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Abstract Athletes appear to be at a greater risk of illness
while undertaking arduous training regimens in preparation
for endurance events. As infection susceptibility has been
linked with increased proportions of diVerentiated and senes-
cent T cells in the periphery, changes in the proportions of
these cell types due to long-term high-volume exercise train-
ing could have important implications for athlete infection
risk. This study examined the eVects of 6-month training
preparation for an Ironman triathlon on the proportions of
naïve, memory and senescent T cells in resting blood. Ten
club-level triathletes (9 males; 1 female: 43 § 3 years) were
sampled at 27 (December), 21 (January), 15 (March), 9
(May) and 3 (June) weeks before an Ironman Triathlon. An
additional sample was collected 2-week post-competition
(August). Four-colour Xow cytometry was used for the phe-
notypic analysis of CD4+ and CD8+ blood T cells. Propor-
tions of diVerentiated (KLRG1+/CD57¡) CD8+ T cells and
“transitional” (CD45RA+/CD45RO+) CD4+ and CD8+
T cells increased with training, as the values in June were

elevated 37, 142 and 116%, respectively, from those
observed in December. Proportions of senescent (KLRG1+/
CD57+) CD4+ or CD8+ T cells did not change during the
training phase. Two weeks post-race, proportions of diVeren-
tiated CD8+ T cells had returned to baseline values, while the
proportions of senescent CD4+ T cells increased 192%
alongside a 31% reduction in naïve (CD45RA+/CD45RO¡)
cells. In conclusion, increases in diVerentiated and “transi-
tional” T cells due to arduous exercise training could com-
promise host protection to novel pathogens and increase
athlete infection risk, although whether or not the composi-
tion of naïve and diVerentiated T cells in blood can serve as
prognostic biomarkers in athletes remains to be established.

Keywords KLRG1 · Exercise immunology · Endurance 
training · Flow cytometry

Background

Natural immunity is strongly inXuenced by physical exer-
cise, and while it is widely accepted that moderate exercise
increases life expectancy and general immune function
(Drela et al. 2004; Gleeson 2007; Simpson and Guy 2010),
periods of heavy exercise appear to increase symptoms of
upper respiratory tract infection (URTI) in athletes
(Bermon 2007; Konig et al. 2000; Nieman 1997), indicat-
ing that high-volume exercise might have an immunosup-
pressive eVect. The immunological mechanisms that
underpin this apparent increased infection susceptibility in
athletes are unknown, but are likely to be multi-factorial
and include perturbations of the T-cell compartment.

T-cell senescence is a state of immune dysfunction
whereby antigen-speciWc T cells become terminally diVer-
entiated and are unable to proliferate in response to further
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antigenic stimuli (Simpson 2011; Simpson and Guy 2010).
Persistent exposure to pathogens, frequent reactivations of
latent viruses and increased levels of oxidative stress
are believed to cause the premature senescence of speciWc
T-cell subsets (EVros 2010; Pawelec et al. 2009). Antigen-
experienced T cells that have reached end-stage replication
develop an increased resistance to apoptosis (Spaulding
et al. 1999), allowing them to accumulate in blood and tis-
sues at the expense of naïve antigen-virgin T cells, increas-
ing host infection risk. This is due to a lowered “immune
space” that is caused by the shrunken repertoire of naïve
T cells that are capable of responding to newly evolving
pathogens such as inXuenza, rhinovirus (the common cold)
and respiratory syncytial virus (RSV) among others (Koch
et al. 2006; Pawelec et al. 2009; Simpson 2011; Simpson
and Guy 2010).

While naïve T cells tend to express both CD45RA and
the co-stimulatory molecule CD28 on their surface,
CD45RA is lost upon antigen encounter as the naïve T cell
diVerentiates into an eVector-memory cell (Carrasco et al.
2006) and acquires expression of the killer cell lectin-like
receptor G1 (KLRG1). Many of these eVector cells die by
apoptosis following infection resolution, while others sur-
vive and form part of the long-term memory T-cell pool
(Simpson 2011). Further stimulation causes increased
diVerentiation, driving the cell towards a senescent pheno-
type. Early diVerentiated T cells retain CD28, but express
KLRG1 and the memory cell marker CD45RO (KLRG1+/
CD28+/CD45RA¡/CD45RO+). Following excessive rounds
of cell division, memory T cells acquire a senescent pheno-
type by losing CD28 and expressing CD57 (KLRG1+/
CD28¡/CD57+) (Ibegbu et al. 2005). Blood T cells
expressing KLRG1 are known to have very little (KLRG1+/
CD28+/CD57¡) or no proliferative capacity (KLRG1+/
CD28¡/CD57+) in response to mitogenic stimulation in
vitro (Ibegbu et al. 2005; Voehringer et al. 2002) and
expansion of these cell populations are associated with
persistent viral infections and ageing (Ibegbu et al. 2005;
Ouyang et al. 2003).

We have shown previously that acute high-intensity
exercise causes antigen-experienced T cells with a diVeren-
tiated (i.e. KLRG1+/CD28+/CD57¡) and senescent (i.e.
KLRG1+/CD28¡/CD57+) cell surface phenotype to enter
the peripheral blood compartment (Simpson et al. 2007,
2008, 2010), and that people with above average scores for
maximal oxygen uptake have a lower frequency of senes-
cent CD8+ T cells in resting blood (Spielmann et al. 2011).
However, no study to our knowledge has investigated the
eVects of regular high-volume exercise training on the fre-
quency of memory and senescent T cells in resting blood.
As an increase in infectious episodes is believed to be asso-
ciated with excess clones of diVerentiated and senescent
T cells and lowered numbers of naïve T cells (Fagnoni

et al. 2000; Pawelec 2006), it is plausible that changes in
the proportions of these cell types due to long-term high-
volume exercise training could have important implications
for athlete infection risk.

The aim of this study was to longitudinally examine
changes in the proportions of naïve, diVerentiated and
senescent cells within CD4+ and CD8+ blood T-cell sub-
sets in club-level athletes preparing for the Zurich 2008
Ironman triathlon. We hypothesised that 6 months of high-
volume exercise training in preparation for this competition
would lead to an increased proportion of diVerentiated and
senescent T cells in resting peripheral blood.

Materials and methods

Subjects

Ten subjects (9 males and 1 female) from Stirling Triathlon
Club, Scotland who were scheduled to compete in the
Zurich Ironman race on July 13th 2008 volunteered to par-
ticipate in this study. The subjects were aged 39–50 years
(mean = 43 § 3 years) and their physical characteristics are
presented in Table 1. Fasting, resting intravenous blood
samples were collected six times over a 6-month period
between 9 and 11 a.m. on the morning of each testing date
(Fig. 1) using K2E EDTA Vacutainer blood collection
tubes (BD Biosciences, Oxford, UK) with ¾� BD Vacu-
tainer Safety-Lok™ blood collection sets (BD Biosciences,
Oxford, UK). Measurements of resting heart rate, maximal
oxygen uptake and swim time were also obtained during
the same week as the fasted resting blood draws. Sample
collection started in December 2007, and continued through
August 2008, 2 weeks after the subjects competed in the
Zurich Ironman race. All subjects provided their written
informed consent and ethical approval was obtained from
the committee for the protection of human subjects (CPHS)
at Stirling University.

Athlete performance assessment and training load

All participants completed a maximal treadmill test, maxi-
mal cycle ergometer test and an incremental swimming
protocol (followed by a 150 m time-trial) in an indoor pool
following the procedures described by Neal et al. (2011).
Each test was performed four times throughout the training
phase of the study in the months of January, March, May
and June with an additional test performed 2 weeks after
the race (Table 1). All tests were performed at the same
time of day to exclude diurnal variation. The training load
(intensity £ volume) of each training session during the
6-month period was estimated using the training impulse
(TRIMP) method (Foster et al. 2005). BrieXy, the TRIMP
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score is calculated by multiplying the duration spent in each
training zone by the number of the zone (e.g. 1 min in zone
one is given a score of one TRIMP, 1 min in zone two is
given a score of two TRIMPS and 1 min in zone three is
given a score of three TRIMPS). The total TRIMP score
was obtained by summing the results of the three zones.

Labelling of cell surface antigens

Peripheral blood mononuclear cells (PBMCs) were isolated
using Lymphoprep (Axis-Shield, Oslo, Norway) as previ-
ously described by Simpson et al. (2006). Cell counts were
performed using a Nucleocounter (Chemometic, Denmark)
and cell viability was determined in each instance by Try-
pan Blue exclusion. Aliquots of 0.5 £ 106 PBMCs were

labelled with appropriate monoclonal antibodies (mAbs)
and incubated for 1 h at room temperature before four-col-
our Xow cytometric analysis. Each sample was labelled
with anti-CD3 APC (Immunotools, Germany) and one of
anti-CD4 (Immunotools, Germany) or anti-CD8 PECy-5
(Immunotools, Germany) mAbs to identify T lymphocyte
subsets, before the addition of anti-KLRG1 AlexaXuor 488
(Marcolino et al. 2004), and one of anti-CD57 (BD PharM-
ingen, CA, USA) or anti-CD28 PE (BD PharMingen, CA,
USA) mAbs, to identify senescent T lymphocytes, or anti-
CD45RA FITC (Immunotools, Germany) and anti-
CD45RO PE (BD PharMingen, CA, USA) mAbs to
identify naïve and memory T lymphocytes. Anti-CD14
FITC (Immunotools, Germany) and anti-CD66 PE mAbs
(Immunotools, Germany) were used to negatively assess
the purity of the cell population within the total lymphocyte
gate (>98% purity for all samples). All mAbs were pre-
titrated to determine optimal conditions for Xow cytometric
analysis. The antibody panel used for our Xow cytometric
analysis and the phenotypic characteristics of the cell types
of interest are shown in Tables 2 and 3, respectively.

Flow cytometry

Flow cytometry was performed using a FACSCalibur Xow
cytometer (BD Biosciences, San Jose, CA, USA) equipped
with a 15 mW argon ion laser emitting light at a Wxed wave-
length of 488 nm and a 10 mW photodiode laser emitting
light at 635 nm. Cellular analysis was conducted using Cell
Quest Pro software (BD Biosciences, San Jose, CA, USA).
Lymphocytes were identiWed and electronically gated using
the forward and side light-scatter mode. Forward scatter

Fig. 1 Testing dates and training phases for the club-level triathletes
(n=10) over the 6-month training period. The Ironman triathlon race
was performed on July 13th. Blood samples were collected during each
testing date from Dec to Aug. Exercise performance measures (swim,
bike and run) and training load calculations (TRIMPS) were collected
from Jan to June only (see text for details)
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Table 1 Physical characteristics, training volume/load and exercise performance measures of the participants

SigniWcant diVerence from the Wrst collected measure (i.e. Jan 31st or Mar 28th) indicated by * p < 0.05. SigniWcant diVerence from measures
collected on June 20th indicated by # p < 0.05

Testing date

Jan 31st Mar 28th May 8th Jun 20th Aug 4th (2-week 
post-race)

Height (m) 1.8 § 0.1 1.8 § 0.1 1.8 § 0.1 1.8 § 0.1 1.8 § 0.1

Mass (kg) 78.3 § 10.3 77.9 § 9.7 77.5 § 9.7 76.8 § § 10.0* 77.3 § 10.0

BMI (kg/m2) 24.5 § 2.4 24.4 § 2.3 24.2 § 2.2 24.0 § 2.4 24.2 § 2.4

Body fat (%) 20.1 § 2.5 19.0 § § 3.3 17.4 § 5.7 17.7 § 3.5 Not measured

Resting HR (bpm) 49.6 § 6.3 49.2 § § 5.2 47.9 § 8.9 50.1 § 6.8 Not measured

VO2max bike (ml O2/kg/min) 60.1 § 5.1 59.8 § § 4.9 60.7 § 4.4 61.9 § 4.9 60.4 § 6.9

VO2max run (ml O2/kg/min 66.0 § 6.1 66.0 § 5.7 65.9 § 5.1 66.8 § 5.2* 65.0 § 6.3#

150m swim time (min:sec) 02:04 § 00:17 02:02 § 00:13 01:59 § 00:14 02:00 § 00:13 Not measured

Average training volume since 
previous test (h/week)

Not measured 8.1 § 3.8 11.0 § 3.2* 9.9 § § 4.0* Not measured

Training load (TRIMPS) 
since previous test

Not measured 700 § 323 884 § 266* 802 § 321* Not measured
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against APC Xuorescence was used to identify the CD3+ T
lymphocyte population. This population was gated electroni-
cally and the expression of CD4 and CD8 was used to iden-
tify T-cell subsets within this gate. A further electronic gate
was placed around the CD3+/CD4+ or CD3+/CD8+ popula-
tion where appropriate, and the expression of KLRG1,
CD28, CD57, CD45RA and CD45RO, and the co-expression
of KLRG1/CD28, KLRG1/CD57 and CD45RA/CD45RO on
CD3+/CD4+ or CD3+/CD8+ cells were determined using
single parameter histograms and two parameter dot plots. For
each sample, 20,000 events were collected in the CD3+ gate
for analysis. The Xuorescent ampliWers of the FL1-FL4
detector Wlters were adjusted to ensure that the negative cell
population (as deWned by the lymphocytes labelled using the
appropriate isotype control) appeared in the Wrst logarithmic

decade. An electronic marker was placed at the limit of the
negative controls to quantify the percentage of lymphocytes
and lymphocyte subsets that were positive and negative for
each cell surface antigen. Electronic compensation was used
to resolve any overlapping emission spectra using single-
labelled tubes with each mAb.

Statistical analysis

All statistical analyses were performed using SPSS version
17 (Chicago, Il, USA). Separate maximum likelihood linear
mixed model were used to detect changes in cell surface
phenotypes over the training period (time). Subject ID was
used as the within subject identiWer variable and time was a
second, repeated variable. An autoregressive covariance
structure was employed in order to compensate for occa-
sional missing data due to unavoidable absences from sam-
pling dates by some subjects. When main eVects for time
were found, pair-wise comparisons with Bonferonni correc-
tion were made to determine the location of the signiWcant
eVects. Statistical signiWcance was accepted at p < 0.05.

Results

Subject performance and physical characteristics

All subjects successfully completed the Zurich 2008 Ironman
race with a mean completion time of 11:55:15 § 01:03:27
(h:min:sec). Mean completion times (h:min:sec) within each
discipline were: 01:13:46 § 00:09:01 (swim); 06:11:31 §
00:30:44 (bike) and 04:20:27 § 00:34:26 (run). The average
water temperature during the swim portion of the race was

Table 2 Antibody panel for four-colour Xow cytometry analysis

Each monoclonal antibody was directly conjugated to FITC or
Alexa488, PE, PE Cy5 or APC. Tubes 1–6 were used for the experi-
mental assays to identify the phenotypes described in Table 1. Tube 7
was used as a control to exclude potential monocyte (CD14+) and
granulocyte (CD66+) contamination in the lymphocyte gate. Single
colour tubes were also used in each assay to adjust for overlapping
emission spectra (see text for details)

Tube FITC/Alexa488 PE PE Cy5 APC

1 KLRG1 CD57 CD4 CD3

2 KLRG1 CD57 CD8 CD3

3 KLRG1 CD28 CD4 CD3

4 KLRG1 CD28 CD8 CD3

5 CD45RA CD45RO CD4 CD3

6 CD45RA CD45RO CD8 CD3

7 CD14 CD66 – –

Table 3 Phenotypic identiWcation of blood T-cell subsets

a Approximately 3–7% of all CD8+ T cells displaying this phenotype may be central-memory T cells (Koch et al. 2008)
b Although this phenotype identiWes naïve T cells, highly diVerentiated eVector-memory CD8+ T cells can re-express CD45RA without
co-expressing CD45RO. These cells can account for around 20% of total CD8+ T cells (Sallusto et al. 1999, 2004)
C The term “senescent” has been used to describe cells with this phenotype, however, some KLRG1+/CD28-cells may be in a state of “exhaustion”
and their proliferative capabilities may be restored under certain circumstances (Akbar and Henson 2011)
d The variation in CCR7 expression (28–57%) among KLRG1+/CD28+ cells (Ibegbu et al. 2005) indicates that this phenotype may overlap both
central memory and eVector-memory T cells
e IdentiWes naïve T cells transitioning to a memory phenotype, or eVector-memory T cells transitioning to a terminal phenotype

Phenotype T-cell subsets References

KLRG1-/CD28+a Naïve T cells Koch et al. (2008)

CD45RA+/CD45RO¡b Sanders et al. (1988); Akbar et al. (1988)

KLRG1+/CD28¡c Senescent T cells Ibegbu et al. (2005); Voehringer et al. (2002)

KLRG1+/CD57+c

KLRG1+/CD28+d DiVerentiated T cells Ibegbu et al. (2005); Koch et al. (2008)

KLRG1+/CD57¡d

CD45RA-/CD45RO+ Memory T cells Sanders et al. (1988); Akbar et al. 1988

CD45RA+/CD45RO+e Transitional T cells Sanders et al. (1988); Akbar et al. (1988)
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21°C, and average temperatures of 12 and 17°C for the bike
and run components were recorded, respectively. Changes in
subject physical characteristics in response to the 6-month
training period are presented in Table 1.

CD4+ and CD8+ T-cell subsets

The proportions of CD4+ and CD8+ cells within the total
T-cell population (CD3+) and the CD4/CD8 ratio are pre-
sented in Table 4. No signiWcant changes were found over
the 6-month period. Similarly, total T-cell expression of the
cell surface antigens KLRG1+, CD57+, CD28+, CD45RA+
and CD45RO+ did not change signiWcantly due to training
or within 2 weeks of recovery following the race.

Naïve, memory and “transitional” T-cell subsets

Changes in the proportions of naïve, memory and “transi-
tional” T cells due to the training regimen and the triathlon
were identiWed using combinations of CD45RA and
CD45RO expression (Fig. 2). A main eVect for time was
found for the proportions of naïve (CD45RA+/CD45RO¡)
cells within the CD4+ (p < 0.01) but not the CD8+ T-cell
subset (p > 0.05). This eVect was not due to changes during
the training phase from Dec to June (p > 0.05); however,
2 weeks after the Ironman (Aug), the proportion of naïve
cells within the CD4+ subset was 31.2% lower than base-
line (p < 0.01) and lower than all other sampling time
points also (p < 0.05). A main eVect for time was found for
the proportions of memory (CD45RA-/CD45RO+) cells
within the CD8+ (p < 0.01) but not the CD4+ T-cell subset
(p > 0.05). Although no diVerences were found compared
to baseline (p > 0.05), a decrease of 36.2% in June (i.e. dur-
ing the taper phase) compared to May (p < 0.05) was
reported, and subsequently increased by 73.8% (p < 0.01)
2 weeks after the race (Aug). A main eVect for time was
found for the proportions of “transitional” (CD45RA+/

CD45RO+) cells within both CD4+ and CD8+ T-cell sub-
sets (p < 0.01). No signiWcant changes were found between
the months of Dec and May (p > 0.05), but the proportion
of “transitional” cells was 141.5 and 115.5% greater in June
(i.e. during the taper phase) compared to May for CD4+
and CD8+ T cells, respectively (p < 0.01). In August
(2 weeks after the race), the proportion of “transitional”
CD4+ T cells increased by a further 29.3% but this was not
signiWcantly diVerent from the values recorded in June
(p > 0.05).

DiVerentiated and senescent T-cell subsets

A main eVect for time was found for the proportions of
diVerentiated (KLRG1+/CD57¡) and senescent (KLRG1+/
CD57+) cells within the CD4+ T-cell subset (p < 0.05), and
also for diVerentiated (p < 0.05), but not senescent
(p < 0.05), cells within the CD8+ T-cell subset (Fig. 3). For
CD4+ T cells, senescent cells increased by 192.4% in
August (2-week post-race) compared to December
(p < 0.01). Values at August were also signiWcantly greater
than in January (p < 0.05), March (p < 0.05), May
(p < 0.05) and June (p < 0.01). In August, the proportions
of CD4+ diVerentiated cells were not diVerent to baseline
(p > 0.05), but were found to be 47.3% lower than March
(p < 0.05) at the middle of the training phase. Moreover,
the proportion of total KLRG1+ cells within the CD4+
T-cell subset in March (i.e. during the middle of the train-
ing phase) was 71.6% greater than in December (p < 0.05;
data not shown). The proportion of diVerentiated cells
within the CD8+ T-cell subset increased by 37.0% in June
(i.e. during the taper phase) compared to December
(p < 0.05). Values in August (i.e. 2-week post-race) were
25.6% lower than those observed in June (p < 0.05).
Peripheral blood KLRG1¡/CD57+ CD4+ and CD8+
T cells did not change over the 6-month training period
(p > 0.05).

Table 4 The proportions of CD4+ and CD8+ cells among total T cells (CD3+) and the percentage of all T cells expressing KLRG1, CD57, CD28,
CD45RA and CD45RO during the training period

Values are mean § SD. No signiWcant changes were observed for the phenotype characteristics of total CD3+ lymphocytes due to training
(p > 0.05)

% of total CD3+ lymphocytes

Dec Jan Mar May Jun Aug

CD4 62.8 § 8.2 62.7 § 10.8 62.7 § 10.6 64.1 § 10.0 61.3 § 10.6 52.8 § 13.1

CD8 36.1 § 9.6 35.0 § 10.1 35.1 § 9.9 34.8 § 8.9 32.9 § 10.8 44.4 § 12.5

CD4/CD8 Ratio 1.9 § 0.8 2.0 § 0.9 2.0 § 0.9 2.0 § 0.8 2.3 § 4.5 1.5 § 1.1

KLRG1 25.8 § 11.8 25.3 § 13.1 29.0 § 13.2 25.4 § 11.1 27.2 § 13.7 34.9 § 18.0

CD57 16.3 § 9.6 16.6 § 11.5 16.5 § 11.1 13.3 § 8.2 16.4 § 12.3 20.7 § 12.8

CD28 84.0 § 11.7 84.9 § 12.2 85.0 § 11.9 86.3 § 9.4 86.3 § 12.3 79.3 § 15.6

CD45RA 57.2 § 9.5 60.0 § 11.8 55.4 § 10.0 45.2 § 14.0 60.3 § 11.9 75.1 § 9.8

CD45RO 45.6 § 10.3 45.5 § 13.7 45.8 § 10.6 47.2 § 10.8 48.7 § 14.1 52.4 § 20.4
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Discussion

This study examined the impact of 6-month training prepa-
ration for an Ironman triathlon race on the proportions of
naïve, memory and senescent cells within CD4+ and CD8+
T-cell subsets in a cohort of club-level triathletes. It was
found that the proportions of diVerentiated memory CD8+

T cells and the proportions of “transitional” CD4+ and
CD8+ T cells increased over the 6-month training period,
as the values observed in June (during the taper phase) were
elevated from those observed in December (baseline). The
proportions of senescent CD4+ or CD8+ T cells did not
change in response to the training phase. Two weeks after
the race, proportions of diVerentiated CD8+ T cells had

Fig. 2 Changes in the proportions of naïve (CD45RA+/CD45RO¡),
memory (CD45RA¡/CD45RO+) and “transitional” (CD45RA+/
CD45RO+) CD4+ and CD8+ T cells due to the training regimen and
the triathlon race were determined by four-colour Xow cytometric anal-
ysis of peripheral blood lymphocytes. Linear mixed models were used

to detect changes in the proportions of these cell types in blood samples
collected from Dec to Aug. The June blood samples were collected
»3 weeks before the triathlon and the August blood samples were col-
lected »2 weeks after. SigniWcant diVerences between appropriate
time points are indicated: *p < 0.05; **p < 0.01
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returned to baseline values; however, an increased propor-
tion of senescent and “transitional” cells was observed
alongside a reduction in naïve cells within the CD4+ T-cell
subset. Increased proportions of diVerentiated T cells due to
long-term arduous exercise training may leave athletes
more susceptible to illness.

The eVects of acute exercise on the numbers and propor-
tions of diVerentiated and senescent T cells in peripheral

blood have received a considerable amount of recent
research interest (Anane et al. 2009; Campbell et al. 2009;
Simpson et al. 2007, 2008, 2010; Turner et al. 2010). How-
ever, given that increased proportions of diVerentiated and
senescent T cells are associated with a heightened risk of
infection, and that athletes, in turn, appear to be more
susceptible to illness during periods of heavy training, we
were interested to document longitudinal changes in the

Fig. 3 Changes in the proportions of diVerentiated (KLRG1+/CD57-)
and senescent (KLRG1+/CD57+ or KLRG1-/CD57+) CD4+ and
CD8+ T cells due to the training regimen and the triathlon race were
determined by four-colour Xow cytometric analysis of peripheral blood
lymphocytes. Linear mixed models were used to detect changes in the

proportions of these cell types in blood samples collected from Dec to
Aug. The June blood samples were collected »3 weeks before the tri-
athlon and the August blood samples were collected »2 weeks after.
SigniWcant diVerences between appropriate time points are indicated:
*p < 0.05; **p < 0.01
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proportions of these cell types in preparation for an Iron-
man triathlon. The training regimen resulted in an increased
proportion of diVerentiated CD8+ T cells expressing
KLRG1 (KLRG1+/CD57¡), which are antigen-experi-
enced memory cells that have limited proliferative potential
(Ibegbu et al. 2005; Voehringer et al. 2002). CD8+ T cells
expressing KLRG1 are less responsive to mitogens and
cognate antigens (Henson et al. 2009; Ibegbu et al. 2005;
Voehringer et al. 2002), indicating that an accumulation of
KLRG1+ T cells with exercise could lower the naïve anti-
gen T cell repertoire, impairing immune responses to newly
evolving pathogens (i.e. inXuenza, rhinovirus, RSV) during
periods of heavy training and competition. There were,
however, no changes in the proportion of senescent CD8+
T cells (KLRG1+/CD57+), suggesting that the increase in
KLRG1+ cells during the training period was due to an
accumulation of recently diVerentiated memory and eVec-
tor-memory T cells. The increased proportion of “transi-
tional” CD45RA+/CD45RO+ CD8+ T cells could be due to
recent encounters of naïve T cells with new antigens elicit-
ing their transition into eVector-memory T cells. Alterna-
tively, this could also represent a diVerential shift of
memory cells to late stage diVerentiated cells, as memory T
cell that have undergone multiple rounds of cell division is
known to re-express CD45RA, which is also indicative
of the time elapsed since the last antigenic encounter
(Carrasco et al. 2006).

The appearance of KLRG1+ diVerentiated T cells with
training could be due to a number of reasons. These include
increased incursion of external pathogens due to lowered
immune surveillance (Ibegbu et al. 2005; Voehringer et al.
2001), heightened oxidative stress levels (Reichhold et al.
2009b; Turner et al. 2011), the release of inXammatory
mediators that can impact on T-cell diVerentiation, or
to reactivations of latent viruses (Thimme et al. 2005;
Voehringer et al. 2001). Increased levels of oxidative stress
in response to arduous endurance training is well estab-
lished, particularly those that result in lipid peroxidation
(Finaud et al. 2006). Moreover, arduous endurance exercise
has been shown to result in oxidative DNA damage to
blood lymphocytes (Reichhold et al. 2009a, b), which could
induce proliferative arrest and cause them to acquire a
senescent phenotype. Indeed, it was shown recently that an
acute bout of strenuous exercise can induce transient
increases in lymphocyte oxidative stress that are indepen-
dent to changes in the composition of lymphocyte subtypes
(Turner et al. 2011), however, the link between alterations
in the levels of oxidative stress and T-cell phenotypes in
response to regular exercise training has yet to be estab-
lished.

The accumulation of KLRG1+/CD4+ T cells observed
in this study could be associative with the immunodepres-
sion that has been observed in athletes during intensive

periods of training (Nieman 1997; Spence et al. 2007).
Indeed, an increased frequency of non-proliferative CD4+
T lymphocytes could impair humoral immune responses
that tend to be lowered in athletes during high-volume
training periods (Buyukyazi et al. 2004; Verde et al. 1992).
However, although KLRG1 inhibits clonal expansion of
CD8+ T cells and its surface expression identiWes a cell
with limited proliferative potential, whether or not it has a
similar role to play in CD4+ T cells is equivocal. Animal
data (Beyersdorf et al. 2007) suggest that KLRG1 might be
expressed exclusively by regulatory T cells (Tregs)—a
unique cell population that functions to suppress a host of
activated immune responses, helping to maintain homeosta-
sis and tolerance to self antigens. CD4+ Tregs can be iden-
tiWed in humans by their expression of FoxP3 and CD25 at
a high Xuorescent intensity (Sakaguchi 2004). FoxP3 and
CD25Hi Tregs in mice also express KLRG1 (Beyersdorf
et al. 2007), which, although has yet to be investigated,
might also be true in humans. Therefore, the increased pro-
portion of KLRG1+ cells among the CD4+ T-cell popula-
tion during the middle of the training phase could be due to
an inXux of regulatory T cells. Indeed, long-term, moderate
exercise training increases the frequency of CD4+/CD25+
blood T cells in the elderly (Broadbent and Gass 2008). The
impact of regular high-volume exercise training on the fre-
quency and suppressive activities of Treg cells warrants
further investigation as this could provide further insight on
how high-volume exercise training inXuences immunity in
athletic populations.

The most striking changes in T-cell phenotype were
observed 2 weeks after the race. Although diVerentiated
CD8+ T cells had returned to baseline values, an increased
proportion of senescent and “transitional” cells, coupled
with a reduction in naïve cells, were observed within the
CD4+ T-cell subset. These larger changes in T-cell pheno-
type following the race could be due to increased pathogen
exposure as a consequence of lowered post-race immune
surveillance (i.e. the “open-window” theory), or even travel
stress (Rose et al. 1999), as the athletes had returned to the
UK from Zurich prior to collecting the post-race blood
sample. Nevertheless, these composition changes within
the T-cell compartment highlight the need to explore more
comprehensively T-cell phenotype changes during the
recovery phase of endurance competitions and how these
relate with other markers of “immune stress” such as latent
viral reactivation and lowered humoral immunity.

It is acknowledged that this study is limited by the lack
of an appropriate control group. As such, the baseline mea-
surements from each subject, collected in December before
the start of the 6-month training, was used to compare with
the measurements taken at the other time points. Recent
cross-sectional data from our lab have shown that the
proportion of CD8+ T cells that express KLRG1 (marker of
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T-cell diVerentiation) increases by »5% per decade (Spiel-
mann et al. 2011). In the present study, KLRG1+/CD57¡
diVerentiated T cells had increased, on average, by 5% over
the 6-month training period (Dec–June), although this
increase was transient as the proportions of diVerentiated
cells had returned to baseline 2 weeks after the race. How-
ever, in conjunction with our previous Wndings (Spielmann
et al. 2011), this indicates that the frequency of diVerenti-
ated T cells in peripheral blood is strongly inXuenced by
physical exercise. Whether or not transient changes in the
composition of naïve and diVerentiated T cells in peripheral
blood due to exercise training can serve as prognostic bio-
markers in athletes remains to be established. It is impor-
tant to note, however, that the number of leukocytes present
in peripheral blood is typically only 1–3% of the total and
their subset composition is strongly inXuenced by the
traYcking of certain cell types to and from the tissues, par-
ticularly in the context of exercise. As such, the T-cell com-
position in peripheral blood may not be indicative of the
phenotype and functional characteristics of T cells present
in other tissues.

In summary, this paper reports for the Wrst time an accu-
mulation of diVerentiated and “transitional” T cells in
response to a 6-month training regimen in a group of club-
level triathletes. Increases in diVerentiated T-cell subsets at
the expense of naïve T cell numbers could compromise host
protection to novel pathogens during periods of heavy train-
ing and when recovering from arduous endurance events.
Future research should attempt to determine the mechanisms
underpinning the increased frequency of diVerentiated T cells
in blood in response to exercise training and the potential
impact this might have on host infection risk.
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