation-induced p16 expression distinctly
control the proliferation potential of Ag-stimulated Melan-A-
and Flu-specific CD8� T lymphocytes

The findings described above were made with T cells obtained
from naive and primed subpopulations following stimulation with
the mitogenic lectin PHA. To address whether apoptosis and ac-
tivation-induced p16 expression also occurred after antigenic stim-
ulation, we monitored the expansion of Melan-A- and Flu-specific
CD8� T cells activated by the cognate Ag. The majority of cir-
culating Melan-A26–35-specific T cells from HLA-A2 healthy do-
nors are phenotypically and functionally naive despite their high
frequency. In contrast, influenza (matrix protein58–66)-specific
cells display a functional memory status (35). Significant expan-
sions of Ag-specific T cells, resulting in up to 40% of the CD8� T
cell population, were obtained after a single round of Ag/IL-2
stimulation (day 12, Fig. 7A). The levels of Bcl-2 were relatively
higher within the Melan-A-specific subpopulations than among the
Flu-derived T cells. Once stimulated by the Ag, Flu-specific T
lymphocytes in contrast to Melan-A-specific cells had a higher
propensity to cell death, and, as a consequence, a lower proportion
of such cells entered cell division (Fig. 7B). Thus, similar to bulk
CD8� T cell subsets, Ag-specific T cells derived from cells that

FIGURE 5. Apoptosis and activation-induced p16 expression kinetics
in bulk CD8� T cells following mitogen stimulation. Dot plots represent-
ing simultaneous staining with annexin V and anti-p16 of bulk CD8� T cell
populations at each indicated number of days after the second cycle of
stimulation. Insets, Represent either annexin V- or p16-positive cell per-
centages. The setting for p16-positive cells is based on the isotype control
staining. Optical scattering profiles of the same cell populations showing
p16� cells (red dots), annexin V� cells (green dots), and double-negative
cells (blue dots). Note that very low percentage of analyzed cells presented
a double-positive phenotype (�1%).
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had been primed in vivo showed increased susceptibility to apo-
ptosis following antigenic stimulation. Conversely, while more re-
sistant to apoptosis, a large fraction of Melan-A-, but not of Flu-
specific T cells accumulated high levels of p16 protein from days
12 to 24 after Ag stimulation (Fig. 7C). Because Melan-A-specific
cells are entirely composed of ex vivo naive derived lymphocytes
(35), our data nicely confirm experiments performed on the total
naive T cell subset (Fig. 4). These results indicate that apoptosis
and activation-induced p16 expression differentially regulate the
proliferative potential of naive and primed derived T lymphocytes
not only in response to mitogen, but also to Ag stimulation.

Discussion
In the present study, we show that the proliferative potential of
human CD8� T lymphocytes is restricted by at least two distinct
and unrelated processes. The first one occurs shortly after stimu-
lation and involves programmed cell death. In contrast, the second
one depends on the activation-induced p16 expression and follows
delayed kinetics, as a result of de novo synthesis of the p16 protein
in response to stimulation. Although susceptibility to apoptosis
increases progressively among Ag-experienced T cells
(CM3EM3E), p16 protein expression predominantly involves
cells derived from the naive T cell pool. Importantly, both apo-
ptosis and p16 expression processes do also limit the expansion of
Melan-A- and Flu-specific CD8� T cells activated by the cognate
Ag (Fig. 7).

Human CD8� T lymphocytes isolated from peripheral blood are
predominantly small quiescent cells in G0-G1 arrest of the cell
cycle. CD8� T cells stimulated with Ag or mitogen follow a binary
fate: responsive cells (CFSElowBrdU�) that start to proliferate, and
nonresponsive cells (CFSEhighBrdU�) that do not. Most of the
cells that are recruited into cell cycle express high levels of the
antiapoptotic factor Bcl-2 (Fig. 2), as well as the activation-asso-
ciated marker CD69 (data not shown). In contrast, the majority of
cells not recruited into cell cycle undergo apoptosis by 36 h after
stimulation. The work reported in this study confirms and further
extends recent findings (9) that the capacity of T cells to proliferate
in response to stimulation is associated with resistance to cell death
and ex vivo Bcl-2 expression (Fig. 2). Strikingly, our observations
indicate that each T cell subset, even differentiated E T lympho-
cytes, contains a population of cells ex vivo expressing high levels
of the Bcl-2 protein (Bcl-2high phenotype). Importantly, the Bcl-
2high phenotype is highly correlative with both enhanced rate of
survival and mitogen responsiveness of T cells, regardless of their

differentiation stage. Numerous studies have shown that Bcl-2 has
antiapoptotic effects; however, high levels of Bcl-2 also correlated
with decreased proliferation, when using Bcl-2 overexpressing
transgenic mice (36). In this study, we observed that actively di-
viding cells expressed high amounts of the Bcl-2 protein (Fig. 2).
Thus, at least in our stimulation setting, the physiological Bcl-2high

expression levels do not seem to prevent proliferation of human
cells. The size of the ex vivo Bcl-2high population is, however,
variable for each T cell subset and gradually declines with cell
differentiation. The differential expression of the Bcl-2high pheno-
type found within various CD8� T cell subsets provides a rational
explanation for the heterogeneous response to mitogen and Ag
previously reported in bulk cultures of T lymphocytes (4–7). Fi-
nally, high Bcl-2 expression and cell survival can be significantly
promoted in all derived T cell subsets by the presence of exoge-
nous IL-7 cytokine (data not shown).

Another interesting finding is that, while the size of the Bcl-2high

pool of CD8� T cells is progressively smaller with cell differen-
tiation, from naive (90%) through CM (51%) to EM (26%) and E
(15%) T cells, it is remarkably well maintained in different healthy
individuals. What determines and preserves the given size of the
Bcl-2high population present in every subset, and within different
donors? Bcl-2 expression can be induced by �-chain signaling cy-
tokines, e.g., IL-7 and IL-15 (10). One possibility is that the re-
source availability of homeostatic cytokines may favor the survival
of naive and CM T cell subpopulations over differentiated EM and
E T cells (37). Naive T cells bear functional receptors for IL-4 and
IL-7, but not for IL-2 and IL-15 (reviewed in Ref. 10), whereas
high expression of IL-15R has been reported in memory T cell
subsets (9). Alternatively, yet unknown intrinsic factor(s) that is
dependent of the lymphocyte differentiation state may directly con-
trol and maintain the relative size of the Bcl-2high pool of CD8� T
cells.

Several studies, including ours, provide compelling evidence
that the levels of Bcl-2 expression ex vivo are down-regulated in
E T cells, both in human (9, 18, 19) and during acute infection of
mice with lymphocytic choriomeningitis virus (17). These obser-
vations lend support to the notion that the high susceptibility to cell
death, and consequently the low expansion potential in vitro and in
vivo, is an intrinsic feature of differentiated E cells. However, in
the latter report, Grayson et al. (17) also show that CD8� memory
T cells express higher levels of Bcl-2 than naive cells, suggesting
that increased Bcl-2 expression is involved in the long-term main-
tenance of memory cells in vivo. Intriguingly, these results do not

FIGURE 6. p16 and Ki-67 expres-
sion in circulating CD8� T lympho-
cytes ex vivo. Freshly isolated purified
CD8� T cells were fixed, permeabil-
ized, and stained for either p16 (A) or
Ki67 (B) expression. Representative
p16 or Ki67 staining of three healthy
donors, including respective isotype
control histograms, is depicted. Box
plot of isotype�/p16� (A; n � 12) and
isotype�/Ki67� (B; n � 10) cells in
CD8� T cells from healthy individuals.
For the p16 staining, each donor sam-
ple was tested in duplicate. Of note, as
it is yet not feasible to perform a
costaining of p16 together with Ki67,
we could not assess whether Ki67-pos-
itive cells were also p16 negative.
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exactly recapitulate those obtained in humans (9, 19), in which
levels of Bcl-2 protein, in particular the size of the Bcl-2high pop-
ulation, are consistently found reduced in memory T cells (CM and
EM cells; Fig. 2). To date, we do not have a rational explanation
for the apparent contradictory findings concerning the differential
role of Bcl-2 in naive and memory T lymphocytes derived from
different mammalian organisms.

A major finding in this study is that the expression of the CDK
inhibitor, p16, does not uniformly occur in all T lymphocytes, but
selectively appears in a fraction of naive derived cells that had
been activated and recruited into cell cycle upon stimulation in
vitro (Fig. 4). These data extend our recent observations on bulk
CD8� T cells showing that p16-expressing cells are descendants of
actively cycling p16-negative cells (7). Therefore, their p16 ex-
pression can only be the result of de novo synthesis of this protein,
explaining the delayed kinetics observed in response to stimulation
(Fig. 5). We also report a direct link between p16 expression and
cell cycle arrest, because: 1) p16-expressing cells are found ex-
clusively within G0-G1 phase of the cell cycle (Fig. 4), and 2)
knocking down p16 expression by small interfering RNAs allows
increased proliferation of T cells (7). Of note, the G0-G1 cell cycle
arrest induced following p16 expression has been associated with
morphological changes (33) and with irreversible growth arrest in
fibroblasts and mammary epithelial cells (26). These observations
and ours are consistent with the view that this G0-G1 cell cycle
arrest state should be distinguished from the one described in qui-
escent mature T lymphocytes from peripheral blood. Altogether,

this study demonstrates that activation-induced p16 expression is a
distinct process unrelated to apoptosis, regulating the proliferation
potential of activated naive origin T lymphocytes in response to
stimulation. Our results also point to T cell differentiation as a
central program in regulating the expression of two functionally
antagonist factors: the prosurvival Bcl-2 and the procell arrest p16.
Naive T cells have the unique capability to express high levels of
both proteins, resulting in resistance to apoptosis, but susceptibility
to G1 cell arrest. Conversely, differentiated memory and E T lym-
phocytes progressively down-regulate Bcl-2 expression, thus be-
coming susceptible to programmed cell death.

One question raised by our findings concerns the mechanisms
underlying p16 up-regulation in a fraction of naive derived T cells
following Ag or mitogen stimulation. There is some evidence that
p16 appearance can be induced by stress due to inadequate tissue
culture conditions (24). This has mostly been described in epithe-
lial cells, and the resulting growth arrest is referred to as stress-
induced senescence (reviewed in Ref. 32). Although one cannot
formally exclude that inappropriate culture conditions contribute
to the expression of p16 in cultured T lymphocytes, it is unlikely
because all CD8� T cell subsets were grown under the same con-
ditions. Together, our observations point to an intrinsic mechanism
that leads to p16 expression and, as a consequence, limits the pro-
liferative potential of a fraction of activated naive origin T cells.
Thus, beside its well-characterized tumor suppressor function, p16
may play an additional physiological role in limiting lymphocyte
expansion in vitro and in vivo. Several arguments reinforce this

FIGURE 7. Bcl-2 expression, cell survival, mitogen responsiveness, and p16 expression in Ag-stimulated Melan-A- and Flu-specific T lymphocytes. A,
Expansion of naive or memory CD8� T cells from PBMCs following one round of stimulation with peptide and IL-2 (ELA/ELAGIGILTV (10 �M) or
Flu/GILGFVFTL (10 �M)). Percentages of multimer staining cells and CD8� T cells were obtained after 12 days of expansion, from one representative
donor of three. Levels of Bcl-2 expression were measured within ELA- and Flu-specific CD8� T lymphocytes by intracellular staining at day 12 (gray
histograms) and normalized, as described in Materials and Methods. B, Following the second cycle of stimulation with peptide-pulsed T2 cells, Ag-specific
T cells were assessed for the presence of apoptotic cells (at 36 h by annexin V and 7-AAD costaining) and their proliferative expansion (at days 3 and 5
by CFSE staining). C, Representative dot plots and histograms of p16 expression were obtained at days 12 after the first and second stimulation. The setting
for p16-positive cells is based on the isotype control staining (solid line). One representative experiment of two is shown.
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conclusion. First, mice lacking p16 have enhanced thymocyte (29)
and splenocyte (47) expansion. Second, forced expression of p16
in thymocytes blocks T cell differentiation at the immature
CD4�CD8� stage without affecting the development of �� T cells
(38). Finally, using single cell intracellular staining techniques, we
show that low, but readily detectable levels of p16 can be observed
in freshly isolated ex vivo CD8� T lymphocytes (Fig. 6) (7). Be-
cause most mature T lymphocytes are in a quiescent state, it is
expected that only very low frequencies of p16-expressing cells
were to be found in the peripheral blood of healthy individuals.
Thus, it is of great importance to further explore whether such
expression is present in T lymphocytes isolated from draining
lymph nodes, at the site of T cell activation, or in individuals
during primary infection with, e.g., CMV, EBV, HIV, or influenza
viruses.

What remains intriguing, at present, is why are mostly naive, but
not primed T cells affected by p16 upon stimulation in vitro? In
this regard, Veiga-Fernandes and Rocha (39) recently reported that
mouse CD8� memory T lymphocytes are maintained by elevated
levels of D cyclins and CDK6 in a preactivated state, suggesting
that they require a lower threshold of stimulation to enter the cell
cycle than naive cells. In line with these observations, a compar-
ative microarray analysis revealed differential expression of cell
cycle regulatory genes that control the transition between G1 and
S phase in virus-specific CD8� T cells (40, 41). In addition, the
entry or exit of T cells from the cell cycle may also be determined
by the levels of the classical cell cycle progression inhibitors, such
as p27Kip1 and p16. Consistently, the levels of p27Kip1, a member
of the Cip/Kip family, were particularly high in freshly isolated
naive CD8� T lymphocytes from mice (39) and humans (data not
shown). However, in contrast to p27Kip1, p16 expression is almost
undetectable in resting G0-G1 T cells ex vivo (Fig. 6), but is in-
ducible upon in vitro stimulation (Fig. 4). Hence, our data would
be in line with the hypothesis that p16 protein may be expressed as
a consequence of the process of lymphocyte activation.

Because neither Fas nor TNF-� receptors are expressed in naive
T cells, apoptosis via both ligands is unlikely to be involved (re-
viewed in Ref. 10). Moreover, when stimulated, only a small frac-
tion of naive T cells, in contrast to Ag-experienced cells, under-
goes programmed cell death (Fig. 2). Collectively, we propose that
the proliferative expansion of recently activated naive T cells
might be controlled by p16/pRb pathway in vivo. If some cells
receive suboptimal signals (42), subsequent p16 expression may
arrest cells in G1, potentially leading to cellular senescence (43).
Thus, activation-induced p16 expression may represent an alter-
native pathway to apoptosis, in controlling T lymphocyte expan-
sion upon antigenic priming. The molecular mechanisms underly-
ing senescence, in contrast to the signaling pathways leading to
apoptosis, are only poorly understood (reviewed in Ref. 33). Upon
entering the state of senescence, cells undergo a plethora of
changes in morphology with increased cell volume and loss of
original shape, accompanied by irreversible structural alterations
in the nuclear heterochromatin (44). Whether senescence occurs in
vivo is still a matter of debate (33). Nevertheless, a recent report
provides, for the first time, convincing data that senescence may
represent a biological mechanism that operates in cells in
vivo (45).

At present, p16 monitoring may be foreseen as a new parameter
to the design of optimal in vitro stimulation conditions (46) and
future therapeutic application. Moreover, understanding the role of
p16 protein and its direct effect in promoting G1 cell arrest in naive
T lymphocytes has potential implications for the optimization of
vaccine-based therapeutic strategies against infection or cancer.
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