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ABSTRACT
Acute bouts of aerobic exercise are known to mobilize antigen-experienced CD8+
T-cells expressing the cell surface marker of senescence, KLRG1, into the blood.
It is not known; however, if this is due to a selective mobilization of terminally differentiated T-cells (i.e. KLRG1+/CD28-/CD57+) or a population of effector
memory T-cells (i.e. KLRG1+/CD28+/CD57-) that have not reached terminal differentiation. The aim of this study was to further characterize KLRG1+ T-cells
mobilized by acute exercise by assessing the co-expression of KLRG1 with CD28
or CD57 and to determine telomere lengths in the CD4+ and CD8+ T-cell subsets. Nine moderately trained male subjects completed an exhaustive treadmill
running protocol at 80% . Blood lymphocytes isolated before, immediately after
and 1h after exercise were labelled with antibodies against KLRG1, CD28 or
CD57, CD4 or CD8 and CD3 for 4-color flow cytometry analysis. Telomere
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lengths in CD3+, CD4+ and CD8+ T-cells were determined using Q-PCR. The
relative proportion of KLRG1+ cells among the CD8+ T-cells increased by 40%
immediately after exercise, returning to baseline 1h later. This was due to a mobilization of KLRG1+/CD28- (61% increase), KLRG1+/CD57+ (56% increase)
and to a lesser extent, KLRG1+/CD57- cells (24% increase). Telomeres in CD8+
T-cells displayed an increased relative length immediately after exercise, whereas
no change occurred for CD4+ or the overall CD3+ T-cells. In conclusion, the
increased frequency of KLRG1+/CD8+ T-cells in blood after acute exercise is
predominantly due to a selective mobilization of terminally differentiated T-cells.
The increased relative telomere length in CD8+ T-cells after exercise might indicate that KLRG1+ cells mobilized by exercise are under stress or aberrant signaling-induced senescence (STASIS). We postulate that a frequent mobilization of
these cells by acute exercise might eventually allow naïve T-cells to occupy the
“vacant” immune space and increase the naïve T-cell repertoire.
Keywords: Killer cell lectin-like receptor G1 (KLRG1); CD28; CD57;
immunosenescence; effector memory T-cells; exercise immunology; STASIS

INTRODUCTION
Immunosenescence is the term used to describe the biological aging of the
immune system, which is characterized by poor vaccine efficacy and an increased
susceptibility to infection (8, 25, 43). A hallmark of immunosenescence is the
progressive accumulation of antigen-experienced oligoclonal T-cells, which occupy the so-called “immune space”, increasing infection risk by reducing the naïve
T-cell repertoire and compromising the adaptive immune response to novel
pathogens (13, 14, 24, 26, 27). Due to their apparent increased resistance to apoptosis (39), it has been suggested that therapeutic vaccination, monoclonal antibody therapy, or cytokine therapy, might be required to remove expanded clones
of these antigen-experienced effector and memory T-cells that exhibit a late differentiation phenotype (13, 14, 24).
As a possible and less-riskier alternative to these immunological interventions, we have proposed that a frequent mobilization of antigen-experienced Tcells with exercise, moving them from the peripheral tissues into the blood compartment, might create “vacant space” where naïve T-cells could eventually take
occupancy (37). Acute bouts of aerobic exercise are known to mobilize T-cells
from the peripheral tissue into the blood compartment, transiently increasing the
blood lymphocyte number (1, 5, 6, 21, 33-36). The origin of the mobilized T-cells
is subject to debate, but may come from secondary lymphoid tissue, such as the
spleen, Peyer’s patches and mucosal epithelium of the gastrointestinal and pulmonary tracts (4, 15, 16, 23), as well as peripheral non-lymphoid sites that preferentially localize effector memory T-cells (20). As both lymphoid and non-lymphoid tissues appear to be susceptible to oligoclonal T-cell “overcrowding”, this
prompted us to suggest that the removal and subsequent deletion of these cells
with regular bouts of acute exercise could be advantageous (37). Moreover, it is
known that CD8+ T-cells are more susceptible to senescence and oligoclonality
than CD4+ T-cells (14) and acute exercise elicits the mobilization of CD8+ T-
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cells to a greater extent than CD4+ T-cells, with many of these mobilized cells
exhibiting phenotypes that are characteristic of antigen-experienced and effector
memory T-cells (1, 6, 33, 34).
The main surface marker we have used to identify senescent T-cells (i.e.
incapable of further cellular division) is the killer-cell lectin-like receptor G1
(KLRG1) (33, 34), which ligates with E-cadherin (17, 29) and is known to inhibit
clonal expansion of CD8+ T-cells (10). T-cells expressing KLRG1 fail to proliferate in response to mitogenic stimulation, despite some of these cells retaining
expression of the co-stimulatory molecule CD28 (24, 46, 47). Although we have
shown that acute aerobic exercise mobilizes KLRG1+, CD57+ and CD28- T-cells
(particularly within the CD8+ population) into the peripheral blood compartment
in both young and older adults (33, 34), a limitation of this work was the failure to
document the combined expression of KLRG1 with either CD57 (a marker of
replicative senescence) or CD28; as Ibegbu et al. (12) reported that it is more useful to identify combinations of KLRG1 and CD57 expression during the functional characterization of CD8+ T-cells. Although most CD8+ T-cells expressing
CD57 also express KLRG1, many KLRG1+ cells do not express CD57
(KLRG1+/CD57-) and might represent a “memory” T-cell phenotype as these
cells also express CD27, CD28 and CCR7 (12). Conversely, the CD57 expressing
KLRG1+ T-cells do not express these cell surface receptors, indicating that this is
an effector T-cell population that is terminally differentiated (12).
T-cells that have reached terminal differentiation are known to have overly
eroded and critically short telomeres, which is believed to underpin their proliferative arrest. Telomeres, which are DNA nucleoprotein complexes that form the
physical ends of linear eukaryotic chromosomes, function to protect chromosome
ends from degradation and end-to-end fusion that could potentially lead to chromosomal translocations, perturbations of cell growth and malignancy (9, 40, 41).
Shortened telomeres have been associated with CD57 expression on the surface
of T-cells (3), however, the effects of acute exercise on T-cell telomere length has
not been fully elucidated. To our knowledge, only one previous study has examined changes in lymphocyte telomere length following acute exercise (4).
The aim of this study was to determine if the increased proportion of
KLRG1+ T-cells in blood immediately after acute exercise was due to a selective
mobilization of terminally differentiated cells with a senescent phenotype (i.e.
KLRG1+/CD57+ and KLRG1+/CD28-), or a population of the so-called antigenexperienced cells with a “memory” phenotype (i.e. KLRG1+/CD57-;
KLRG1+/CD28+). A second aim was to determine telomere lengths of pan CD3+
T-cells and the CD4+ and CD8+ T-cell subsets in blood following an acute bout of
exercise.

METHODS
Subjects: Nine moderately trained male subjects
(mean ± SD age: 26.4 ± 6.7 y;
·
height: 181 ± 5.4 cm; mass: 73.7 ± 6.1 kg; VO2max : 56.9 ± 5.1 ml·kg-1·min-1) participated in this study. Subjects were healthy non-smokers who were taking no
medication or supplementation and were free from any infectious illness for 6weeks prior to testing. After receiving oral and written information pertaining to
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the risks and demands of the study, each subject signed an informed consent document. A local ethics committee for human subject research at Edinburgh Napier
University granted approval for the study.
Experimental
Design: All subjects completed a test of maximal oxygen
·
uptake (VO2max) and an intensive
treadmill-running protocol at a speed corre·
sponding to 80% of the VO2max. Subjects were asked to refrain
from physical
·
activity for 24 h prior to each test, which began at 09:00. The VO2max of each subject was determined following the incremental treadmill-running protocol
described by Simpson et al. (36). Oxygen uptake (breath by breath) was measured
using online gas analysis (CPX, Medical Graphics Corporation, Oldham, UK)
and heart rate was monitored by short-range telemetry (Polar S610, Polar Electro,
Kempele,
Finland) throughout each test. Approximately one week after the initial
·
VO2max test, each subject completed an intensive running protocol on a motorized
treadmill (Woodway, Ergo
· ELG 55, Germany) at a speed corresponding to 80%
of the pre-determined VO2max. Subjects were asked to maintain this running
speed until volitional exhaustion (mean running time 33:59 ± 3:52 min:sec).
Intravenous blood samples were collected in 6 ml vacuum tubes containing EDTA
as an anticoagulant (Becton-Dickinson, Oxford, UK) before, immediately after,
and 1 h after exercise.
Peripheral Blood Cell Counts: Total Leukocyte and lymphocyte counts
were determined using a Sysmex XS automated haematology analyzer (Minnesota, USA). Absolute cell concentrations of the lymphocyte subset populations were
determined by multiplying the percentage of all lymphocytes expressing
CD3/CD4 or CD3/CD8 (as determined by flow cytometry) by the total lymphocyte count.
Peripheral Blood Mononuclear Cell Separation: Whole blood was mixed
with an equal volume of 0.9% NaCl and a 6 ml volume of the diluted blood was
layered over 3 ml of Lymphoprep (Axis-Shield, Oslo, Norway). Samples were
centrifuged at 800 g at room temperature for 30 min. After centrifugation, the
peripheral blood mononuclear cells (PBMCs) at the sample/medium interface
were removed and washed twice for 10 minutes, first with 0.9% NaCl then with
phosphate-buffered saline + 1% bovine serum albumin + 0.02% sodium azide
(PBS-BSA). The viability of each sample was >98% as determined by trypan
blue exclusion.
Labelling of Cell Surface Antigens: Aliquots of 1.0 x 106 cells were labelled
with an AlexaFluor-488 conjugated anti-KLRG1 (IgG2a, clone: 13F12F2) monoclonal antibody (mAb) (18), an APC conjugated anti-CD3 mAb, a PE-Cy-7 conjugated anti-CD4 or anti-CD8 mAb, and either an anti-CD28 (all purchased from
Immunottols, Friesoythe, Germany) or CD57 mAb conjugated to PE (Abcam,
Cambridge, MA, USA) in a four-colour direct immunofluorescence procedure.
Cells were also labelled with each individual mAb in a single-colour procedure to
serve as colour compensation controls during flow cytometry analysis. Cells were
incubated with 0.1 ml of each pre-diluted mAb for 45 min at room temperature.
After incubation, cells were re-suspended in 0.5 ml of PBS-BSA and analysed by
flow cytometry.
Flow Cytometry: Fluorescence of the directly conjugated mAbs bound to
the cell surface was detected on a FACSCalibur flow cytometer equipped with a
15 mW argon ion laser emitting light at a fixed wavelength of 488 nm and a red
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diode laser emitting at a fixed wavelength of 635 nm (BD Biosciences, San Jose,
CA, USA). The initial set-up of the instrument was performed using CELLQuest
Pro software (BD Biosciences, San Jose, CA, USA). Blood lymphocytes were
identified and electronically gated using the forward and side light-scatter mode.
Fluorescent signals were collected in logarithmic mode (4 decade logarithmic
amplifier) and cell numbers per channel in linear mode. AlexaFluor-488 fluorescence was detected in the FL1 filter centered at 530 nm with a 30nm half-peak
bandpass and PE fluorescence was detected in the FL2 filter centered at 578 nm
with a 28nm bandpass. PE-Cy7 fluorescence was detected in the FL3 filter with a
670 nm longpass and APC fluorescence was detected in the FL4 filter centered at
670 nm. Appropriately conjugated isotype controls were used in each assay to
account for non-specific binding of Ig and to set the voltages for each fluorescence detector filter, with the peak of the negative cell population being centred in
the first logarithmic decade of the fluorescent amplifier. The fluorescence of each
directly conjugated mAb was also analysed in isolation using one-colour analysis
to control for spectral overlap among the detector filters. For each sample, 20,000
of the gated CD3+ lymphocytes were acquired for analysis.
Following sample processing, FCS files from CELLQuest Pro were transferred to FCS Express Version 3 (De Novo Software, Los Angeles, CA, USA) for
analysis. Two parameter dotplots were generated from the gated lymphocyte cell
population to identify CD3+/CD4+ or CD3+/CD8+ T-cell subset populations.
The expression of KLRG1, CD28, CD57 and the co-expression of KLRG1 with
CD57 or CD28 was then assessed on the CD3+/CD4+ and CD3+/CD8+ T-cell
populations by generating appropriate histograms and dotplots. Electronic colour
compensation (using the files from the one-colour assays) was performed before
analysis to exclude any overlapping emission spectra among the detector filters.
The percentage of all CD3+/CD4+ and CD3+/CD8+ T-cells expressing the cell
surface markers of interest were tabulated for statistical analysis.
Negative Isolation of CD3+, CD4+ and CD8+ T-cell Subset Populations: Tcell fractions were negatively sorted from the isolated PBMCs using CD3+,
CD3+/CD4+ and CD3+/CD8+ negative enrichment kits (BD Biosciences,
Oxford, UK). PBMCs at a concentration of 10 x106 cells.ml-1 in IMag buffer were
incubated with 50µl of the appropriate biotinylated enrichment monoclonal antibody cocktail for 20 min at room temperature. The enriched T-cell fraction was
labelled with the antibody cocktail for a second time to maximize cell purity. The
purity of the enriched CD3+, CD4+ and CD8+ T-cell fractions was >95%, >95%
and >92% respectively for eight of the nine subjects as determined by CD3+,
CD3+/CD4+ and CD3+/CD8+ co-expression using two-colour flow cytometry.
The cell purity for one subject was slightly lower at >92%, 91% and 86% for
CD3+, CD4+ and CD8+ T-cell fractions respectively; however, we did not
exclude this data as the measured telomere lengths for this subject were not outliers. One million cells from each enriched T-cell and T-cell subset fraction were
centrifuged at 300 g for 7 min and the supernatant was fully aspirated. The cells
were then resuspended, dropwise, in foetal calf serum (Gibco, Invitrogen, Scotland, UK) and 7% dimethyl sulfoxide (Sigma-Aldrich, Germany) on ice before
transferring to a cryo tube. The cryo tube containing the cell fraction was placed
in a polystyrene container and stored overnight at -80°C, before being submerged
in liquid N2 for long-term storage prior to telomere length analysis.
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Telomere Length Analysis: The mean telomere lengths of the CD3+, CD4+
and CD8+ enriched T-cell samples were determined by quantitative PCR (Prism
7700 Sequence Detection System; Applied Biosystems, Foster City, CA) following the methods described by Cawthon et al. (7). Briefly, DNA was extracted
from the enriched T-cell subsets following standard procedures. The relative
telomere to single copy gene (T/S) ratio were validated against control sample
DNA, which had mean terminal restriction fragment lengths (mTRF) previously
determined by southern blotting procedures, allowing for the conversion of T/S
ratio values to kilobase pairs (9). All telomere length analysis of the enriched Tcell and T-cell subset fractions were performed within 6-weeks of sample storage.
Statistical Analysis: All statistical analyses were performed using SPSS version 17 for Mac statistical analysis software (Chicago, IL, USA). The effects of
exercise over time (i.e. pre, immediately after and 1 h after exercise) on expression of each surface receptor on each of the T-cell subsets were tested using separate restricted maximum likelihood linear mixed models (LMM). The LMM
method was used to fit a covariance matrix for the residuals to account for
dependency of the repeated measures, allowing different variances for each time
point and different covariances between time points. When the time main effect
was significant, post hoc paired t-tests with Bonferroni adjustment were used to
test the immediately after and 1h time points against the pre-exercise value.
Paired sample t-tests were also used to compare relative changes fro pre to immediately post-exercise between cell types in response to exercise. Statistical significance was accepted at p<0.05.

RESULTS
Changes in Leukocyte, Lymphocyte and T-cell Subset Counts: The total leukocyte,
lymphocyte, CD3+, CD4+ and CD8+ T-cells counts in response to the exercise
protocol are presented in Table 1. The stereotypical leukocytosis was observed in
response to exercise with an initial increase in the total lymphocyte count immediately after exercise (p<0.01), followed by a reduced lymphocyte concentration
Table 1. Total cell numbers (x109/l) of leukocytes, lymphocytes, pan CD3+ T-cells and the CD3+/CD4+
and CD3+/CD8+ T-cell subsets in peripheral blood following an acute bout of high-intensity exercise. Statistically significant difference from pre-exercise indicated by * (p<0.05) and ** (p<0.01).
Leukocytes
Lymphocytes
CD3+
CD3+/CD4+
CD3+/CD8+

Pre Exercise
5.02 ± 0.73
1.63 ± 0.34
1.06 ± 0.22
0.60 ± 0.13
0.41 ± 0.08

Post Exercise

9.22 ± 2.28**
2.94 ± 0.86**
1.46 ± 0.46*
0.75 ± 0.23
0.76 ± 0.21**

1h Post Exercise
10.17 ± 3.74*
1.21 ± 0.40*
0.83 ± 0.28*
0.56 ± 0.18
0.27 ± 0.09*

(relative to pre-exercise) 1 h later (p<0.05). The exercise bout elicited a change
the concentration of pan-CD3+ T-cells and CD8+ T-cells but not CD4+ T-cells.
Expression of KLRG1, CD28 and CD57 on T-cell Subsets: The percentage
of all CD3+ T-cells, CD3+/CD4+ T-cells and CD3+/CD8+ T-cells expressing
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Figure 1. The percentage of all CD3+/CD4+ and CD3+/CD8+ T-cell subsets expressing
combinations of KLRG1 and CD28 or combinations of KLRG1 and CD57 in response to an
acute bout of high-intensity exercise. Statistically significant difference from pre-exercise
indicated by * (p<0.05) and ** (p<0.01).

KLRG1, CD28 or CD57 in response to the exercise protocol are shown in Table 2.
The percentage of all CD3+ T-cells expressing KLRG1 or CD57 was elevated
immediately after exercise (p<0.01), which was due to an increased expression on
CD8+ T-cells (p<0.05) and not the CD4+ subset (p>0.05). Similarly, the percentage of all CD3+ T-cells expressing CD28 was lower immediately after exercise
(p<0.05), which was due to a reduction in the percentage of CD8+ T-cells
expressing CD28 (p<0.01) and not the CD4+ subset (p>0.05).
The Co-expression of KLRG1 with CD28 or CD57 on T-cell Subsets: The
percentage of all CD4+ and CD8+ T-cells expressing KLRG1 but not CD28
(KLRG1+/CD28-), CD28 but not KLRG1 (KLRG1-/CD28+) and both KLRG1
and CD28 (KLRG1+/CD28+) are shown in Figure 1. On the CD8+ subset, the
frequency of KLRG1+/CD28- cells increased immediately after exercise
(p<0.01). Conversely, the proportion of KLRG1-/CD28+ cells was lowered
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immediately after exercise (p<0.01). The percentage of KLRG1+/CD28+ cells
within the CD8+ subset remained unchanged (p>0.05). No phenotypic changes,
with regards to KLRG1 and CD28 expression, were found on the CD4+ T-cells in
response to the exercise protocol (p>0.05). Immediately after exercise, the proportion of cells expressing KLRG1 and CD57 (KLRG1+/CD57+) and KLRG1
but not CD57 (KLRG1+/CD57-) increased within the CD8+ T-cell subset
(p<0.05) (Figure 1). No statistically significant changes were found for KLRG1
and CD57 expression combinations on CD4+ T-cells (p>0.05). Representative
flow cytometry plots showing the expression of KLRG1 with CD28 or CD57 are
shown in Figure 2 (next page).
Relative Change in the Proportion of KLRG1+/CD57+ and
KLRG1+/CD57- cells within the CD8+ T-cell subset: Due to the statistically significant increases for both KLRG1+/CD57+ and KLRG1+/CD57- cells within the
CD8+ T-cell subset, we compared the relative change in cell proportions in
response to exercise between these two phenotypes. The percentage values
obtained immediately after exercise were divided by the corresponding pre-exercise values for each subject. A pair-wise t-test showed the mean fold-increase of
1.9 ± 0.6 for the KLRG1+/CD57+ phenotype to be significantly greater (p<0.05)
than the 1.3 ± 0.4 fold increase for the KLRG1+/CD57- phenotype (data not
shown).
Telomere Lengths of T-cell Subsets: Mean telomere lengths for the negatively sorted CD3+, CD4+ and CD8+ T-cells in response to the exercise protocol are
shown in Figure 3 (next page). A significant increase in relative telomere length
was observed in CD8+ T-cells immediately after exercise (p<0.05), while exercise
did not significantly affect telomere length in CD4+ T-cells or the total CD3+ cell
population (p>0.05).

Table 2. The percentage of pan CD3+ T-cells and the CD3+/CD4+ and CD3+/CD8+ T-cell subsets
expressing KLRG1, CD28 or CD57 in response to an acute bout of high-intensity exercise. Statistically
significant difference from pre-exercise indicated by * (p<0.05) and ** (p<0.01).
CD3+ T-cells
KLRG1+
CD28+
CD57+
CD3+/CD4+ T-cells
KLRG1+
CD28+
CD57+
CD3+/CD8+ T-cells
KLRG1+
CD28+
CD57+

Pre Exercise

Post Exercise

1h Post Exercise

21.8 ± 11.7
87.0 ± 10.0
13.4 ± 8.9

32.8 ± 12.7**
78.5 ± 11.3*
19.2 ± 10.3**

18.0 ± 10.7
90.3 ± 7.8
11.3 ± 7.1

35.6 ± 15.0
76.7 ± 14.8
22.6 ± 12.5

49.9 ± 13.5*
63.5 ± 15.3**
32.8 ± 14.8±*

30.2 ± 17.2
78.5 ± 12.3
19.7 ± 13.2

9.1 ± 4.9
96.1 ± 3.2
5.2 ± 1.6

14.5 ± 8.7
93.6 ± 3.6
6.5 ± 2.9

8.8 ± 4.0
97.7 ± 1.2
4.4 ± 1.4
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CD28
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22.4%
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22.9%
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30.2%
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14.7%

CD28
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15.1%
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25.7%
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10.4%

5.6%

KLRG1
Figure 2. Representative flow cytometry histograms and dotplots from a single subject
showing the expression of KLRG1, CD57 and CD28 on CD3+/CD8+ T-cells in response to
an acute bout of high-intensity exercise. Similar plots were generated to determine the
expression of these cell surface receptors on CD3+/CD4+ T-cells (data not shown). Values
are the percentage of all CD3+/CD8+ T-cells expressing the markers of interest.
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*

Figure 3. Mean telomere length of negatively sorted CD3+, CD4+ and CD8+ T-cells in
response to an acute bout of high-intensity exercise. Statistically significant difference from
pre-exercise indicated by * (p<0.05)

DISCUSSION
This study reports the effects of an acute bout of high-intensity aerobic exercise
on the mobilization of T-cell subsets with a senescent phenotype and their telomere lengths. We sought to determine if the increased proportion of CD8+ T-cells
expressing the cellular senescence marker KLRG1 that we reported previously
(33, 34), was due to an influx of terminally differentiated T-cells (i.e.
KLRG1+/CD57+ and/or KLRG1+/CD28- phenotype) and/or a cell population
exhibiting phenotype characteristics of effector memory T-cells that have not
reached terminal differentiation (i.e. KLRG1+/CD57- and/or KLRG1+/CD28+)
(12). We show that the increased proportion of KLRG1+ cells within the CD8+ Tcell subset after exercise is due mostly to a selective mobilization of highly differentiated T-cells exhibiting a KLRG1+/CD57+ and KLRG1+/CD28- cell surface
phenotype, which quickly leave the peripheral blood compartment within 1h of
exercise cessation. We have also shown that relative telomere lengths of negatively sorted CD8+ T-cells was longer immediately after exercise, although this was
contrary to what we expected. The current study supports the contention that
acute aerobic exercise results in a selective mobilization of highly differentiated
T-cells into the blood compartment.
The increased frequency of KLRG1+, CD57+ and CD28- cells among the
CD8+ T-cell population immediately after exercise is consistent with our previous
studies; however, in this early work, we did not explore the relationship between
KLRG1 and CD57 or KLRG1 and CD28 expression (33, 34). Combinations of
KLRG1, CD28 and CD57 expression have been used to determine the fate and
functional properties of CD8+ T-cells (12, 47). It has been postulated that
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KLRG1+/CD57- T-cells are effector cells destined to become long-lived memory
cells due to their expression of the IL-7 receptor CD127 (12). Conversely,
KLRG1+/CD57+ cells are still capable of pro-inflammatory cytokine secretion
and expression of cytolytic granules (i.e. perforin and Granzyme B) but do not
express CD127, CCR7 or the co-stimulatory molecules CD27 and CD28, indicating that these are terminally differentiated effector T-cells that are unable to proliferate but still maintain immediate effector cell properties (12). In the present
study, the increased proportion of CD8+ T-cells expressing KLRG1 in blood
immediately after acute exercise was due to a preferential mobilization of these
terminally differentiated T-cells.
Exercise only transiently increased the proportion of KLRG1+/
CD57+/CD28- CD8+ T-cells in blood, with the immediate post-exercise response
reverting back to resting levels by 1-h post exercise. Two pertinent questions
emerge from this observation. Firstly, do the antigen-experienced T-cells mobilized by acute exercise return to their pre-exercise destinations or do they migrate
to other tissues in the body; and secondly, what is the fate of these mobilized Tcells after they leave the peripheral blood compartment. For instance, it is not
known if specific T-cell populations leave the blood to sequester in other tissues,
to subsequently undergo activation-induced cell death, or to circulate among the
peripheral tissues before eventually returning to their pre-exercise destinations.
Although lymphocytes mobilized by acute exercise do not appear to undergo
apoptosis in the bloodstream (28, 35, 42), lymphocytes that enter and exit the
blood with exercise might be more susceptible to apoptosis following extravasation to the tissues due to their heightened expression of the cell surface death
receptor CD95 (Fas/Apo-1) (22, 35, 44) and/or the increased milieu of apoptotic
signals known to change with acute exercise such as glucocorticoids and reactive
oxygen species (31, 38, 42). Previous studies using murine exercise models have
shown that T-cells mobilized by acute exercise preferentially migrate to intestinal
Peyer’s patches (15) and that acute exercise, in turn, increases apoptotic cell death
of intestinal lymphocytes (11). Furthermore, as shown in the present study and in
our previous work (33, 34), CD8+ T-cells expressing CD57 are preferentially
mobilized and subsequently removed from the blood in response to an acute bout
of exercise. CD8+ T-cells expressing CD57 have, in turn, been shown to be more
susceptible to apoptosis in vitro (3, 32, 45) than CD8+ T-cells that do not express
CD57. It is possible therefore that some CD8+ T-cells with a senescent phenotype
might undergo apoptosis in other tissues (i.e. intestinal Peyer’s patches) following
their extravasation from the peripheral blood compartment in response to acute
exercise. Future research should attempt to investigate the apoptosis susceptibility
of antigen-experienced CD8+ T-cells mobilized by acute exercise and the relationship between this potential susceptibility and their phenotype characteristics.
To our knowledge, this is only the second study to measure changes in
telomere length of T-cell subsets in response to an acute bout of exercise, but the
first to use negatively sorted “untouched” lymphocytes and Q-PCR in this context. Telomere length has been used extensively as a marker of biological age and,
because they erode progressively with each round of cell division (i.e. during the
clonal expansion of T-lymphocytes in response to an antigenic stimulus), critically shortened telomeres trigger mechanisms for senescence causing the cell to
undergo proliferative arrest (9, 40, 41). As such, T-cells with a senescent pheno-
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type (i.e CD57+/CD28-) are known to have shortened telomeres and are associated with persistent viral infections in humans (27). Due to the increased frequency
of senescent CD8+ T-cells in the peripheral blood immediately after acute exercise, our finding that the mean telomere length of CD8+ T-cells was longer after
the exercise bout was not expected. However, although there was a preferential
mobilization of senescent CD8+ T-cells in response to the exercise bout, it is
important to note that a large number of naïve non-senescent T-cells (i.e. cells
with a KLRG1- and/or a CD45RA+/CCR7+ phenotype) are also mobilized into
the blood in response to acute exercise (6, 33). It is possible then that the naïve Tcells in the peripheral lymphoid tissues that enter the blood in response to acute
exercise have longer telomeres than those resident in blood, resulting in the
greater mean telomere length of CD8+ T-cells that we observed immediately after
exercise. As such, measuring mean telomere length of CD8+ T-cells in response
to acute exercise might not provide an accurate indication of the biological age of
the mobilized cells due to the altered composition of CD8+ cell types with varying degrees of replicative history. Furthermore, due to the greater relative telomere length in CD8+ T-cells that was accompanied by an increased proportion of
KLRG1+ cells after exercise, it might be argued that the KLRG1+ T-cells mobilized into blood with exercise are under stress or aberrant signaling-induced
senescence (STASIS) as opposed to replicative senescence (30).
Our telomere length findings are contrary to those of Bruunsgaard et al. (4),
who reported shorter telomere lengths in CD8+ T-cells isolated after acute exercise in young subjects. The discrepancy between these studies could be due to
technical differences in the isolation of T-cell subsets, particularly within the
CD8+ T-cell population, or to differences in methodology. Because a subset of
NK-cells expressing CD8 are preferentially mobilized into the blood following
acute exercise (5), by positively sorting CD8+ cells, Bruunsgaard et al. (4) will
have inadvertently analyzed mean telomere length on a cell population with an
increased CD8+ NK-cell/CD8+ T-cell ratio immediately post-exercise compared
to the resting condition. This is problematic, as the rate of telomere attrition in
NK-cells and CD8+ T-cells are known to differ (19). Although we used negatively
sorted “untouched” T-cell subset populations to quantify telomere length in
response to exercise, our own technique is not without caveats. The antibody
cocktail in the negative isolation kit contains an anti-CD56 mAb to remove NKcells, however, some CD8+ T-cells are known to express CD56 (5). This is likely
to have resulted in a disproportionate loss of some phenotypically distinct CD8+
T-cells prior to telomere length measurement in the present study.
A notable weakness of the present study is that we failed to screen our participants for latent viral infections. Reactivating latent herpes viruses such as
cytomegalovirus (CMV) and Epstein-Barr virus (EBV) are major contributors of
oligoclonal T-cell accumulation (13, 14, 26, 27), and future work should determine if the exercise-induced mobilization of terminally differentiated T-cells differs between CMV or EBV infected and non-infected participants. Further, identifying whether these highly differentiated T-cells that enter the blood with exercise are specific to any particular latent viruses would also be illuminating (37).
Indeed, acute psychological stress is known to mobilize CMV and EBV-specific
T-cells and effector T-cells into the blood (2), therefore It would be expected that
physical stress would elicit a similar response.
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In conclusion, we have shown that an acute bout of high-intensity aerobic
exercise preferentially mobilizes a population of terminally differentiated CD8+
T-cells exhibiting a senescent phenotype into the peripheral blood compartment.
This extends our previous findings (33, 34) by showing that the mobilization of
antigen-experienced CD8+ T-cells expressing the cellular senescence marker
KLRG1 is mostly due to a population of terminally differentiated effector T-cells
that express CD57 but not CD28. We postulate that a frequent mobilization of
these cells with habitual exercise might blunt the age-induced diminution of the
naïve T-cell repertoire, as newly generated naïve T-cells might eventually take
occupancy within the “immune space” vacated by these senescent T-cells. Future
research should attempt to determine the fate and destination of these terminallydifferentiated T-cells after their extravasation from the bloodstream; establish the
effects of regular exercise on the frequency of antigen-specific T-cells with a
senescent phenotype in resting blood; and determine if frequent cell shifts with
acute exercise influence the positive changes in adaptive immune function that are
known to occur in response to chronic exercise.

REFERENCES
1.

2.

3.

4.

5.

6.

7.
8.

Anane LH, Edwards KM, Burns VE, Drayson MT, Riddell NE, van Zanten JJ, Wallace GR, Mills PJ, and Bosch JA. Mobilization of gammadelta T lymphocytes in
response to psychological stress, exercise, and beta-agonist infusion. Brain Behav
Immun 23: 823-829, 2009.
Atanackovic D, Schnee B, Schuch G, Faltz C, Schulze J, Weber CS, Schafhausen P,
Bartels K, Bokemeyer C, Brunner-Weinzierl MC, and Deter HC. Acute psychological stress alerts the adaptive immune response: stress-induced mobilization of effector T cells. J Neuroimmunol 176: 141-152, 2006.
Brenchley JM, Karandikar NJ, Betts MR, Ambrozak DR, Hill BJ, Crotty LE, Casazza JP, Kuruppu J, Migueles SA, Connors M, Roederer M, Douek DC, and Koup RA.
Expression of CD57 defines replicative senescence and antigen-induced apoptotic
death of CD8+ T cells. Blood 101: 2711-2720, 2003.
Bruunsgaard H, Jensen MS, Schjerling P, Halkjaer-Kristensen J, Ogawa K, Skinhoj
P, and Pedersen BK. Exercise induces recruitment of lymphocytes with an activated
phenotype and short telomeres in young and elderly humans. Life Sci 65: 26232633, 1999.
Campbell JP, Guy K, Cosgrove C, Florida-James GD, and Simpson RJ. Total lymphocyte CD8 expression is not a reliable marker of cytotoxic T-cell populations in
human peripheral blood following an acute bout of high-intensity exercise. Brain
Behav Immun 22: 375-380, 2008.
Campbell JP, Riddell NE, Burns VE, Turner M, van Zanten JJ, Drayson MT, and
Bosch JA. Acute exercise mobilises CD8+ T lymphocytes exhibiting an effectormemory phenotype. Brain Behav Immun 23: 767-775, 2009.
Cawthon RM. Telomere measurement by quantitative PCR. Nucleic Acids Res 30:
e47, 2002.
Grubeck-Loebenstein B, Della Bella S, Iorio AM, Michel JP, Pawelec G, and Solana
R. Immunosenescence and vaccine failure in the elderly. Aging Clin Exp Res 21:
201-209, 2009.

Senescent T-cells mobilized by acute exercise in man • 53
9.

10.

11.
12.

13.

14.
15.

16.
17.

18.

19.

20.
21.

22.
23.

24.

Harris SE, Deary IJ, MacIntyre A, Lamb KJ, Radhakrishnan K, Starr JM, Whalley
LJ, and Shiels PG. The association between telomere length, physical health, cognitive ageing, and mortality in non-demented older people. Neurosci Lett 406: 260264, 2006.
Henson SM, Franzese O, Macaulay R, Libri V, Azevedo RI, Kiani-Alikhan S, Plunkett FJ, Masters JE, Jackson S, Griffiths SJ, Pircher HP, Soares MV, and Akbar AN.
KLRG1 signaling induces defective Akt (ser473) phosphorylation and proliferative
dysfunction of highly differentiated CD8+ T cells. Blood 113: 6619-6628, 2009.
Hoffman-Goetz L, and Quadrilatero J. Treadmill exercise in mice increases intestinal lymphocyte loss via apoptosis. Acta Physiol Scand 179: 289-297, 2003.
Ibegbu CC, Xu YX, Harris W, Maggio D, Miller JD, and Kourtis AP. Expression of
killer cell lectin-like receptor G1 on antigen-specific human CD8+ T lymphocytes
during active, latent, and resolved infection and its relation with CD57. J Immunol
174: 6088-6094, 2005.
Koch S, Larbi A, Ozcelik D, Solana R, Gouttefangeas C, Attig S, Wikby A, Strindhall J, Franceschi C, and Pawelec G. Cytomegalovirus infection: a driving force in
human T cell immunosenescence. Ann N Y Acad Sci 1114: 23-35, 2007.
Koch S, Solana R, Dela Rosa O, and Pawelec G. Human cytomegalovirus infection
and T cell immunosenescence: a mini review. Mech Ageing Dev 127: 538-543, 2006.
Kruger K, Lechtermann A, Fobker M, Volker K, and Mooren FC. Exercise-induced
redistribution of T lymphocytes is regulated by adrenergic mechanisms. Brain Behav
Immun 22: 324-338, 2008.
Kruger K, and Mooren FC. T cell homing and exercise. Exerc Immunol Rev 13: 3754, 2007.
Li Y, Hofmann M, Wang Q, Teng L, Chlewicki LK, Pircher H, and Mariuzza RA.
Structure of natural killer cell receptor KLRG1 bound to E-cadherin reveals basis for
MHC-independent missing self recognition. Immunity 31: 35-46, 2009.
Marcolino I, Przybylski GK, Koschella M, Schmidt CA, Voehringer D, Schlesier M,
and Pircher H. Frequent expression of the natural killer cell receptor KLRG1 in
human cord blood T cells: correlation with replicative history. Eur J Immunol 34:
2672-2680, 2004.
Mariani E, Meneghetti A, Formentini I, Neri S, Cattini L, Ravaglia G, Forti P, and
Facchini A. Different rates of telomere shortening and telomerase activity reduction
in CD8 T and CD16 NK lymphocytes with ageing. Exp Gerontol 38: 653-659, 2003.
Masopust D, Vezys V, Marzo AL, and Lefrancois L. Preferential localization of
effector memory cells in nonlymphoid tissue. Science 291: 2413-2417, 2001.
McFarlin BK, Flynn MG, Stewart LK, and Timmerman KL. Carbohydrate intake
during endurance exercise increases natural killer cell responsiveness to IL-2. J Appl
Physiol 96: 271-275, 2004.
Mooren FC, Bloming D, Lechtermann A, Lerch MM, and Volker K. Lymphocyte
apoptosis after exhaustive and moderate exercise. J Appl Physiol 93: 147-153, 2002.
Nielsen HB, Secher NH, Kristensen JH, Christensen NJ, Espersen K, and Pedersen
BK. Splenectomy impairs lymphocytosis during maximal exercise. Am J Physiol
272: R1847-1852, 1997.
Ouyang Q, Wagner WM, Voehringer D, Wikby A, Klatt T, Walter S, Muller CA,
Pircher H, and Pawelec G. Age-associated accumulation of CMV-specific CD8+ T
cells expressing the inhibitory killer cell lectin-like receptor G1 (KLRG1). Exp
Gerontol 38: 911-920, 2003.

54 • Senescent T-cells mobilized by acute exercise in man
25.
26.
27.
28.

29.

30.
31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pawelec G. Immunosenescence and vaccination. Immun Ageing 2: 16, 2005.
Pawelec G, Akbar A, Caruso C, Solana R, Grubeck-Loebenstein B, and Wikby A.
Human immunosenescence: is it infectious? Immunol Rev 205: 257-268, 2005.
Pawelec G, Derhovanessian E, Larbi A, Strindhall J, and Wikby A. Cytomegalovirus
and human immunosenescence. Rev Med Virol 19: 47-56, 2009.
Peters EM, Van Eden M, Tyler N, Ramautar A, and Chuturgoon AA. Prolonged exercise does not cause lymphocyte DNA damage or increased apoptosis in well-trained
endurance athletes. Eur J Appl Physiol 98: 124-131, 2006.
Rosshart S, Hofmann M, Schweier O, Pfaff AK, Yoshimoto K, Takeuchi T, Molnar
E, Schamel WW, and Pircher H. Interaction of KLRG1 with E-cadherin: new functional and structural insights. Eur J Immunol 38: 3354-3364, 2008.
Shay JW, and Roninson IB. Hallmarks of senescence in carcinogenesis and cancer
therapy. Oncogene 23: 2919-2933, 2004.
Shephard RJ. Adhesion molecules, catecholamines and leucocyte redistribution during and following exercise. Sports Med 33: 261-284, 2003.
Shinomiya N, Koike Y, Koyama H, Takayama E, Habu Y, Fukasawa M, Tanuma S,
and Seki S. Analysis of the susceptibility of CD57 T cells to CD3-mediated apoptosis. Clin Exp Immunol 139: 268-278, 2005.
Simpson RJ, Cosgrove C, Ingram LA, Florida-James GD, Whyte GP, Pircher H, and
Guy K. Senescent T-lymphocytes are mobilised into the peripheral blood compartment in young and older humans after exhaustive exercise. Brain Behav Immun 22:
544-551, 2008.
Simpson RJ, Florida-James GD, Cosgrove C, Whyte GP, Macrae S, Pircher H, and
Guy K. High-intensity exercise elicits the mobilization of senescent T lymphocytes
into the peripheral blood compartment in human subjects. J Appl Physiol 103: 396401, 2007.
Simpson RJ, Florida-James GD, Whyte GP, Black JR, Ross JA, and Guy K. Apoptosis does not contribute to the blood lymphocytopenia observed after intensive and
downhill treadmill running in humans. Res Sports Med 15: 157-174, 2007.
Simpson RJ, Florida-James GD, Whyte GP, and Guy K. The effects of intensive,
moderate and downhill treadmill running on human blood lymphocytes expressing
the adhesion/activation molecules CD54 (ICAM-1), CD18 (beta2 integrin) and
CD53. Eur J Appl Physiol 97: 109-121, 2006.
Simpson RJ, and Guy K. Coupling Aging Immunity with a Sedentary Lifestyle: Has
the Damage Already Been Done? - A Mini-Review. Gerontology 2009. PMID:
20029165
Simpson RJ, Wilson MR, Black JR, Ross JA, Whyte GP, Guy K, and Florida-James
GD. Immune alterations, lipid peroxidation, and muscle damage following a hill
race. Can J Appl Physiol 30: 196-211, 2005.
Spaulding C, Guo W, and Effros RB. Resistance to apoptosis in human CD8+ T cells
that reach replicative senescence after multiple rounds of antigen-specific proliferation. Exp Gerontol 34: 633-644, 1999.
Starr JM, McGurn B, Harris SE, Whalley LJ, Deary IJ, and Shiels PG. Association
between telomere length and heart disease in a narrow age cohort of older people.
Exp Gerontol 42: 571-573, 2007.
Starr JM, Shiels PG, Harris SE, Pattie A, Pearce MS, Relton CL, and Deary IJ.
Oxidative stress, telomere length and biomarkers of physical aging in a cohort aged
79 years from the 1932 Scottish Mental Survey. Mech Ageing Dev 2008.

Senescent T-cells mobilized by acute exercise in man • 55
42.

43.

44.

45.

46.

47.

Steensberg A, Morrow J, Toft AD, Bruunsgaard H, and Pedersen BK. Prolonged
exercise, lymphocyte apoptosis and F2-isoprostanes. Eur J Appl Physiol 87: 38-42,
2002.
Targonski PV, Jacobson RM, and Poland GA. Immunosenescence: role and measurement in influenza vaccine response among the elderly. Vaccine 25: 3066-3069,
2007.
Timmons BW, and Bar-Or O. Lymphocyte expression of CD95 at rest and in
response to acute exercise in healthy children and adolescents. Brain Behav Immun
21: 442-449, 2007.
Van den Hove LE, Van Gool SW, Vandenberghe P, Boogaerts MA, and Ceuppens JL.
CD57+/CD28- T cells in untreated hemato-oncological patients are expanded and
display a Th1-type cytokine secretion profile, ex vivo cytolytic activity and
enhanced tendency to apoptosis. Leukemia 12: 1573-1582, 1998.
Voehringer D, Blaser C, Brawand P, Raulet DH, Hanke T, and Pircher H. Viral infections induce abundant numbers of senescent CD8 T cells. J Immunol 167: 48384843, 2001.
Voehringer D, Koschella M, and Pircher H. Lack of proliferative capacity of human
effector and memory T cells expressing killer cell lectinlike receptor G1 (KLRG1).
Blood 100: 3698-3702, 2002

