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Abstract: The kinetic responses of leukocyte subsets to exercise and their recovery may serve as
indicators of immunological resilience. These time-dependent responses were investigated in healthy
young men using a bicycle ergometer test. Fifteen recreationally active male cyclists (20-35 years,
VOsmax 56.9 £+ 3.9 mL kg{1 min 1) performed four exercise protocols with a 1 h duration in a
cross-over design: at 70% of the maximal workload (Wmax) in a hydrated and a mildly dehydrated
state, at 50% of the Wmax, and intermittently at 85/55% of the Wmax in blocks of 2 min. The numbers
of lymphocytes, monocytes, neutrophils, eosinophils, basophils, thrombocytes, and NK cells (CD16
and CD56) were measured at different time points up to 24 h post-exercise. The total leukocyte
counts and those of most subsets increased from the start of the exercise, peaking after 30-60 min of
exercising. The neutrophil numbers, however, peaked 3 h post-exercise. The CD16PrishtCD56dim NK
cells showed a 1.5-fold increase compared to the CD16°"8MCD56Pright NK cells. Other than for MCP-
1, no significant differences were found in the serum cytokine levels. Our results show that exercise
intensity is reflected in different time-dependent changes in leukocyte subsets, which supports the
concept that the exchange of immune cells between peripheral blood and tissues contributes to
enhanced immune surveillance during strenuous exercise.

Keywords: exercise stress; moderate- and high-intensity exercise; leukocyte subsets; immunomarkers;
kinetic response; immunological resilience

1. Introduction

Physical and psychological stresses induce a plethora of coordinated and dynamic
processes aimed at protection, the maintenance of homeostasis, adaptation, and restoration.
The eventual course and outcome of these processes are, depending on various factors,
related to the individual as well as to the degree and duration of the stressor(s). This also
applies to the effects of exercise stress on the immune system. For instance, it has been
shown that exercise training can improve immune function in favor of exercise performance
and post-exercise recovery [1]. Similarly, exercise training has shown to be of value to
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improving immune fitness in the elderly [2] and in less fit or diseased individuals [3]. These
findings are also in line with the observation that regular moderate exercise is effective
in preventing and managing disease [4]. On the other hand, immune functions can be
attenuated following acute or chronic excessive exertion [5], which is, for example, seen in
situations of exhaustion or overtraining [6].

More insight into the kinetics of innate and adaptive immune responses to stressors
will not only contribute to understanding these phenomena, but also to better predicting
the health outcomes of stressors in specific situations such as COVID-19 [7]. Furthermore,
this also applies to aging, which is associated with an altered immune function, known
as immunosenescence, contributing to an increased susceptibility to more inflammation,
tissue damage, and the loss of control of persistent infections [8]. Over the past decades,
physical exercise has been frequently used to examine how humans respond to a given stres-
sor [9-11]. The effects on the immune system range from changes in the composition of cell
populations to the release of cytokines and chemokines and the activation of the neuroen-
docrine system [12-14]. Immediate leukocytosis during brief exercise has been described
as a result of increased catecholamine levels, whereas delayed-onset neutrophilia is due to
increased cortisol levels [15]. A common finding across many studies is that the number of
neutrophils and the proportion of lymphocyte subsets change acutely during moderate-
or high-intensity exercise [16,17]. Physical activity supports a healthy immune system,
and recent studies suggest its potential value for both prevention and treatment [18-20]. In
addition, exercise has been shown to mitigate immunosenescence and age-related morbid-
ity, suggesting that immunological adaptations to exercise may also lessen the burden of
disease and improve the health span [21,22]. However, there is considerable heterogene-
ity in the populations studied and in the type, duration, intensity, and frequency of the
exercise sessions that were carried out. Different protocols with different physiological
and immunological responses hamper the comparison of the unambiguous statements of
study outcomes. Therefore, exercise models need further standardization, including of
the exercise intensity, the duration of exercise, and the number of time points sampled, to
better understand the relevance of health biomarkers. Recently, we demonstrated that a
standardized bout of moderate or strenuous exercise on a bicycle ergometer causes distinct
responses in a range of intestinal and immunological biomarkers [23-26]. Depending on
the workload and duration, different effects on the biomarkers for intestinal metabolic
activity (detected as the amount of citrulline produced after providing a glutamine bolus)
and intestinal barrier function (detected by the levels of iFABP and zonulin in the blood)
were found. Furthermore, a mild dehydrated condition enhanced these responses. Interest-
ingly, the exercise-induced increase in the total numbers of leukocytes showed a biphasic
response [26].

While most studies thus far, including ours, have focused on biochemical and inflam-
matory markers in the blood, an analysis of the cellular responses to exercise can be used
to broaden the perspective. To this end, in the present study, we delved deeper into the
cellular responses and analyzed the effects of moderate- and high-intensity exercise on a
broad time course of various leukocyte subsets and a wide range of cytokines. Here, we
describe a detailed kinetic analysis of the lymphocytes, monocytes, neutrophils, eosinophils,
basophils, and thrombocytes, as well as the determination of the expression of CD16 and
CD56 on the cell surface of NK cells, in blood samples collected during a standardized
exercise test described previously [25,26]. Our analysis shows that the time-dependent
(kinetic) changes in leukocyte subsets, including their recovery to baseline, are clearly
associated with the exercise intensity and the apparent stress. At both the individual and
population levels, the relationships between the stressor and kinetic effects may be used to
study immune resilience.

2. Materials and Methods

This study was registered at the ISRCTN clinical trial registry (isrctn.com) with code
ISRCTN13656034; approved by the medical ethics committee of Wageningen University
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and Research (WUR), The Netherlands; and conducted in accordance with the Declaration
of Helsinki [27]. Informed consent was signed after the procedures and guidelines were
discussed and before data collection started.

2.1. Study Design

The study setup has been previously outlined [25,26]. In summary, 15 healthy, young
(20-35 years) men initially underwent a pre-test using an electronically braked cycle er-
gometer (Lode Excalibur, Groningen, The Netherlands) to determine their individual
maximal workload (Wmax) and maximal oxygen uptake (VO;max). Subsequently, the
participants followed an experimental protocol comprising both no exercise (P1) and four
different bicycle ergometer protocols (P2-P5) in a random block order with a wash-out of 1
week in between. Each participant commenced with the rest protocol (P1). The exercise
protocols included one moderate-intensity exercise protocol (50% of the Wmax) and three
high-intensity exercise protocols, two of which differed only in the hydration status (70%
of the Wmax) and one of which was an interval protocol (55/85% of the Wmax). Details on
the protocols are given in Table 1 and full details are given by Kartaram et al. [25,26].

Table 1. Experimental protocols with corresponding protocol number and exercise intensity.

Protocol P1 P2 P3 P4 P5
1 h of cycling at 1 h of cycling
Experimental Rest condition 1 h of cycling 70% of Wmax in 1 h of cycling in blocks of 2 min
condition without exercise at 70% of Wmax dehydrated at 50% of Wmax at 55/85% of
condition Wmax

Both the high-intensity protocols of 70% of the Wmax (P2 and P3), which differed
only in their hydration status, were always performed sequentially in a random cross-over
mode. A condition of mild dehydration was induced by not compensating for the fluid lost
during exercise.

Blood samples were taken at different time points (displayed as T in hours after the
start of exercise): before (T0), during (T0.5), and at the end (T1) of the exercise period,
and at several time points post-exercise (T1.5, T2, T3, T6, and T24). The baseline blood
sample (T0) was obtained after fasting overnight. The samples were collected separately in
EDTA, sodium heparin plasma, and serum separator tubes (Vacutainer; Becton Dickinson,
Breda, The Netherlands). The EDTA-treated whole-blood tubes were stored at 4 °C and the
sodium heparin plasma tubes were stored at room temperature (RT) until the analyses at
the end of each test day. The serum separator tubes were set aside in the dark at RT for at
least 30 min, after which the tubes were centrifuged at 2000 g for 10 min. The obtained
sera were directly aliquoted and stored at 80 °C until further analysis. Following a second
overnight fast, the participants arrived the next morning at the laboratory for a final blood
collection at 24 h. Figure 1 shows an overview of the experimental protocols and the time
points at which the blood samples were obtained.

2.2. Blood Analysis

A quantitative analysis of the leukocyte subsets, i.e., lymphocytes, monocytes, neu-
trophils, eosinophils, basophils, and thrombocytes, was performed on the EDTA whole
blood with an ADVIA 1200 Chemistry Analyzer (Siemens, Star-shl, Etten-Leur, Nether-
lands), according to standard procedures. The interleukins and chemokines IL-6, IL-10,
IEN-y, granulocyte colony-stimulating factor (G-CSF), monocyte chemotactic protein 1
(MCP-1), inflammatory chemokine interferon gamma-inducible protein of 10 kDa (IP-10,
also known as CXCL10), macrophage migration inhibitory factor (MIF), and tumor necrosis
factor alpha (TNF-x) were analyzed in the serum. To this end, the frozen sera were thawed
on ice, mixed well, and centrifuged at 12,000x g for 10 min at 4 °C. All the sera were
diluted to 1:6 in serum matrix diluent (Merck KGaA, Darmstadt, Germany). IL-6, IL-10,
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IFN-y, G-CSE, MCP-1, IP-10, and TNF-o were analyzed using the MILLIPLEX MAP Hu-
man Cytokine/Chemokine Magnetic Bead Panel (HCYTOMAG-60K-07, Merck). MIF was
analyzed using the MILLIPLEX MAP Human Circulating Cancer Biomarker Magnetic Bead
Panel (HCCBP1IMAG-58K-01, Merck), according to the manufacturer’s instructions, using
a MAGPIX Luminex analyzer with (Luminex/Diasorin, ‘s Hertogenbosch, Netherlands)
with xPONENT software (version 4.2).
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Figure 1. Schematic overview of the experimental protocols and the time points at which the blood
samples were obtained. (A). An example of the exercise schedule for one subject. Each subject
started with the rest protocol (P1) without exercise. Subsequently, they underwent four different
exercise interventions (P2-P5), which were randomly assigned. The 70%-of-Wmax interventions
in hydrated and dehydrated conditions were always performed in sequence. The washout period
between protocols was 1 week. (B). Blood samples were taken before, during, immediately at the end
of, and at several time points after the rest or exercise for up to 24 h.

For the flow cytometric analysis, whole-blood samples were stained using three
different antibody panels to define the granulocyte (panel 1: CD45, CD193, CD16, and
CD62L), monocyte (panel 2: CD3, CD14, CD19, and CD40), and lymphocyte (panel 3: CD16,
CD3, and CD56) subpopulations. For each panel, 100 pL of whole blood was stained for
15 min at RT. The red blood cells were lysed by adding lysing solution (BD Biosciences,
10x concentrate), vortexing for 10 s, and incubating for 10 min at RT. Thereafter, the
samples were centrifuged for 5 min at 500 x g, the cell pellets were carefully resuspended
using 1 mL of washing buffer (PBS (Gibco, pH of 7.8) containing 0.2% BSA (Sigma-Aldrich,
St. Louis, MI, USA), and the samples were centrifuged again for 5 min at 500x g. The
samples were resuspended using 250 pL of PBS (Gibco, pH of 7.8) and 100.000 events were
analyzed using the Accuri C6 Flow Cytometer (Becton Dickinson, Breda, The Netherlands).
The data were analyzed using the Accuri C6 Software (Version 1.0.264.21).

2.3. Statistical Analysis and Data

The data were analyzed using a multilevel mixed-effects model, as described pre-
viously by Kartaram et al. [25]. This model included terms that captured the random
variation among the subjects, among the five experimental protocols per volunteer, and
also within these experimental protocols. The analysis determined the effects of the overall
protocol differences, the differences between the time points within a protocol, and the
protocol-by-time interaction. The analyses were performed using the statistical software
GenStat (version 18) and the R (version 3.6.1) (Team R Core, 2013) packages Ime4 [28,29].
The graphs were created with ggplot2 (R Core Team, 2018). Prior to the analysis, the data
were log-transformed to ensure compatibility with the assumption of a constant standard
deviation of the observations. To focus on the statistically significant effects, we corrected
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the raw p-values for multiple testing [30]. he outcomes of the statistical tests with p < 0.05
were considered statistically significant.

3. Results

Blood samples from 15 volunteers were analyzed. Due to personal and organizational
issues, one volunteer did not perform the high-intensity exercise protocol at 70% of the
Wmax in a dehydrated condition. Data from the other protocols performed by this volun-
teer, however, were included, as the data analysis showed no differences in the means of
the results. The characteristics of the subjects are presented in Table 2.

Table 2. The mean values with SD are presented here for the age, anthropometric measurements
(body mass index (BMI), weight, length), and fitness characteristics (maximal oxygen consumption
(VO;max), maximal work capacity (Wmax)) of all the volunteers.

Variables Mean + SD
Age (yrs) 243+24
BMI (kg/m?) 225415
Weight (kg) 75.8 £ 6.7
Length (cm) 183.4 + 3.8
VO2max (mL/kg/min) 56.9 + 3.9
Wmax (W) 335.1 £39.9

3.1. Biphasic Kinetic Response of Leukocytes

The leukocyte counts showed a biphasic response in all the exercise protocols while
remaining stable during and after rest. The total leukocyte count in these protocols in-
creased from the baseline levels at the start of the exercise to a peak between 30 min (T0.5)
and the end of the exercise (T1), after which it decreased to the baseline levels at 30 min
post-exercise (T1.5) (Table 3). From this point, the number of leukocytes increased again to
a second, higher peak 2 h after the exercise (T3). This effect was most pronounced in the
high-intensity protocols (P2, P3, and P5), but the mild-intensity exercise (P4) also showed
the same biphasic response, although with lower leukocyte numbers in both peaks [26].

Table 3. Leukocyte counts per nanoliter (nL) were measured at various time points (T) under resting
conditions (P1) and during exercise at different intensities: P2 = 70% of Wmax, P3 = 70% of Wmax in
a dehydrated state, P4 = 50% of Wmax, and P5 = 55/85% of Wmax. The numbers for the initial peak
at T0.5 and the second peak at T3, where the maximum levels were observed, are presented in bold
for the high-intensity exercise protocols and in bold italics for the low-intensity exercise protocol.
This table provides additional data compared to a previous study [26].

Protocol TO TO0.5 T1 T1.5 T2 T3 Te6 T24
P1 5.3 £0.84 5.1 £0.80 5.5+ 1.13 5.8 £1.07 6.0 £1.19 6.0 +1.21 62+1.14 5.2 £0.90
P2 5.0 +1.02 9.3 + 2.0 9.6 +221 7.2+2.05 9.0 +2.27 11.4 £+ 2.23 9.3 +1.88 48 +1.14
P3 5.0 +1.02 9.3 + 1.69 9.2 +1.99 74 +1.89 9.6 + 2.60 11.3 £ 2.44 9.0+ 1.76 5.0 & 0.96
P4 4.8 +£0.76 74+ 1.02 7.8 £1.36 5.5+ 0.87 6.4+ 1.12 7.5+ 1.40 6.8 £1.35 48 +1.12
P5 4.7 +0.65 9.4 + 1.40 94 +1.48 72 +3.42 99 +43 12.0 £ 3.06 9.8 +2.20 49+ 091

3.2. Leukocyte Subsets Behave Differently during and after 1 h Cycle Exercise

We analyzed the counts of different subsets of leukocytes to unravel defined phases
of the kinetic response. The lymphocytes and basophils showed a comparable response
during exercise (TO-T1), Figure 2A,E), which was distinct from the responses of monocytes,
neutrophils, and eosinophils. The lymphocyte and basophil subsets reached maximum
levels at T0.5, again more pronounced (p < 0.001) in the high-intensity protocols (70% of
Wmax in hydrated and dehydrated conditions, and 55/85% of Wmax with intermittent
exercise) compared to the mild-intensity exercise (50% of Wmax). The kinetic changes in
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the monocyte numbers showed a second, lower peak (T3) that was also exercise-intensity-
dependent (p < 0.01, high- vs. low-intensity exercise). The neutrophil numbers, on the
other hand, rose slowly during exercise and showed a fast increase from 30 min post-
exercise (T1.5) towards a peak 2 h post-exercise (T3) (Figure 2C). The mild-intensity exercise
protocol showed much lower peak numbers of neutrophils at T3 (p < 0.001) compared to
high-intensity exercise. The number of eosinophils increased during exercise in all the
exercise protocols and decreased after exercise to below the baseline levels (T6) only in
the high-intensity exercise protocols. The numbers of thrombocytes also increased during
exercise (Figure 2F), reaching maximum levels at the end of the exercise and returning to
the baseline levels 0.5 h post-exercise, which is comparable to the responses of lymphocytes
and basophils. This increase appeared to be exercise-intensity-dependent and was greatest
for the high-intensity 70%-of-Wmax protocols in both hydrated and dehydrated conditions
(P2 and P3).
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Figure 2. The kinetic changes in leukocyte subsets and thrombocyte counts (in counts/nL) at multiple
time points during and after both rest and 1 h cycling (T0-T1) at varying intensities are depicted in
the colored line graphs. The individual subsets are shown in the panel figures: lymphocytes (A),
monocytes (B), neutrophils (C), eosinophils (D), basophils (E), and thrombocytes (F).
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3.3. Increase in NK Cells with Phenotypes CD16"" 8" CD56%" and CD16" 8" CD56"i8"

Circulating (CD3~CD16*CD56") NK cells were gated based on their forward- and side-
scatter properties (Figure 3A). During exercise, CD16-positive NK cells showed a propor-
tional increase for the subpopulations of CD16°"8"t cells compared to CD16%™ cells. This
increase was 1.5-fold for the subpopulation with the phenotype CD16"1 8" CD564™ in all the
exercise protocols compared to the subpopulation with the phenotype CD16P"ightCD56Pright
(Figure 3B), which showed an exercise-intensity dependency. For both CD16""8" subpopu-
lations, the peak levels at the end of the exercise (T1) declined beneath the baseline levels at
30 min post-exercise (1T1.5) and returned to the baseline levels 2 h post-exercise (T3).
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Figure 3. NK cells were identified using flow cytometry based on the relative expression of
CD16 and CD56. Lymphocytes were selected in the forward-side scatter plot. A gate was ap-
plied to CD3-negative cells in the side scatter plot, and NK cells were identified as cells with
the phenotype CD3~CD16*CD56 (A). Kinetic changes in the NK cell subsets CD16%™ CD56Pright,
CD16P1i8MtCD56P gt and CD16P118M CD564™, presented as percentages of the total NK cell popula-
tion. Time points are denoted in hours: TO-T1 (from the beginning to the end of exercise) and T2-T3
(1 to 2 h post-exercise) (B).

3.4. Exercise-Intensity- and Hydration-Status-Dependent Increase in MCP-1 and IP-10

We analyzed a number of cytokines and chemokines, for which the serum levels of
MCP-1 and IP-10 showed the greatest changes (Figure 4A,B). The increase in the MCP-1
levels during exercise was profound in all the high-intensity exercise protocols (P2, P3, and
P5), while the increase in the IP-10 levels was more pronounced in a dehydrated condition
(P3). The maximum MCP-1 levels were reached gradually at 0.5 h post-exercise (T1.5) and
they decreased to the baseline levels at 5 h post-exercise (T6), whereas the IP-10 levels
returned to the baseline levels shortly after exercise (T1.5). The TNF-« levels did not change
significantly (Figure 4C). The serum levels of MIF, G-CSEF, IFN-vy, IL-6, and IL-10 were also
measured, but did not show significant changes (Supplementary Materials).
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Figure 4. Kinetic changes in serum levels of the cytokines MCP-1 (A), IP-10 (B), and TNF-« (C)
during and at various time points after exercise or rest.

4. Discussion

In this study, we investigated the impact of varying levels of physical exertion on blood
markers related to the intestinal barrier function, general metabolism, and hematological
parameters, such as the total leukocytes and hemoglobin. These changes correlated with the
workload and the perceived exercise stress, as previously reported [26]. We also observed a
biphasic change in the numbers of blood leukocytes, with a gradual increase during cycling,
resulting in a first peak at 1 h, followed by a decrease immediately after cycling cessation
(at 1 h) and a subsequent rise starting from 1.5 h, peaking at 3 h. To delve deeper into the
immunological effects of these observations, the present study focused on analyzing the
time course of the different leukocyte subsets and a broad range of cytokines. Our current
data show that the initial peak primarily comprised lymphocytes, monocytes, basophils,
and eosinophils, while the second peak also included monocytes and neutrophils. The
increase in the NK cell numbers contributed to the overall rise in the lymphocyte counts.
Furthermore, the physical exercise regimen employed in our study led to increased blood
levels of MCP-1, IP-10, and, to some extent, TNF-, coinciding with the first peak in the
biphasic leukocyte response. Conversely, the serum levels of MIF, G-CSF, INF-vy, IL-6,
and IL-10 remained unaffected. Previous studies have documented alterations in blood
leukocyte subsets in response to exercise [31-33]. Only a limited number of investigations
have explored the kinetics of these responses by assessing multiple time points during
and after exercise and by comparing various exercise intensities within a single study. For
example, Neves et al. [34] conducted a study involving brief 2 h bouts of treadmill exercise
at different intensities (40% and 80% of the VO2peak) and examined two time points:
immediately after the 2 h exercise and 2 h later. Their data demonstrated similar peaks,
specifically a peak increase in the lymphocyte and monocyte numbers immediately after
exercise and a subsequent peak increase in the neutrophil numbers at the 2 h mark after
exercise. Notably, the participants in this study were also regular exercisers rather than
endurance athletes. In contrast, Bessa et al. [35] investigated the time-dependent effects of
exercise-induced leukocytosis up to 72 h after a combined exercise session, including cycling
at 85% of the VO2peak. They observed that the highest increase in leukocytosis occurred
3 h post-exercise, which is consistent with our results. However, in contrast to our results,
these authors found that the lymphocyte numbers peaked at 12 h post-exercise, whereas
the neutrophils and monocytes peaked at 3 h, coinciding with the peak of leukocytosis.
Studies involving marathon runners and long-distance cyclists, including a study on a
164 km race in hot and humid conditions, have also reported increases in blood neutrophil
counts [36,37]. Luk et al. [36] observed increases in the lymphocyte numbers, including
NK cells, at two evaluation points (before and after exercise), whereas Suzuki et al. [37] did
not report similar findings. In a separate investigation [33], the exercise-induced effects on
leukocytosis were examined in 800 healthy young females and males. Notably, this study
only assessed the changes at two time points. They found that just one hour of exercise
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increased the number of neutrophils, eosinophils, and, to a lesser extent, lymphocytes,
but not monocytes. Remarkably, these alterations were observed as early as five minutes
after intense exercise. These listed studies show that variations in the trafficking time
and the contribution of different leukocyte subsets to exercise-induced leukocytosis were
influenced by factors such as individual fitness levels, the exercise duration, the workload,
and the nature of the exercise.

We examined changes in the CD564™ and CD56P"8" subpopulations of NK cells, a
subset of lymphocytes known for their heightened responsiveness to physical exercise
and their role in the innate immune response. Resting CD564™ NK cells possess a higher
cytotoxic potential, while CD56P"8M cells produce immunoregulatory cytokines, including
IFN-y, IL-10, and G-CSF [38]. Our study revealed that acute lymphocytosis occurred
immediately from the beginning of exercise, coinciding with an increase in both NK cell
subsets, CD1618MCD564™ and CD16P18"CD56PT8M, Notably, the response in the latter
subset appeared to be dependent on the exercise intensity. However, our results obtained
from healthy and fit volunteers did not demonstrate a proportional increase in most
cytokines, including IFN-y. We hypothesize that the NK cell response varies based on
factors such as physical condition, age, gender, and the intensity and duration of exercise.
Timmons et al. [39,40] investigated exercise-induced changes in NK cell subsets in both male
and female children and adolescents. They found that both the CD56%™ and CD56Pi8ht cell
subsets were significantly increased in female adolescents compared to male adolescents,
while the ratio between these subsets remained constant. Additionally, they observed that,
during exercise, boys in the late puberty stage exhibited the highest increase in CD56P"ight
cell numbers. In contrast, Kakanis et al. [41] reported that a strenuous endurance exercise
protocol, consisting of 2 h at 90% of the Wmax, resulted in decreased total NK cell numbers,
an increase in CD16+*CD56b!ight NK cells, and no change in CD16*CD56%m NK cells. This
variance between the findings of Kakanis and our study could be attributed to differences
in study participants, with Kakanis et al. focusing on elite triathlon athletes and our
study involving less highly trained recreational cyclists. These distinctions may have also
influenced the kinetics of the neutrophils, which exhibited variability between the two
studies. In studies of this nature, the relationship between the cellular responses and
soluble factors, including cytokines, chemokines, and growth factors, is relevant, as these
factors may serve as early biomarkers that may explain underlying mechanisms. Some
studies have shown that, following exhaustive endurance exercises such as marathons
and triathlons, the post-exercise levels of cytokines such as IL-1RA, IL-1, IL-6, and IL-
10 significantly increased [42,43], while short-duration intensive exercises had no such
effect [44].

Conversely, it is well accepted that prolonged periods of intensive exercise training
can potentially suppress immunity and elevate the risk of infection, a concept known as
the “open window” theory. However, Campbell and Turner [45] debunked this theory,
redefining the impact of exercise on immunological health. They proposed that the decline
in the numbers of lymphocyte subsets primarily reflects a redistribution of cells rather than
a suppression of the immune response. Additionally, a recent review article [7] argued that
any bout of moderate to intense exercise enhances the exchange of immune cells between
peripheral blood and tissues, contributing to improved immune surveillance and overall
health. Based on these references and on our data, we assumed that, in our study, the kinetic
changes in cell subsets reflected a redistribution of cells due to heightened hemodynamic
activity between the blood compartment and the lymphoid and peripheral tissues.

The precise mechanisms and biological triggers responsible for these observed kinetic
changes, as well as their relevance to health outcomes, remain largely unknown. Multiple
factors may be at play, including the release of the stress hormone cortisol, elevated
creatinine levels due to increased muscle activity, metabolic alterations in immune cells,
and changes in intestinal metabolism and permeability. For instance, in a study involving a
single bout of 20 min high-intensity exercise [46], cortisol levels increased slightly compared
to the twofold increase observed after a marathon [47], implying that the exercise duration
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and intensity may influence the cortisol levels. Elevated cortisol levels, further augmented
by the rise in circulating IL-6 from skeletal muscles [48], may play a pivotal role in exercise-
induced leukocytosis [49], along with increased levels of catecholamines [36]. Our data [25]
indicate that the increase in serum cortisol levels during high-intensity exercise protocols
coincides with the initial peak response of leukocytes, including lymphocytes, suggesting
that the stress response rapidly initiates the immune response. In our study, the kinetic
response of leukocytes exhibited a biphasic pattern, similar to that observed with creatine
phosphokinase (CPK), a marker for muscle damage, during high-intensity exercise, as
previously demonstrated [25]. The magnitude of the post-exercise peak of CPK coincided
with the maximum response of neutrophils. These findings suggest a potential association
between the cellular immune response and muscle damage, aligning with the results of
Shin et al. [50], who showed that, during an ultra-marathon run, leukocytosis followed
the increased levels of CPK and the cytokine IL-6. While it is widely acknowledged that
changes in cytokine levels are linked to muscle damage [51], our results did not reveal
elevated IL-6 levels. Monocyte chemoattractant protein-1 (MCP-1) functions as a chemokine
that regulates monocyte migration and acts as a muscle-contraction-regulated myokine
with potential implications for exercise-induced changes in the immune system [52]. In our
study, the time course of MCP-1 exhibited an intensity-dependent increase during exercise,
coinciding with the initial peak in exercise-induced changes in monocytes. This suggests a
possible influence of muscle activity on the immune response of a specific leukocyte subset.
However, 2 h post-exercise, the MCP-1 levels declined and returned to their baseline levels,
while the monocytes exhibited a second peak at this time point. There is a likelihood that
various monocyte subtypes are engaged, each with unique underlying mechanisms playing
arole.

A previous study on cytokines in healthy, less fit, older adults [53] showed that the
serum levels of cytokines TNF-«, IL-6, and IL-10 did not change significantly after 24 min
of mild-intensity (40% of Wmax) or 12 min of high-intensity (70%) interval exercise. Our
results regarding IL-6 and IL-10 in healthy, young men align with the findings of Windsor
et al. Furthermore, van Craenenbroeck et al. [54] reported no significant change in the IL-6
levels of healthy subjects after exercise compared to patients with chronic kidney disease
or chronic heart failure. It can be hypothesized that, in healthy, physically fit individuals,
a single bout of exercise does not result in increased levels of inflammatory cytokines.
Conversely, Suzuki [37] showed that, after a 42 km marathon race, plasma interleukins and
cytokines, including IL-6, IL-8, IL-10, G-CSFE, and MCP-1, significantly increased. Moreover,
they showed that the increases in band neutrophils were correlated with the IL-6 response,
suggesting the IL-6-mediated bone marrow release of neutrophils. It is highly probable
that intensive, prolonged exercise results in the elevation of cytokine levels.

Although previous studies have provided valuable insights, there are conflicting data
due to factors such as the individual fitness level, the type of exercise, the intensity, and
the duration. These factors, which we have also taken into account in our study design,
influence the cellular response, particularly the involvement of immune cell subsets, in
exercise-induced leukocytosis in relation to cytokines and chemokines. The protocols in our
study were standardized in their duration (1 h cycling), but varied in their exercise intensity
to explore the effects of moderate- and high-intensity exercise on various parameters [26],
including immune markers. The subjects were limited to relatively young, healthy, and
fit men to control for the effects of age, fitness level, and gender on the immune system.
However, individual intrinsic factors such as genetic predispositions and diet may also play
a role [31]. Therefore, the further standardization of exercise models is required before the
data can contribute to the understanding of the predictive power selectivity and specificity
of biomarkers in assessing immunological health.

To the best of our knowledge, none of the cited studies have addressed a comprehen-
sive time course of leukocytosis as a potential measure of exercise-induced immunological
stress with varying intensities within the same study. Measuring resilience requires observ-
ing the kinetics for at least 24 h. Our data show that all the biomarkers returned from the
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maximal response to their normal background levels within 6 to 24 h after the start of the
cycling exercise, reflecting a temporary imbalance and a striving for homeostasis. There-
fore, it is highly recommended to obtain samples at multiple time points to monitor the
responses during exercise as well as during post-exercise recovery. Most of the cytokines
measured in our study exhibited no significant differences in their responses between mild-
and high-intensity exercise, except for MCP-1, which may indicate the extent of the exercise
stress. As such, the physiological response, particularly among different leukocyte subsets,
may serve as an indicator of immune resilience to stressors. Additionally, an interesting
observation in our study was that even low-intensity exercise at 50% of the Wmax led to
alterations in the kinetic responses of lymphocytes, monocytes, neutrophils, and basophils.
This holds promise for assessing the health and recovery status of less fit and diseased
individuals. Our data provide a deeper understanding of the immune response triggered
by exercise and the time required for recovery among various subsets in healthy young
men. The distinct underlying mechanisms governing the trafficking time of these subsets
still require further exploration.

5. Conclusions

In conclusion, our study sheds light on the complex and dynamic relationship between
exercise and the immune system. We observed distinct kinetic patterns in leukocyte
subsets and cytokines during exercise that were influenced by different exercise intensities.
The analysis of leukocyte subsets as inflammatory markers offers valuable insights for
understanding the immune responses to physical stress and for exploring immunological
resilience. The kinetics of exercise-induced immune responses, including increases, peaks,
and decreases, provide valuable information on the dynamics of immune fitness and the
recovery time. These findings have the potential to assess individuals” health status and
monitor the effects of training in both elite and recreational athletes.
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