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Abstract
Purpose It remains unknown how different training intensities and volumes chronically impact circulating lymphocytes and 
cellular adhesion molecules. First, we aimed to monitor changes in NK and T cells over a training season and relate these to 
training load. Second, we analyzed effects of training differences between swimmers on these cells. Finally, we examined if 
changes in lymphocytes were associated with sICAM-1 concentrations.
Methods We analyzed weekly training volume, training intensity, proportions of T and NK cells and serum sICAM-1 in 
eight sprint (SS) and seven middle-distance swimmers (MID) at three points over a 16-week training period: at the start (t0), 
after 7 weeks of increased training load (t7) and after 16 weeks, including 5-day taper (t16).
Results Training volume of all swimmers was statistically higher and training intensity lower from t0–t7 compared to t7–t16 
(p = 0.001). Secondly, training intensity was statistically higher in SS from t0–t7 (p = 0.004) and t7–t16 (p = 0.015), while MID 
had a statistically higher training volume from t7–t16 (p = 0.04). From t0–t7, NK (p = 0.06) and  CD45RA+CD45RO+CD4+ cells 
(p < 0.001) statistically decreased, while  CD45RA−CD45RO+CD4+ cells (p = 0.024) statistically increased. In a subgroup 
analysis, SS showed statistically larger increases in NK cells from t7–t16 than MID (p = 0.012). Lastly, sICAM-1 concentra-
tions were associated with changes in  CD45RA−CDRO+CD4+ cells (r = − 0.656, p = 0.08).
Conclusion These results indicate that intensified training in swimmers resulted in transient changes in T and NK cells. 
Further, NK cells are sensitive to high training volumes. Lastly, sICAM-1 concentrations may be associated with the migra-
tion and maturation of  CD4+ cells in athletes.
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Treg  Regulatory T cells
VCAM-1  Vascular cell adhesion molecule 1
Vmax  Maximal swimming speed

Introduction

Bouts of intensive exercise and strenuous periods of 
training have previously been shown to lead to changes 
in the populations of circulating lymphocytes in the 
bloodstream, while periods with reduced training load 
may reverse some of these changes (Cosgrove et al. 2012; 
Gleeson et al. 1995; Mujika et al. 1996; Rama et al. 2013; 
Teixeira et  al. 2014). For example, previous training 
studies have consistently shown a decrease in numbers 
of natural killer (NK) cells as a result of long periods of 
training (> 12 weeks) (Gleeson et al. 1995, 2000; Rama 
et al. 2013). In contrast, findings concerning T cells are 
more heterogeneous. In a study examining young adult 
swimmers over a 29-week training period, populations of 
naïve  CD4+  (CD45RA+  CD45RO−  CD4+), transitional 
 CD4+  (CD45RA+  CD45RO+  CD4+) and memory  CD4+ 
 (CD45RA−  CD45RO+  CD4+) cells changed in relation to 
in water training (Teixeira et al. 2014), while in a 6-month 
training period of adult triathletes leading up to an Iron-
man, changes were mainly found in proportions of transi-
tional  CD4+  (CD45RA+  CD45RO+  CD4+) cells (Cosgrove 
et al. 2012). Moreover, regulatory T cells (Treg) have 
been shown to be sensitive to periods of increased high-
intensity training. For example, numbers of Treg cells 
were shown to statistically increase after 1 week of high-
intensity training in adult hockey players (Weinhold et al. 
2016). Thus, the most responsive cells to exercise tend 
to have stronger cytotoxic functions (Witard et al. 2012), 
express phenotypes that are strongly associated with tis-
sue migration (Simpson et al. 2006), tend to be highly 
responsive to catecholamines due to a high expression of 
β-adrenoreceptors (Krüger et al. 2007) and express more 
mature phenotypes (Simpson et al. 2007). Therefore, the 
distribution and function of different subclasses of lym-
phocytes are essentially altered in response to exercise.

However, the mechanisms underlying the increased lev-
els of lymphocyte trafficking induced by exercise have not 
been fully understood. The mobilization of lymphocytes 
into the bloodstream from peripheral lymphoid organs or 
marginated pools in the endothelium may be mediated by 
increased levels of catecholamines (Krüger et al. 2007) 
or induced shear stress from the larger cardiac output and 
increased blood flow during exercise (Shephard 2003). It is 
possible that exercise-induced egress from the blood may 
reflect mobilization of lymphocytes into peripheral tissues 
and organs to increase immune surveillance (Krüger et al. 
2007; Krüger and Mooren 2007). This is a critical process 

for the efficiency of the immune system to promote cell-
to-cell interactions and, if necessary, generate adequate 
immune responses. These processes of migration and 
redistribution are regulated by the secretion of hormones, 
especially catecholamines and glucocorticoids (Dhabhar 
2014; Krüger et al. 2007), secretion of cytokines and dif-
ferential expression of chemokines and cell adhesion mol-
ecules in different target tissues (Constantin et al. 2000). 
Therefore, exercise-induced lymphocyte mobilization is 
particularly dependent on the expression of cell surface 
adhesion molecules and their counterreceptors (Shephard 
2003).

Migration of lymphocytes across the endothelium is a mul-
tistep process and molecules like intercellular adhesion mol-
ecule 1 (ICAM-1) play a major role in the firm adhesion of 
lymphocytes to the endothelium and pave the way for migra-
tion (Hubbard and Rothlein 2000). Catecholamines have previ-
ously been shown to play a role in the regulation of ICAM-1 
in the cell adhesion of lymphocytes to the endothelium, with 
increased levels of catecholamines inducing a shedding of 
ICAM-1 and an increase in soluble ICAM-1 (sICAM-1) in the 
blood (Rehman et al. 1997). This in turn leads to a detachment 
of cells from the endothelium and a competitive inhibition of 
binding to adhesion receptors of neighboring cells. Therefore, 
increased levels of sICAM-1 may inhibit the extravasation of 
lymphocytes into peripheral tissues. After an acute bout of 
exercise, levels of sICAM-1 temporarily increase (Akimoto 
et al. 2002; Nielsen and Lyberg 2004; Rehman et al. 1997) but 
little is known about the effect of longer training and recovery 
periods on levels of sICAM-1 and the relationship to changes 
in lymphocyte populations.

As proper immune responses are dependent on the abil-
ity of lymphocytes to migrate into surrounding tissues and 
sites of inflammation (Pedersen and Hoffman-Goetz 2000), 
it is important to determine the response of lymphocytes 
to changes in training intensity and volume and investigate 
the underlying mechanisms. To date, it remains unclear 
how periods of training at different intensities and volumes 
chronically impact populations of circulating T and NK 
cells and whether these changes are influenced by cellular 
adhesion molecules. Therefore, the aims of this prospective 
controlled study were threefold. First, we aimed to monitor 
changes in NK and T cells over the course of a 16-week 
training season and relate these to training load. Second, we 
analyzed the effects of differences in training volume and 
intensity between sprint (SS) and middle (MID) distance 
swimmers on populations of NK and T cells. Finally, it was 
examined if changes in lymphocyte populations were associ-
ated with changes in sICAM-1.
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Methods

Study design and training intervention

Training volume and intensity were monitored for a group of 
SS and MID swimmers during 16 weeks of the swimming 
season from August to December. Blood was collected at 
three time points throughout the season: before the start of 
the season after 3 weeks training of freely chosen volume 
and intensity (t0), after the first 7 weeks of increased train-
ing load (t7) and in the last week after 16 weeks of training 
and a pre-competition tapering period (t16). In-water train-
ing consisted of 7–8 weekly sessions of 1.5 h for SS and 2 h 
for middle distance swimmers, including both low intensity 
continuous as well as high-intensity interval training. In 
addition, dry land strength training was performed two or 
three times a week for MID and SS swimmers, respectively. 
Training volume was recorded as kilometers swum per week. 
To assess training intensity, a three-training zone model was 
established (Seiler and Kjerland 2006). Training zones were 
determined in relation to maximal swimming speed (Vmax): 
below 75% Vmax, between 75 and 85% Vmax and above 85% 
Vmax. Subjective training load was assessed using the session 
RPE method first developed by Foster et al. (1995). Athletes 
rated the intensity of the entire training session on the 6–20 
BORG scale and this intensity value was then multiplied 
by session duration (minutes), creating a single measure of 
internal training load (arbitrary units, AU).

Participants

A team of 15 well-trained adolescent swimmers volunteered 
to participate in this study. The swimmers were part of a 
group training at the Olympic Training Centre and regularly 
competed at the national level, with a training history of at 
least 5 years. The swimmers were classified as SS (50/100 m 
distance; n = 8, age: 15.3 ± 1.2 years, height: 177.2 ± 10.5 cm 
and body mass: 68.2 ± 11.5 kg) or MID (200/400 m distance; 
n = 7, 14.4 ± 1 years, height: 177.3 ± 4 cm and body mass: 
66.1 ± 7.2 kg). All participants were informed about possible 
risks of the study and written informed consent was provided 
both by the participants as well as their legal guardian prior 
to the start of the study. The study was conducted accord-
ing to the declaration of Helsinki and ethical approval was 
granted by the institutional review board (078/2018).

Blood sampling

Blood samples were collected in the morning after an over-
night fast and at least 24 h of rest. Blood was collected from 

the antecubital vein into sterile vacutainers, either  K2-EDTA 
tubes for blood cells counts or serum separation tubes (BD 
Vacutainer, Beckton, Dickinson, Heidelberg, Germany). 
Blood was transported on ice and serum was centrifuged for 
10 min at 2195 ×g 12 h after collection and stored at -80 °C 
for further analysis. EDTA blood was kept on a roller until 
FACS analysis was performed 24 h after blood collection.

Analytical procedures

We analyzed T and NK cell subpopulations from whole 
blood by multi-color flow cytometry (FACSArray, Becton 
Dickinson, Heidelberg, Germany). Gating strategies were 
applied as previously described elsewhere (Wenning et al. 
2013). The following antibodies were used: CD45 APC-
Cy7 (clone 2D1), CD4 APC (clone SK3), CD3 PE-Cy7 
(clone SK7), CD19 APC (clone SJ25C1), CD8 PE (clone 
SK1), CD45RA PE (clone HI100), CD45RO PE-Cy7 (clone 
UCHL1), CD127 PE (clone HIL7RM2) and CD25 APC 
(clone M-A251) (all antibodies: BD, Heidelberg, Germany). 
In addition, serum concentrations of sICAM-1 were deter-
mined by enzyme-linked immunosorbent assays (ELISA) 
in a laboratory specialized in clinical routine diagnostics 
(Labor Dr. Wisplinghoff, Cologne, Germany).

Statistical analysis

Data were firstly analyzed for the whole group of swim-
mers (pooled analysis) and in a second step for the sub-
groups of SS and MID separately. Results are presented as 
mean ± SD. Due to the limited sample sizes, data were ana-
lyzed by using non-parametric tests. Differences between 
time points were assessed using the Wilcoxon Signed Rank 
Test and a Bonferroni correction was applied for p values, 
by multiplying all pair-wise p-values with the number of 
comparisons conducted for each variable (i.e. t0–t7, t0–t16 
and t7–t16, respectively). Between-group comparisons of 
SS and MID were analyzed by the Mann–Whitney U test. 
Data from t7 and t16 were normalized to baseline values. 
The effect size r (ES) was calculated from the z-score and 
number of observations n, with ES > 0.1 being a small effect, 
ES > 0.3 being a medium effect and ES > 0.5 being a large 
effect (Rosenthal and DiMatteo 2001). To evaluate associa-
tions between dependent variables, Spearman Correlation 
Coefficients were calculated. Statistical significance for all 
tests was set at p ≤ 0.05. All data were analyzed using IBM 
SPSS Predictive Analytics (version 26.0, IBM Inc., Chicago, 
USA).
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Results

Training

Mean weekly training volume, the proportion of training 
above 85% Vmax and mean weekly session RPE are shown 
in Table 1. Differences in these variables were observed 
between time periods for pooled analysis (all p < 0.001), 
SS (p = 0.016, p = 0.008, p = 0.008, respectively) and MID 
(all p = 0.016). Statistical differences were also found for 
between groups from t0 to t7 for the proportion of train-
ing above 85% Vmax (p = 0.001) and weekly session RPE 
(p = 0.001) and from t7 to t16 for mean weekly training vol-
ume (p = 0.04), training above 85% Vmax (p = 0.015) and 
weekly session RPE (p = 0.001).

Pooled analysis of changes in T and NK cells

Changes in NK cells and T cells subsets throughout the 
training season are displayed in Table 2 and Fig. 1. Pro-
portions of NK cells statistically decreased from t0 to t7 
(p = 0.006, ES = 0.52) and statistically increased from t7 
to t16 (p = 0.006, ES = 0.53). Proportions of  CD4+ cells 
statistically increased from t0 to t7 (p = 0.036, ES = 0.45) 
and remained statistically unchanged thereafter (p = 0.366, 
ES = 0.29). Proportions of transitional  CD4+  (CD45RA+ 
 CD45RO+  CD4+) cells statistically decreased from t0 to 
t7 (p < 0.001, ES = 0.61) and statistically increased from 
t7 to t16 (p = 0.003, ES = 0.57). Proportions of memory 
 CD4+  (CD45RA−  CD45RO+  CD4+) cells statistically 
increased from t0 to t7 (p = 0.024, ES = 0.47) and statisti-
cally decreased from t7 to t16 (p < 0.001, ES = 0.59). The 
increase in proportions of Treg cells from t0 to t7 nearly 
reached statistical significance (p = 0.06, ES = 0.42), but 

Table 1  Analysis of training volume, training intensity and subjective training load

Data are mean ± SD
*Statistical difference between time periods
# Statistical difference between groups

Pooled analysis Sprint Middle distance

t0–t7 t7–t16 t0–t7 t7–t16 t0–t7 t7–t16

km/week 34.0 ± 3.7 28.7 ± 3.0* 32.5 ± 3.9* 26.6 ± 2.6*# 35.7 ± 2.8* 31.1 ± 1.3*#

% training above 85% Vmax 5.6 ± 1.3 8.3 ± 0.7* 6.8 ± 0.8*# 8.5 ± 0.4*# 4.5 ± 0.5*# 7.8 ± 0.5*#

Weekly session RPE 1458 ± 167 1380 ± 181* 1321 ± 48*# 1231 ± 62*# 1716 ± 53*# 1653 ± 47*#

Table 2  Populations of lymphocytes and serum concentration of sICAM-1 in the pooled analysis, sprint (SS) and middle distance (MID) swim-
mers

Data are mean ± SD. t0: after the summer break and a few weeks of freely chosen training volume, t7: after 7 weeks of intensified training, t16: 
after 16 weeks and a pre competition taper period
*Statistically significant change from t0 to t7
 #Statistically significant change from t7 to t16

 †Statistically significant change from t0 to t16

Pooled analysis SS MID

t0 t7 t16 t0 t7 t16 t0 t7 t16

% Lymphocytes of total cells 35.6 ± 6.1 32.4 ± 6.8 35.6 ± 7.9 35.7 ± 6.4 34.4 ± 6.9 36.7 ± 5.9 39.0 ± 6.7 30.3 ± 6.5 34.4 ± 10.1
% CD3 + cells of lymphocytes 64.0 ± 5.3 66.7 ± 4.4 63.9 ± 4.4 65.5 ± 4.9 67.5 ± 4.6 63.5 ± 4.8 62.3 ± 5.5 65.7 ± 4.4 64.3 ± 4.3†

% CD4 + of CD3 + cells 54.1 ± 6.1 55.45 ± 8.0* 54.6 ± 7.6 53.6 ± 4.7 54.1 ± 9.1 52.7 ± 8.2 54.7 ± 7.7 57.1 ± 6.7 56.8 ± 6.7†

% CD8 + of CD3 + cells 35.8 ± 5.4 35.5 ± 6.9 36.2 ± 6.0 36.6 ± 6.3 37.0 ± 8.3 38.2 ± 6.7 34.9 ± 4.6 33.7 ± 4.5 33.7 ± 4.1
% NK cells of lymphocytes 15.4 ± 4.8 12.7 ± 5.0* 15.3 ± 4.4# 12.8 ± 4.6 10.7 ± 3.6 14.6 ± 4.9# 18.2 ± 6.0 15.1 ± 5.5 16.2 ± 4.0
% CD45RA- CD45RO + cells 

of CD4 + cells
35.2 ± 4.9 37.0 ± 5.2* 35.2 ± 5.3# 35.6 ± 5.6 37.2 ± 6.2 35.5 ± 5.8 34.6 ± 4.4 36.8 ± 4.4* 34.9 ± 5.0#

% CD45RA + CD45RO + cells 
of CD4 + cells

9.0 ± 2.5 5.8 ± 1.3* 7.8 ± 2.2# 8.3 ± 2.1 5.0 ± 1.1* 7.0 ± 2.2# 9.8 ± 2.7 6.8 ± 0.8 8.7 ± 2.0

% CD45RA + CD45RO- cells 
of CD4 + cells

55.8 ± 5.8 57.0 ± 5.7 57.0 ± 6.4 56.1 ± 6.8 57.6 ± 6.7 57.5 ± 7.0 55.6 ± 4.8 56.3 ± 4.7 56.4 ± 6.0

% Treg cells of CD3 + cells 5.1 ± 0.8 6.2 ± 1.5 5.6 ± 1.3 5.0 ± 0.7 5.9 ± 1.7 5.3 ± 1.1 5.3 ± 0.9 6.5 ± 1.4 5.9 ± 1.4
sICAM (ng  ml−1) 200.7 ± 89.0 209.7 ± 136.8 255.8 ± 131.8 178.8 ± 47.3 245.2 ± 164.2 244.5 ± 115.5 225.8 ± 120.3 169.2 ± 92.8 268.7 ± 156.9
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was not maintained thereafter (p = 0.492, ES = 0.26). 
Proportions of  CD3+ cells,  CD8+ cells and naïve  CD4+ 
 (CD45RA+  CD45RO−  CD4+) cells remained statistically 
unaltered throughout the training period.

Changes in NK cells in sprint and middle‑distance 
swimmers

No statistical between-group differences were found for 
any cells at all timepoints apart from for NK cells. The 
change of proportions in NK cells from t7 to t16 was sta-
tistically larger in SS compared to MID (+ 40.0 ± 24.2% 
vs + 11.4 ± 15.6%, p = 0.012, ES = 0.69) (Fig. 2).

Changes in sICAM‑1

sICAM-1 remained statistically unaltered throughout the 
entire training period in both the pooled analysis but also 
the subgroup analysis. For the pooled analysis, changes in 
sICAM-1 were associated with changes in proportions of 
memory  CD4+  (CD45RA−  CD45RO+  CD4+) cells from t7 
to t16 (r = − 0.589, p = 0.002) and over the entire training 
period (r = − 0.656, p = 0.008, Fig. 3). Similarly, changes in 
sICAM-1 were also associated with changes in proportions 
of naïve  CD4+  (CD45RA+  CD45RO−  CD4+) cells from t7 
to t16 (r = 0.703, p = 0.028, Fig. 3). From  t7 to  t16, changes 
in sICAM-1 were associated with mean weekly training 

Fig. 1  Pooled changes in 
proportions of NK cells of 
lymphocytes, CD3 + cells of 
lymphocytes, CD4 + cells 
of CD3 + cells, CD8 + cells 
of CD3 + cells, naive 
(CD45RA + CD45RO-) cells 
of CD4 + cells, transitional 
(CD45RA + CD45RO +) 
cells of CD4 + cells, memory 
(CD45RA- CD45RO +) cells 
of CD4 + cells and Treg cells of 
CD3 + cells. * Statistical differ-
ence between time points

Fig. 2  Changes in proportions of NK cells over the training season. 
*Statistical difference between time points, #statistical between-group 
difference

Fig. 3  Correlation between the changes in sICAM-1 and CD45RA- CD45RO + cells over the training period (t0–t16) (a) and changes in sICAM-1 
and CD45RA- CD45RO + cells from t7–t16 (b)
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volume (r = 0.645, p = 0.009) and proportion of training 
above 85% Vmax (r = 0.524, p = 0.045).

Discussion

This study aimed at assessing the changes in subpopula-
tions of T and NK cells in relation to changes in training 
over a 16-week period in swimmers and further assessing 
the influence of different training volumes and intensities 
(i.e. SS and MID swimmers). Furthermore, we examined 
whether changes in these cells are associated with changes 
in sICAM-1. Mean weekly training volume, training inten-
sity and subjective training load increased through the first 
seven weeks of training. While training intensity was higher 
in the second period of training, mean weekly training vol-
ume and subjective training load decreased. SS performed 
a higher training intensity throughout the training period, 
while MID performed a higher training volume in the second 
period of training. Our pooled analysis revealed a statistical 
reduction in proportions of NK cells, and transitional  CD4+ 
 (CD45RA+  CD45RO+  CD4+) cells, while proportions of 
memory  CD4+  (CD45RA−  CD45RO+  CD4+) cells statisti-
cally increased after the initial period of high training load. 
These changes statistically reversed following the second 
period with a decreased training load and proportions of 
lymphocytes returned to values similar to baseline. How-
ever, proportions of NK cells were statistically increased 
in SS compared to MID at the end of the training period. 
No statistical changes were found in serum concentration 
of sICAM-1 over the training period, however, changes in 
sICAM-1 were associated with changes in proportions of 
memory  CD4+  (CD45RA−  CD45RO+  CD4+) cells in the 
second nine weeks of training and over the complete train-
ing period.

Previous studies have clearly indicated that an increased 
training load may induce a shift towards more differentiated 
cells in subclasses of  CD4+ cells (Cosgrove et al. 2012; Teix-
eira et al. 2014), possibly because of increased encounters of 
naïve  CD4+  (CD45RA+  CD45RO−  CD4+) with pathogens 
due to increased ventilation, eliciting their differentiation 
and proliferation into effector memory cells. In a 6-month 
training period of adult triathletes leading up to an Ironman, 
naïve  CD4+  (CD45RA+  CD45RO−  CD4+) cells decreased 
and transitional  CD4+  (CD45RA+  CD45RO+  CD4+) cells 
increased during the high-intensity training phase and also 
further after the competition (Cosgrove et al. 2012). Simi-
larly, our data indicated a shift towards a more differentiated 
 CD4+ cell phenotype after a period of intensified training, 
as the proportion of memory  CD4+  (CD45RA−  CD45RO+ 
 CD4+) cells statistically increased (+ 5.4 ± 3.8%), however, 
the proportion of transitional  CD4+  (CD45RA+  CD45RO+ 
 CD4+) cells statistically decreased (−  33.1 ± 16.2%). 

Prieto-Hinojosa et al. (2014) showed that thymic output 
of adult athletes is reduced. Therefore, if periods of high 
training load induce a shift towards a more differentiated 
phenotype of  CD4+ cells, it would be expected that the pro-
portion of naïve cells decreased in our study. However, in 
contrast to the aforementioned studies, we did not observe a 
statistical change in proportions of naïve  CD4+  (CD45RA+ 
 CD45RO−  CD4+). Whether this may be due to the ado-
lescence of swimmers in contrast to the older populations 
investigated in other studies, remains to be investigated.

The decrease of proportions of NK cells after the ini-
tial seven weeks of training (− 15.8 ± 19.0%) is in line with 
previous studies that have shown similar reductions follow-
ing periods of intensified training in young adult swimmers 
(Gleeson et al. 1995, 2000; Rama et al. 2013). A depletion 
in the proportion of these cells in the blood may be attrib-
uted to an egress into tissues requiring immune surveil-
lance. This was previously for example shown for the lung, 
which has an increased probability of contacting potentially 
harmful agents due to the increase in ventilation (Krüger 
et al. 2007), and muscles, where an egress of NK cells may 
assist in repairing damaged tissue after vigorous exercise 
(Shephard and Shek 1999). However, the mechanisms and 
sites of migration have not been fully elucidated.

Interestingly, our data indicate that a training phase 
with reduced training volume and a pre-competition taper 
resulted in a recovery of circulating lymphocyte proportions, 
confirming the observation in other studies that the exercise-
induced suppression of circulating lymphocytes is transient 
and reversible by a recovery phase (Mujika et al. 1996; 
Rama et al. 2013). However, differences in the recovery of 
proportions of NK cells were observed between SS and MID 
after 16 weeks of training, with SS showing a statistically 
larger increase in proportions of NK cells than MID. This 
difference is most likely due to the statistical difference in 
training volume between groups during the latter half of the 
training period, as proportions of NK cells showed a simi-
lar decrease in both groups during the initial seven weeks 
of training where training volume did not statistically dif-
fer between the two groups. In the second training period, 
training volume was statistically higher in MID compared 
to SS (31.3 ± 1.3 km vs. 26.6 ± 2.6 km). Therefore, it can be 
speculated that a higher training volume may account for the 
egress of NK cells from the bloodstream.

NK cell migration and infiltration of tissues and organs 
that require immune surveillance after exercise has been 
shown to be dependent on interleukin 6 (IL-6) (Pedersen 
et al. 2016), which is a cytokine mainly released from con-
tracting muscle in relation to glycogen depletion (Steensberg 
et al. 2001). While the release of IL-6 is also dependent 
on the training intensity, it has been suggested that exer-
cise duration and training volume have a greater impact on 
the size of the IL-6 response to exercise (Fischer 2006). As 
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middle-distance swimmers showed a higher training volume 
in the second 9 weeks of training and their in water train-
ing was longer, it could be possible that consistently more 
IL-6 was released during training sessions, causing a larger 
egress of NK cells from the bloodstream, which resulted in 
lower proportions of circulating NK cells at rest. However, 
as concentrations of IL-6 were not assessed, this hypothesis 
remains speculative.

To further the understanding of increased lymphocyte 
trafficking, sICAM-1 concentrations were determined but 
these showed no statistical change throughout the training 
period. Therefore, as sICAM-1 serum concentrations and 
ICAM-1 expression on activated endothelium have been 
shown to be proportional (Leeuwenberg et al. 1992), pro-
longed periods of training do not seem to have an effect 
on the regulation of ICAM-1 and the altered proportions 
of circulating lymphocytes cannot be related to changes 
in ICAM-1 expression and altered endothelial activation. 
One important consideration however, is the aspect of time. 
Changes in concentrations of soluble factors like sICAM-1 
are an immediate result of acute physical stress and act in the 
regulation of other processes, like the migration of lympho-
cytes. These effects are, however, of short duration. Previous 
studies have shown concentrations of sICAM-1 to return to 
baseline one hour after exercise (Bartzeliotou et al. 2007; 
Rehman et al. 1997; Simpson et al. 2006) or 24 h if exces-
sive muscle damage occurred (Akimoto et al. 2002), which 
is, however, unlikely in swim training. Therefore, it is to be 
expected that we cannot measure these acute increases of 
sICAM-1 in response to a training stimulus when analyzing 
basal chronic changes at rest. In contrast, more permanent 
changes in populations of circulating lymphocytes are tar-
gets of this regulation and more likely to occur as a result of 
chronic alterations in physical stress. Consequently, these 
changes stay consistent over longer periods of time, if the 
physical stress is not acutely altered. Therefore, in contrast 
to training studies in clinical populations, which observed a 
decrease in sICAM-1 (Aksoy et al. 2015; Kargarfard et al. 
2016), there were no changes observed when analyzing 
concentrations of sICAM-1 at rest over a training season 
in athletes. However, changes in lymphocytes as a result 
of immediate changes in soluble factors like sICAM-1 in 
response to a training session were detected in this study.

Interestingly, despite no chronic changes having been 
observed in sICAM-1, changes in proportions of memory 
cells were negatively correlated with changes in sICAM-1 
over the complete training period and in the second nine 
weeks of training. Moreover, a positive association between 
changes in proportions of naïve cells and changes of 
sICAM-1 was observed in the second nine weeks of train-
ing. Previous studies have shown ICAM-1 to be important 
for the transendothelial migration of T cells, however, there 

is some redundancy in the process, as other molecules like 
ICAM-2 and VCAM-1 also enable this migration to a certain 
extent (Boscacci et al. 2010; Lehmann et al. 2015; Reiss and 
Engelhardt 1999). Furthermore, cell expression of LFA-1 is 
also an important factor for T-cell migration (Shulman et al. 
2009). Our findings possibly indicate that the expression of 
ICAM-1 and serum concentrations of sICAM-1 may play an 
important role in the maturation and differentiation of  CD4+ 
cells from naïve to memory cells. Furthermore, increased 
concentrations of sICAM-1 in the blood may reduce the 
extravasation of naïve  CD4+  (CD45RA+  CD45RO−  CD4+) 
cells, by competitively binding to ICAM-1 receptors. The 
extravasation process is, however, necessary, as the matura-
tion process occurs in peripheral tissue and organs, where 
naïve  CD4+  (CD45RA+  CD45RO−  CD4+) cells encounter 
their specific antigen and can differentiate to effector and 
memory status.

Perspective

Current literature shows the distribution and function of dif-
ferent subclasses of lymphocytes to be essentially altered in 
response to exercise (Walsh et al. 2011). Our study supports 
these findings and further shows NK cells to be particularly 
sensitive to prolonged periods of high training volumes. 
Whether reduced proportions of circulating NK cells as a 
result of high training volumes also alter NK cell function 
needs to be further investigated. Furthermore, our study is 
unique in the fact that it aimed to investigate the underlying 
mechanisms for the altered composition of circulating T and 
NK cells over a 16-week training period in athletes. While 
concentrations of sICAM-1 did not statistically change over 
the training period, maturation and migration of  CD4+ cells 
seems to be associated with altered sICAM-1 concentrations 
in athletes. Further research is needed to elucidate specific 
mechanisms for exercise-induced lymphocyte trafficking 
and also investigate the effects of these changes on immune 
function.

Author contributions HLN performed the laboratory and statistical 
analysis and drafted the manuscript; MS and WB conceived the study 
and participated in design and coordination and helped in drafting the 
manuscript; SF and JK were responsible for the training of the athletes 
and recording training data and performed data analysis, ST helped 
draft the manuscript and performed data analysis.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This study was self-funded at the Deutsche Sporthochschule 
Köln.

 Data availability The datasets are available from the corresponding 
author on reasonable request.



1780 European Journal of Applied Physiology (2021) 121:1773–1781

1 3

 Code availability Not Applicable.

Declarations 

Conflict of interest The authors declare no conflict of interest.

Ethical approval The study approved by the local ethics committee 
of Deutsche Sporthochschule Köln (078/2018) and was performed in 
accordance with the ethical standards laid down in the 1964 Declara-
tion of Helsinki and its later amendments.

Consent to participate Written informed consent was obtained from 
all individual participants and their legal guardians before participat-
ing in this study.

Consent to publish Written informed consent was obtained from all 
individual participants and their legal guardians regarding the publica-
tion of the data.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Akimoto T, Furudate M, Saitoh M, Sugiura K, Waku T, Akama T, 
Kono I (2002) Increased plasma concentrations of intercellular 
adhesion molecule-1 after strenuous exercise associated with 
muscle damage. Eur J Appl Physiol 86(3):185–190. https ://doi.
org/10.1007/s0042 1-001-0544-6

Aksoy S, Findikoglu G, Ardic F, Rota S, Dursunoglu D (2015) 
Effect of 10-week supervised moderate-intensity intermittent 
vs. continuous aerobic exercise programs on vascular adhesion 
molecules in patients with heart failure. Am J Phys Med Reha-
bil 94(10):898–911. https ://doi.org/10.1097/PHM.00000 00000 
00030 6

Bartzeliotou AI, Margeli AP, Tsironi M, Skenderi K, Bacoula C, 
Chrousos GP, Papassotiriou I (2007) Circulating levels of 
adhesion molecules and markers of endothelial activation in 
acute inflammation induced by prolonged brisk exercise. Clin 
Biochem 40(11):765–770. https ://doi.org/10.1016/j.clinb ioche 
m.2007.01.013

Boscacci T, Pfeiffer F, Gollmer K, Isabel A, Sevilla C, Martin AM, 
Soriano SF, Natale D, Henrickson S, Von Andrian UH, Fukui 
Y, Mellado M, Deutsch U, Engelhardt B, Stein JV (2010) Com-
prehensive analysis of lymph node stroma-expressed Ig super-
family members reveals redundant and nonredundant roles for 
ICAM-1, ICAM-2, and VCAM-1 in lymphocyte homing. Blood 
116(6):915–925. https ://doi.org/10.1182/blood -2009-11-25433 4

Constantin G, Majeed M, Giagulli C, Piccio L, Kim JY, Butcher EC, 
Laudanna C (2000) Chemokines trigger immediate β2 integrin 
affinity and mobility changes: differential regulation and roles in 
lymphocyte arrest under flow. Immunity 13(6):759–769

Cosgrove C, Galloway SDR, Neal C, Hunter AM, McFarlin BK, Spiel-
mann G, Simpson RJ (2012) The impact of 6-month training 
preparation for an Ironman triathlon on the proportions of naive, 
memory and senescent T cells in resting blood. Eur J Appl Physiol 
112(8):2989–2998. https ://doi.org/10.1007/s0042 1-011-2273-9

Dhabhar FS (2014) Effects of stress on immune function: the good, 
the bad, and the beautiful. Immunol Res 58(2–3):193–210

Fischer CP (2006) Interleukin-6 in acute exercise and training: what 
is the biological relevance ? Exerc Immunol Rev 12:6–33

Foster C, Hector LL, Welsh R, Schrager M, Green MA, Snyder 
AC (1995) Effects of specific versus cross-training on running 
performance. Eur J Appl Physiol 70(4):367–372. https ://doi.
org/10.1007/BF008 65035 

Gleeson M, McDonald WA, Cripps AW, Pyne DB, Clancy RL, Fric-
ker PA (1995) The effect on immunity of long-term intensive 
training in elite swimmers. Clin Exp Immunol 102(1):210–216. 
https ://doi.org/10.1111/j.1365-2249.1995.tb066 58.x

Gleeson M, McDonald WA, Pyne DB, Clancy RL, Cripps AW, Fran-
cis JL, Fricker PA (2000) Immune status and respiratory illness 
for elite swimmers during a 12-week training cycle. Int J Sports 
Med 21(4):302–307. https ://doi.org/10.1055/s-2000-313

Hubbard AK, Rothlein R (2000) Intercellular adhesion molecule-1 
(ICAM-1) expression and cell signalling cascades. Free Radical 
Biol Med 28(9):1379–1386

Kargarfard M, Lam ETC, Shariat A, Asle Mohammadi M, Afrasiabi 
S, Shaw I, Shaw BS (2016) Effects of endurance and high inten-
sity training on ICAM-1 and VCAM-1 levels and arterial pres-
sure in obese and normal weight adolescents. Phys Sportsmed 
44(3):208–216. https ://doi.org/10.1080/00913 847.2016.12004 42

Krüger K, Mooren FC (2007) T cell homing and exercise. Exerc 
Immunol Rev 13:37–54

Krüger K, Lechtermann A, Fobker M, Völker K, Mooren FC (2007) 
Exercise-induced redistribution of T lymphocytes is regulated 
by adrenergic mechanisms. Brain Behav Immun 22(3):324–338. 
https ://doi.org/10.1016/j.bbi.2007.08.008

Leeuwenberg JF, Smeets EF, Neefjes JJ, Shaffer MA, Cinek T, Jeun-
homme TM, Ahern TJ, Buurman WA (1992) E-selectinand inter-
cellular adhesion molecule-1 are released by activated human 
endothelial cells in vitro. Immunology 77(4):543–549

Lehmann JCU, Jablonski-westrich D, Springer T, Springer T, Hamann 
A (2015) Overlapping and selective roles of endothelial inter-
cellular adhesion molecule-1 (ICAM-1) and ICAM-2 in lym-
phocyte trafficking. J Immunol. https ://doi.org/10.4049/jimmu 
nol.171.5.2588

Mujika I, Chatard JC, Geyssant A (1996) Effects of training and 
taper on blood leucocyte populations in competitive swimmers: 
relationships with cortisol and performance. Int J Sports Med 
17(3):213–217. https ://doi.org/10.1055/s-2007-97283 4

Nielsen HG, Lyberg T (2004) Long-distance running modulates 
the expression of leucocyte and endothelial adhesion mol-
ecules. Scand J Immunol 60(4):356–362. https ://doi.org/10.111
1/j.0300-9475.2004.01486 .x

Pedersen B, Hoffman-Goetz L (2000) Exercise and the immune system: 
Regulation, integration, and adaptation. Physiol Rev 80(3):1055–
1081. https ://doi.org/10.1152/physr ev.2000.80.3.1055

Pedersen L, Idorn M, Pedersen BK, Straten P, Hojman P, Pedersen L, 
Idorn M, Olofsson GH, Lauenborg B, Nookaew I, Hansen RH 
(2016) Voluntary running suppresses tumor growth through epi-
nephrine- and IL-6-dependent NK cell mobilization and redis-
tribution. Cell Metab 23(3):554–562. https ://doi.org/10.1016/j.
cmet.2016.01.011

Prieto-Hinojosa A, Knight A, Compton C, Gleeson M, Travers PJ 
(2014) Reduced thymic output in elite athletes. Brain Behav 
Immun 39:75–79. https ://doi.org/10.1016/j.bbi.2014.01.004

Rama L, Teixeira AM, Matos A, Borges G, Henriques A, Gleeson 
M, Pedreiro S, Filaire E, Alves F, Paiva A (2013) Changes in 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00421-001-0544-6
https://doi.org/10.1007/s00421-001-0544-6
https://doi.org/10.1097/PHM.0000000000000306
https://doi.org/10.1097/PHM.0000000000000306
https://doi.org/10.1016/j.clinbiochem.2007.01.013
https://doi.org/10.1016/j.clinbiochem.2007.01.013
https://doi.org/10.1182/blood-2009-11-254334
https://doi.org/10.1007/s00421-011-2273-9
https://doi.org/10.1007/BF00865035
https://doi.org/10.1007/BF00865035
https://doi.org/10.1111/j.1365-2249.1995.tb06658.x
https://doi.org/10.1055/s-2000-313
https://doi.org/10.1080/00913847.2016.1200442
https://doi.org/10.1016/j.bbi.2007.08.008
https://doi.org/10.4049/jimmunol.171.5.2588
https://doi.org/10.4049/jimmunol.171.5.2588
https://doi.org/10.1055/s-2007-972834
https://doi.org/10.1111/j.0300-9475.2004.01486.x
https://doi.org/10.1111/j.0300-9475.2004.01486.x
https://doi.org/10.1152/physrev.2000.80.3.1055
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1016/j.bbi.2014.01.004


1781European Journal of Applied Physiology (2021) 121:1773–1781 

1 3

natural killer cell subpopulations over a winter training season in 
elite swimmers. Eur J Appl Physiol 113(4):859–868. https ://doi.
org/10.1007/s0042 1-012-2490-x

Rehman J, Mills PJ, Carter SM, Chou J, Thomas J, Maisel AS (1997) 
Dynamic exercise leads to an increase in circulating ICAM-1: 
further evidence for adrenergic modulation of cell adhesion. 
Brain Behav Immun 11(4):343–351. https ://doi.org/10.1006/
brbi.1997.0498

Reiss Y, Engelhardt B (1999) T cell interaction with ICAM-1-deficient 
endothelium in vitro: transendothelial migration of different T cell 
populations is mediated by endothelial ICAM-1 and ICAM-2. Int 
Immunol 11(9):1527–1539

Rosenthal R, DiMatteo MR (2001) Meta-analysis: recent developments 
in quantitative methods for literature reviews. Annu Rev Psychol 
52(1):59–82. https ://doi.org/10.1146/annur ev.psych .52.1.59

Seiler KS, Kjerland GØ (2006) Quantifying training intensity distribu-
tion in elite endurance athletes: Is there evidence for an “optimal” 
distribution? Scand J Med Sci Sports 16(1):49–56. https ://doi.org
/10.1111/j.1600-0838.2004.00418 .x

Shephard RJ (2003) Adhesion molecules, catecholamines and leu-
cocyte redistribution during and following exercise. Sports 
Med 33(4):261–284. https ://doi.org/10.2165/00007 256-20033 
3040-00002 

Shephard RJ, Shek PN (1999) Effects of exercise and training on natu-
ral killer cell counts and cytolytic activity: a meta-analysis. Sports 
Med 28(3):177–195. https ://doi.org/10.2165/00007 256-19992 
8030-00003 

Shulman Z, Shinder V, Klein E, Grabovsky V, Yeger O, Geron E, 
Montresor A, Bolomini-Vittori M, Feigelson SW, Kirchhausen 
T, Laudanna C, Shakhar G, Alon R (2009) Lymphocyte crawling 
and transendothelial migration require chemokine triggering of 
high-affinity LFA-1 integrin. Immunity 30(3):384–396. https ://
doi.org/10.1016/j.immun i.2008.12.020

Simpson RJ, Florida-James GD, Whyte GP, Guy K (2006) The effects 
of intensive, moderate and downhill treadmill running on human 
blood lymphocytes expressing the adhesion/activation molecules 
CD54 (ICAM-1), CD18 (β2 integrin) and CD53. Eur J Appl Phys-
iol 97(1):109–121. https ://doi.org/10.1007/s0042 1-006-0146-4

Simpson RJ, Florida-James GD, Cosgrove C, Whyte GP, Macrae 
S, Pircher H, Guy K (2007) High-intensity exercise elicits the 

mobilization of senescent T lymphocytes into the peripheral blood 
compartment in human subjects. J Appl Physiol 103(1):396–401. 
https ://doi.org/10.1152/jappl physi ol.00007 .2007

Steensberg A, Febbraio MA, Osada T, Schjerling P, Van Hall G, Saltin 
B, Pedersen BK (2001) Interleukin-6 production in contracting 
human skeletal muscle is influenced by pre-exercise muscle gly-
cogen content. J Physiol 537(2):633–639. https ://doi.org/10.111
1/j.1469-7793.2001.00633 .x

Teixeira AM, Rama L, Carvalho HM, Borges G, Carvalheiro T, Glee-
son M, Alves F, Trindade H, Paiva A (2014) Changes in naïve and 
memory T-cells in elite swimmers during a winter training sea-
son. Brain Behav Immun 39:186–193. https ://doi.org/10.1016/j.
bbi.2014.01.002

Walsh NP, Gleeson MM, Shephard RJ, Gleeson MM, Woods JA, 
Bishop NC, Fleshner M, Green C, Pedersen BK, Hoffman-Goetz 
L, Rogers CJ, Northoff H, Abbasi A, Simon P, Immunol- E (2011) 
Institutional Repository Position statement part one: immune 
function and exercise. Exerc Immunol Rev 17:6–63

Weinhold M, Shimabukuro-Vornhagen A, Franke A, Theurich S, Wahl 
P, Hallek M, Schmidt A, Schinköthe T, Mester J, Von Bergwelt-
Baildon M, Bloch W (2016) Physical exercise modulates the 
homeostasis of human regulatory T cells. J Allergy Clin Immunol 
137(5):1607-1610.e8. https ://doi.org/10.1016/j.jaci.2015.10.035

Wenning P, Kreutz T, Schmidt A, Opitz D, Graf C, Voss S, Bloch 
W, Brixius K (2013) Endurance exercise alters cellular immune 
status and resistin concentrations in men suffering from non-
insulin-dependent type 2 diabetes. Exp Clin Endocrinol Diabetes 
121(8):475–482. https ://doi.org/10.1055/s-0033-13433 95

Witard OC, Turner JE, Jackman SR, Tipton KD, Jeukendrup AE, Kies 
AK, Bosch JA (2012) High-intensity training reduces CD8+ 
T-cell redistribution in response to exercise. Med Sci Sports 
Exerc 44(9):1689–1697. https ://doi.org/10.1249/MSS.0b013 
e3182 57d2d b

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00421-012-2490-x
https://doi.org/10.1007/s00421-012-2490-x
https://doi.org/10.1006/brbi.1997.0498
https://doi.org/10.1006/brbi.1997.0498
https://doi.org/10.1146/annurev.psych.52.1.59
https://doi.org/10.1111/j.1600-0838.2004.00418.x
https://doi.org/10.1111/j.1600-0838.2004.00418.x
https://doi.org/10.2165/00007256-200333040-00002
https://doi.org/10.2165/00007256-200333040-00002
https://doi.org/10.2165/00007256-199928030-00003
https://doi.org/10.2165/00007256-199928030-00003
https://doi.org/10.1016/j.immuni.2008.12.020
https://doi.org/10.1016/j.immuni.2008.12.020
https://doi.org/10.1007/s00421-006-0146-4
https://doi.org/10.1152/japplphysiol.00007.2007
https://doi.org/10.1111/j.1469-7793.2001.00633.x
https://doi.org/10.1111/j.1469-7793.2001.00633.x
https://doi.org/10.1016/j.bbi.2014.01.002
https://doi.org/10.1016/j.bbi.2014.01.002
https://doi.org/10.1016/j.jaci.2015.10.035
https://doi.org/10.1055/s-0033-1343395
https://doi.org/10.1249/MSS.0b013e318257d2db
https://doi.org/10.1249/MSS.0b013e318257d2db

	Long-term physical training in adolescent sprint and middle distance swimmers alters the composition of circulating T and NK cells which correlates with soluble ICAM-1 serum concentrations
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design and training intervention
	Participants
	Blood sampling
	Analytical procedures
	Statistical analysis

	Results
	Training
	Pooled analysis of changes in T and NK cells
	Changes in NK cells in sprint and middle-distance swimmers
	Changes in sICAM-1

	Discussion
	Perspective
	References




