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Background: Intensified training coupled with sufficient recovery is required to
improve athletic performance. A stress-recovery imbalance can lead to
negative states of overtraining. Hormonal alterations associated with
intensified training, such as blunted cortisol, may impair the immune
response. Cortisol promotes the maturation and migration of dendritic cells
which subsequently stimulate the T cell response. However, there are currently
no clear reliable biomarkers to highlight the overtraining syndrome. This
systematic review and meta-analysis examined the effect of intensified
training on immune cells. Outcomes from this could provide insight into
whether these markers may be used as an indicator of negative states of
overtraining.

Methods: SPORTDiscus, PUBMED, Academic Search Complete, Scopus and
Web of Science were searched until June 2022. Included articles reported on
immune biomarkers relating to lymphocytes, dendritic cells, and cytokines
before and after a period of intensified training, in humans and rodents, at
rest and in response to exercise.

Results: 164 full texts were screened for eligibility. Across 57 eligible studies,
16 immune biomarkers were assessed. 7 were assessed at rest and in response
to a bout of exercise, and 9 assessed at rest only. Included lymphocyte markers
were CD3*, CD4* and CD8" T cell count, NK cell count, NK Cytolytic activity,
lymphocyte proliferation and CD4/CD8 ratio. Dendritic cell markers examined
were CD80, CD86, and MHC Il expression. Cytokines included IL-1p, IL-2, IL-10,
TNF-aand IFN-y. A period of intensified training significantly decreased resting
total lymphocyte (d= -0.57, 95% CI —0.30) and CD8* T cell counts (d= -0.37,
95% Cl —0.04), and unstimulated plasma IL-1f levels (d= —-0.63, 95% CI| -0.17).
Resting dendritic cell CD86 expression significantly increased (d = 2.18, 95% ClI
4.07). All other biomarkers remained unchanged.

Conclusion: Although some biomarkers alter after a period of intensified
training, definitive immune biomarkers are limited. Specifically, due to low

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2022.998925/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.998925/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.998925/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.998925/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.998925/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.998925/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.998925&domain=pdf&date_stamp=2022-11-11
mailto:Carla.baker@ntu.ac.uk
https://doi.org/10.3389/fphys.2022.998925
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.998925

Baker et al.

10.3389/fphys.2022.998925

study numbers, further investigation into the dendritic cell response in human
models is required.
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immune biomarkers, intensified exercise, dendritic cells, altered immunity, humans,

rodents
1 Introduction

Overloading the body whilst preventing inadequate recovery
is a necessary process implemented within an athletes’ training
program to improve athletic performance (Whyte, 2006). If there
is not an appropriate balance of stress and recovery, states of
overtraining may occur. These states are functional overreaching
(FOR), (NFOR) the
overtraining syndrome (OTS). When in a state of FOR a

non-functional ~ overreaching and
short-term decrement in performance may occur (Halson
2002)  but  with

“supercompensatory” effect on performance may be seen

et al, sufficient ~ recovery a
(Birrer et al., 2013). However, if recovery is not implemented
at the appropriate moment, athletes may enter a state of NFOR
(Kellmann et al., 2018) which could take weeks or months for full
recovery to occur (Meeusen et al, 2013). If NFOR is left
undiagnosed, and the training/recovery imbalance continues,
athletes experience a heightened risk of suffering from the
OTS, which can take months to years to fully recover
(Meeusen et al., 2013). Symptoms of NFOR/OTS occur in
individual (37%) and team (17%) sport athletes (Matos et al.,
2011), with the incidence in an athletes’ career ranging from 30%
to 60% (Morgan et al., 1987; Birrer et al., 2013). Despite the high
incidence of states of overtraining, little progress has been made
on establishing objective and reliable biomarkers for identifying
when an athlete may be entering the various states of overtraining
following periods of intensified training (Armstrong and
VanHeest, 2002).

Cortisol is a hormone that is synthesised and released in
response to physical and mental stress via the hypothalamic
pituitary adrenal (HPA) axis. The HPA axis consists of the
hypothalamus, pituitary gland and adrenal cortex (Guilliams
and Edwards., 2010). During periods of intensified training, it
has been reported that there is a blunting, by 72%, of the cortisol
response to a short duration (30 min), high-intensity cycle test
when comparing before to after an 11-day intensified training
period (Hough et al., 2013). This disrupted functioning of the
HPA axis following an intensified training period has previously
been highlighted. Meeusen et al. (2004) examined the hormonal
responses to an exercise stress test composed of two maximal
cycle tests separated by 4h resting recovery in well-trained
athletes before and after a 10-day intensified training period.
They reported a 118% and 73% reduction in the response of
cortisol and adrenocorticotrophic hormone (ACTH; a precursor
hormone to cortisol) in the athletes in response to the second
maximal cycling bout after the 10-day training period compared
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to before the training period (Meeusen et al., 2004). Meeusen
etal. (2010) also reported that athletes in a state of OTS (classified
according to the duration and severity of symptoms and
underperformance experienced) show little or no exercise-
induced increases in ACTH in response to the second
maximal exercise bout in their exercise stress test. This
suggests that the exercise-induced response of the HPA
hormones, specifically cortisol and ACTH, may be lowered
following periods of intensified training.

Cortisol plays an important role in the anti-inflammatory
response of the immune system to exercise by increasing the
phagocytic potential of neutrophils and monocytes (Blannin
et al., 1996; Ortega et al., 1996), supressing pro-inflammatory
mediators such as reactive oxygen species (ROS) (Franchimont,
2004) and inducing lymphocytopenia (Okutsu et al., 2005).
Lymphocytopenia refers to the lowering of lymphocytes in the
blood, and most likely is a reflection of their increased migration
into the tissues for increased immune-surveillance (Kruger et al.,
2007). Therefore, a temporary dysfunctional HPA axis caused by
a period of intensified training may lead, in part, to an impaired
immune response during intensified exercise.

The impact of heavy periods of training on the immune
system remains unclear, with some evidence suggesting a decline
in immunity after repeated arduous exercise bouts (Walsh, 2019).
As debated in Simpson et al. (2020), it is suggested that the
reduced post-exercise immunosurveillance that occurs after
(>5 days) (>60% V  Oamax)
(Hoffman-Goetz et al., 1990) endurance training, in addition

prolonged and intensive
to the post-exercise decline in cytotoxic T cells (Steensberg et al.,
2001) introduces a “window of opportunity” for infection.
Repeated exposures to these acute declines in immunity bare
additive negative consequences to infection risk (Pedersen and
Ullum, 1994). In line with this, it has been reported that elite
athletes that undergo heavy training regimes experience
significantly higher episodes of wupper respiratory tract
infections (URIs) than recreational athletes (Spence et al,
2007), with a small proportion of athletes experiencing
recurrent episodes at higher rates than the general population
(Fricker et al., 2000). These recurring URIs have been associated
with persistent fatigue that can hinder an athletes training (Reid
et al., 2004). Moreover, it has been shown that elite endurance
athletes prone to recurrent URIs i.e., more than 4 episodes per
year, have an altered cytokine response, suggestive of impaired
inflammatory regulation compared to healthy athletes (Cox et al.,
2007). Similarly, a reversible defect in CD4* T cell IFN-y
secretion, a cytokine known to affect illness severity and
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duration, has been associated with illness-prone athletes
experiencing fatigue (Clancy et al, 2006). Furthermore,
suppression of immune parameters can occur in elite athletes
over years of training, which can result in reactivation of viruses
(Gleeson et al., 2002; Reid et al., 2004). At a cellular level, studies
have reported a reduced CD4+/CD8+ ratio in response to a
4 weeks strength training program involving progressive
intensity increases each week from 75% to 85% heart rate
maximum (HRmax) (Dongqing, 2013), a reduction in T cell
proliferation immediately after a 30 min treadmill run at 80% V
Osmax following a 3 weeks intensified training period (25% above
normal training load) when compared to before the training
(Verde T. J et al, 1992), and reduced natural killer (NK) cell
cytotoxicity after 1 month of intense volleyball pre-season
compared to before pre-season began (Suzui et al., 2004).
However, the “window of opportunity” theory is not
accepted by all, with suggestions that reductions in immune
cell function post-exercise could reflect the lowered number of
immune cells in the circulation after exercise, which are
redistributed into tissues for enhanced immunosurveillance at
sites of infection risk (Kruger et al., 2007; Campbell et al., 2009).
For example, Green et al. (2002) showed a significant decrease in
lymphocyte proliferation-an important first step to create
effector lymphocytes - after a 60 min, high-intensity run, but
found no significant differences between the exercise and control
groups when assessing lymphocyte proliferation in an NK cell
depleted culture, or when adjusted per T cell. This suggests that
the decreased proliferation found initially was likely due to an
exercise-induced increase in NK cells within the sample, thus a
reduction in the proportion of T cells that can be stimulated,
rather than the exercise bout causing an actual reduction in T cell
proliferation. Therefore, it is argued that studies reporting
changes in immune cell function that coincide with changes
in immune cell count cannot use lymphocytopenia as evidence
for a decline in immunity. This is because the fall in cell number
does not reflect mass apoptosis but a redistribution of highly
functional T cells and NK cells from the bloodstream into the
tissues and organs (Kruger et al., 2007; Campbell et al., 2009).
This redistribution enhances the identification and eradication of
tissue tumour cells; a clear benefit to the host. It has been shown
that cancer cells incubated with exercised serum form less tumors
when inoculated into mice (Hojman et al., 2018), and 4 weeks of
voluntary wheel running prior to tumor cell inoculation reduced
tumor growth by 61%, attributed to the redistribution of NK cells
after exercise causing an increased infiltration of NK cells to
tumor sites (Pedersen et al, 2016). Another commonly used
of URI
immunoglobin A (sIgA). Although there are reports that the

measure susceptibility in athletes is salivary
lowered sIgA seen with intense periods of training is associated
with increased URIs in athletes (Fahlman and Engels, 2005), this
has not been shown consistently (Antualpa et al.,, 2018; Gill et al.,
2014; Pacque et al., 2007). Moreover, studies that do relate URI

with decreased sIgA levels rarely consider confounding factors

Frontiers in Physiology

03

10.3389/fphys.2022.998925

that may impact sIgA secretion and concentration, such as the
profound intra-and inter-individual variation, likely due to oral
health, psychological stress or sleep, and diurnal or seasonal-
changes (Brandtzaeg, 2013). Finally, immune competency is also
influenced by non-exercising factors, and without clinical
confirmation that a URTI is present, symptoms could be due
to allergy (Kennedy et al., 2016), or caused by variables such as
psychological stress (Cohen et al., 1991), low energy availability
(Bromley et al., 2018), or low sleep efficiency (Prather et al.,
2015). Evidently the arguments for both an increased and
reduced immune response post exercise are well supported
and more definitive research is required to provide a firm
conclusion.

The HPA axis is known to be involved in the regulation of
important antigen presenting cells, involved in linking the innate
and adaptive immune responses, known as dendritic cells (DC)
(Liberman et al., 2018). Glucocorticoids, such as cortisol can
regulate the maturation, survival, and migration toward the
lymph nodes of DCs, but also can inhibit their immunogenic
functions (Liberman et al., 2018). Cortisol itself has been shown
to downregulate DC costimulatory molecules and dampen pro-
inflammatory cytokine production, such as IL-6, IL-12 and TNF-
a, which subsequently reduces the ability of the DCs to prime
naive CD8" T cells (Elftman et al., 2007). Given the importance of
these cytokines in orchestrating the immune response, the
measure of cytokines, such as, TNF- o, IFN- y and IL-1 f, as
pro-inflammatory orchestrators of a type 1 immune response,
and IL-10 and IL-2, as key anti-inflammatory immune-
regulators, can act as a measure of immune function.
Specifically, these cytokines are released from and also activate
T cells and DCs (Blanco et al., 2007; Shaw et al., 2018).

Upon engulfing and processing an extracellular antigen, or
degrading and processing intracellular antigens, DCs mature and
gain T cell stimulatory capacity via antigen processing and
upregulation of the major histocompatibility complex (MHC),
costimulatory molecules (CD80/86) and cytokines (i.e., IL-12)
(Wehr et al., 2019). The MHC is located on the surface of a DC
and is loaded with peptide fragments from a pathogen, which it
to the T cell
(Guermonprez et al, 2002). CD80/86 are co-stimulatory
molecules which bind to CD28 on the T cell to amplify the
initial activating signals provided to the T cell receptors by the
antigen loaded-MHC (Magee et al., 2012). Finally, the cytokines
are required in order to drive the differentiation and proliferation

then presents receptor for recognition

of the T cells. All 3 of these signals are therefore required for T cell
stimulation. The matured DCs then migrate towards the lymph
nodes to present the antigen to T cells. An upregulation of MHCI
complex is required for presentation of intracellular antigens to
CD8" T cells, whereas MHC 1II is loaded with extracellular
antigens degraded via the endocytic pathway, for presentation
to CD4" T cells (British Society for Immunology, 2021). Cross
presentation can also occur, meaning exogenous antigens can be
presented by MHC I molecules. DCs also operate a bi-directional
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link with NK cells; a lymphocyte functioning within the innate
immune system (Thomas and Yang, 2016). DCs can induce NK
cell proliferation and cytotoxicity via the release of cytokines
such as IL-12, IL-15 and IL-18 (Ferlazzo and Morandi, 2014).
Conversely, NK cells can induce DC maturation via the secretion
of IFN-y and TNF-a (Moretta et al., 2006), and eliminate DCs
that do not mature properly, a process known as ‘DC editing’,
through engagement with the activating receptor NKp30
(Moretta et al., 2006). To our knowledge, there are currently
four reports investigating the DC response to exercise training,
indicating that after chronic exercise training in rats, DC
function; as a measure of the expression of co-stimulatory
molecules and MHC 1II receptors, and IL-12 production,
required for T-cell stimulation, remains unchanged (CD80)
(Liao et al., 2006; Chiang et al.,, 2007; Mackenzie et al., 2016;
Fernandes et al., 2019), increased (CD86) (Chiang et al., 2007;
Mackenzie et al., 2016) or unclear (MHC II) (Chiang et al., 2007;
Mackenzie et al., 2016). Despite the known DC changes with
HPA axis alterations, the lack of evidence surrounding DCs
leaves the question of how DCs respond to periods of
intensified training unanswered.

With evidence that DCs are in part regulated by the HPA
axis, and the knowledge that the HPA axis response to exercise
stress may be blunted following a period of intensified exercise, it
is important to examine the impact that intensified exercise has
on DCs. As these cells orchestrate the immune response,
specifically, the direct nature of the relationship DCs have
with both T lymphocytes and NK cells, it is logical to review
evidence surrounding all three immune cells, providing further
direction towards a conclusion in the response of the immune
system to intensified training.

Therefore, the aim of this systematic review is to assess the
current literature examining the effects of a period of intensified
training on lymphocyte (T cells and NK cells) and DC number
and function, in both humans and rodents. This review focuses
on the normal impact of high intensity training due to the
difficulties surrounding confirmation of NFOR/OTS diagnosis.
However, heavy training is a factor involved in the establishment
of NFR/OTS, and as such, any highlighted immune biomarkers
could potentially indicate NFOR/OTS has occurred. The main
purpose being to highlight areas already studied, indicate
potential gaps requiring further investigation, and assess if
there is scope for the future use of immune biomarkers in the
diagnosis of overtraining.

2 Methods

This review conforms to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines
(Moher et al, 2009) and was registered with PROSPERO

international prospective register for systematic reviews
(CRD42021248776; 21 May 2020).
Frontiers in Physiology
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2.1 Inclusion and exclusion criteria

To develop the inclusion and exclusion criteria for this review
a consideration of Population, Intervention, Comparison and
Outcome (PICO) was used (Richardson et al., 1995).

2.2 Eligibility criteria

2.2.1 Population

Humans aged 18-50 years with a maximum oxygen uptake
(V Ozpmay) of fair or higher (>38.5 ml kg™, min~') according to
ACSM guidelines for cardiorespiratory fitness (ACSM, 2017)
or Rodents aged 6 weeks—5 months were included in this
review.

Human studies using females must have controlled for
menstrual cycle to be included in the review. The menstrual
cycle is known to impact certain elements of the immune
system e.g. lowered CD4" T cell numbers and increased type
1 cytokine production during the luteal phase compared to the
follicular phase (Timmons et al., 2005; Oertelt-Prigione,
2012).

2.2.2 Intervention
Studies must include an increased training load compared to
their regular training load, completed over multiple days.

2.2.3 Comparison

Studies included were required to have a comparative
control. In human studies, participants were used as their
own controls, comparing their pre-and post-training
biomarker values. Where no pre-training values were given
in rodent studies, the control group was used as a

comparison.

2.2.4 Outcome

Studies must have measured at least one immunological
biomarker relating to lymphocytes, DC, or cytokines before
and after a period of training. The immune biomarkers could
be measured at rest, or in response to an acute bout of exercise;
this will be referred to as “exercise-induced” and indicates that
the biomarker was measured immediately after an acute
exercise bout both before and after a period of intensified
training. Data must have been presented as mean and
the
standardised mean difference (SMD) of the change in

standard deviation to allow calculation of the
biomarker from pre-to post-training. A minimum of two
studies measuring the same biomarker, using the same
that

biomarker in the meta-analysis component. Where possible,

measurement units, were required to include

differing units of measurements were converted into the same

“gold standard” units for comparison. If this was not possible,
it was excluded from the meta-analysis.
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2.3 Search strategy for identification of
studies

A literature search was conducted in the following
databases on 26 May 2021: SPORTDiscus, PUBMED,
Academic Search Complete, Scopus and Web of Science.
Databases were searched from inception up until May
2021 for articles published in English. In addition to
database searches, reference lists of relevant studies were
screened for eligible studies. The search was re-run in June
2022 to identify any additional articles meeting the inclusion
criteria.

Titles, abstract and keywords were searched using the
following search terms:

1) “chronic exercise*” OR “training volume” OR “intensified

training” OR “exercise training” OR “overtrain*” OR
OR
training” OR “high intensity training” OR “chronic

“endurance training*” “physical education and
exercise training” OR “physical conditioning, animal*” OR
“Physical exertion”

2) “lymphocyte OR OR
“dendritic cell function” OR “immune function” OR
“dendritic cell” OR “myeloid” OR “plasmacytoid” OR “t
cell”” OR “cd4*” OR “cd8” OR “T helper” OR “T
cytotoxic” OR “lymphocyte*” OR “NK cell” OR “natural
killer cell” OR “cd56*” OR “T regulatory” OR “cd25*” OR
“lymphocyte proliferation” OR “T cell proliferation” OR
“CD80*” OR “CD86*” OR “cd80*/86*” OR “NK-cell” OR
“NKCA” OR “Natural Killer cell cytotoxic activity” OR “killer

OR “cytotoxicity, OR

“lymphocyte activation” OR “antigen presenting cell*” OR

function immune response

cells, natural” immunologic”
“dendritic cells” OR “genes, mhc class i” OR “genes, mhc class
ii” OR “interleukin”

3) “athlete*” OR “Mice” OR “animals”

4) “elderly” OR “Cancer” OR “Elder” OR “older” OR “geriatric”
OR “aged”

5) AND 2 AND 3 NOT 4.

2.4 Study selection

Articles retrieved through the systematic search were
exported to ProQuest RefWorks, a reference management
software (RefWorks 3.0, Pro-Quest LLC, Michigan U.S.),
and further exported to Excel (Microsoft 365, Microsoft,
Washington, United States ), whereby duplicates were
removed and assessment for eligibility began. Two
investigators (CB and JH) independently screened articles
by title and abstract, and full text when necessary, against
the inclusion criteria. Full texts from the eligible studies were
then independently screened (CB and JH) for inclusion into

the review.
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2.5 Data extraction and management

Data extraction was conducted by one reviewer (CB)
whereby the following data from all eligible articles were
extracted into an Excel document: Title, publication details
(year and author), participant characteristics (sex, age,
number, V. Osmax age), intensified training period details
(mode and duration) and assessed biomarker information
(biomarker assessed, and method and units of measurement).
Pre- and post-training values were extracted for each relevant
biomarker in the form of mean and standard deviation. Where
appropriate data was not presented, the authors were emailed,
and were allocated 4 weeks to reply. If no reply was received after
4 weeks, the study was excluded. Any variables included in the
search string that did not have sufficient studies to perform a
meta-analysis were not included in the results. Where figures
were used displaying the mean and standard deviation, data was

extracted by eye.

2.6 Risk of bias

Risk of bias was assessed by one reviewer (CB) and
independently verified by one member of the review team
(JH). Three Cochrane Collaboration tools were used for
ROBINS-1
controlled trials, ROB-2 for randomised controlled trials and

assessing risk of bias; for non-randomised
ROB-2 (Crossover) for randomised crossover trials (Cochrane
Collaboration 2021; Oxford, United Kingdom). Specific study
components assessed for risk of bias using the ROBINS-1 tool
included confounding, selection of participants, classification of
intervention, deviations from intended interventions, missing
data, measurement of outcomes and reporting of results. Study
components assessed using the ROB-2 tool included the
deviations  from  intended
data, of

outcomes and reporting of results. The ROB-2 crossover tool

randomisation process,

interventions, missing outcome measurement
assessed the same components as the ROB-2 tool with the

addition of carryover effects.

2.7 Statistical analysis

Inverse variance, random effects meta-analysis was then
conducted on immune biomarker data in Review Manager
Software (RevMan, Version 5.3, Cochrane Collaboration,
Oxford, United Kingdom). Hedge’s g standardised mean
difference (SMD) was calculated via the RevMan software
(RevMan, Version 5.3, Cochrane Collaboration, Oxford,
United Kingdom).

A separate meta-analysis was conducted for each biomarker
where >2 studies measured the same biomarker using the same

method and units of measurement. Human and rodent studies
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TABLE 1 Risk of Bias assessment of included studies using Cochranes ROB-2, ROBIN-2 Cross-Over and ROBINS-1 tools. ROB-2 and ROB-2 Cross-Over:
Low (v), Some concern (~), High (X), Not enough Information (?). ROBINS-1: Low (), Moderate (~), Serious (S), Critical (X), Not enough information (?).

ROB-2
Study Domain 1 Domain 2 Domain 3 Domain 4 Domain 5 Overall ROB
Risk of Bias Risk of Bias due to  Risk of Bias Risk of Bias in measurement Risk of Bias in
arising from tde deviations from due to missing  of tde outcome selection of tde
randomisation tde intended outcome data reported result
process interventions
Croft et al. (2009) v ~ v v v ~
Gholamnezhad v v v v v v
et al. (2014)
Hack et al. (1997) 4 v ? v v v
Hasanli et al. v v ? v v v
(2021)
Hoffman-Goetz. v v ? v v ~
(1986)
Hoffman-Goetz v v ? v v v
et al. (1988)
Hwang et al. (2007) v ? v v
Kaufaman et a v v v ? v v
(1994)
Koyama et al. v v ? v v v
(1998)
Kwak (2006) v v ? v v v
Louis et al. (2016) v v ? v v v
Mackenzie et al. v v ? 4 v v
(2016)
Mitchell et al. v v v v v v
(1996)
Peijie et al. (2003) v v v v 4 v
Poffe et al. (2019) v ? v v v
Sheyklouvand etal. v v ? v v v
(2018)
Wang et al. (2011) v/ ~ ? v 4 ~
Wang et al. (2011) v/ ~ ? v v ~
Watson (1986) ~ v X v v X
Weng et al. (2013) v v v v v v
Zhang et al. (2019) v ? v v v v
ROB-2 Cross-Over
Study Domain 1 Domain S Domain 2 Domain 3 Domain 4 Domain 5 Overall ROB

Risk of Bias Risk of Bias Risk of Bias due Risk of Bias Risk of Bias in  Risk of Bias in

arising from tde arising from to deviations due to missing  measurement of selection of tde

randomisation period and from tde outcome data tde outcome reported result

process carryover intended

effects interventions

Li et al. (2013) v v v v ~ v ~
Meyer et al. (2004) ~ ~ v v v v ~
Pizza et al. (1995) ? v ~ v v v ~

(Continued on following page)

Frontiers in Physiology 06 frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.998925

Baker et al.

10.3389/fphys.2022.998925

TABLE 1 (Continued) Risk of Bias assessment of included studies using Cochranes ROB-2, ROBIN-2 Cross-Over and ROBINS-1 tools. ROB-2 and ROB-2
Cross-Over: Low (v), Some concern (~), High (X), Not enough Information (?). ROBINS-1: Low (), Moderate (~), Serious (S), Critical (X), Not enough

information (?).

ROBINS-1
Study Domain 1 Domain 2 Domain 3 Domain 4 Domain 5 Domain 6 Domain 7  Overall ROB
Bias due to Bias in Bias in Bias due to Bias due to Bias in Bias in
confounding selection of classification of  deviations missing data measurement of  selection of
participants interventions from intended outcomes the
into the study interventions reported
result
Baj et al. (1994) v v v v v v v v
Baum et al. (1994) ~ v v ? ? ~ v ~
Blank et al. (1994) v v v v v v v v
Borges et al. (2012) ~ v v ? v ~ v ~
Borges et al. (2018) v v v ? v v v v
Bresciani et al. v ? v ? ? ~ v ?
(2011)
Bury et al. (1998) ~ ? v v v v v ~
Chiang et al. (2007) v v v v v v v v
Chung et al. (2021) v v v v ? v v v
Cérdova Martinez v/ v v v ~ ~ v ~
et al. (2015)
Dongging (2013) v v v v ? v v ~
Dressendorfer et v v v v v ~ v ~
(2002)
Ferry et al. (1990) v ? ? ? v v ?
Fry et al. (1992) v ? ? ? ? ~ v ?
Halson et al. (2003)  ? v v ? ? v ?
Heisterberg et al. v ? v v v v
(2013)
Jurimae and Purge. v v ? ? ? v v ?
(2021)
Kajiuraetal. (1995) v v v ? ? ? v ?
Lancaster et al. v v v ? v v ? v
(2004)
Leet al. al. (2021) ? v v v ? v v v
Main et al. (2010) v v v ? ? ~ ? ?
Mueller (2001) v v v ? ? ? v ?
Mujika et al. (1996) v v v ? v v v v
Ndon et al. (1992) v v v ? ~ v v ~
Nickel et al. (2011) ? v v v v v v v
Peake et al. (2003) v v v ? ? v v v
Rebelo et al. (1998) v v v ? ? v v v
Ronsen etal. (2001) v v v v ~ v ~ ~
Shing et al. (2007) v v v ? ? v v
Smith and v v v ? ? v v v
Myburgh. (2006)
Tanimura et al. v v v ? ? v v v
(2009)
Verde T et al. v v v ? ? v v v
(1992)
Witard et al. (2012) v v v ? ? v 4 v
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were analysed together for all biomarkers, apart from
‘lymphocyte proliferation’ due to human studies measuring
peripheral blood lymphocytes, and rodent studies measuring

spleenocytes. Effect sizes were classified based on the
magnitude of change from pre to post intervention.
Classifications included very small (0.01-0.19), small

(0.20-0.49), moderate (0.50-0.79), large (0.80-1.19), very large
(1.20-1.99) and huge (>2.0) (Cohen, 1988; Turner and Bernard,
2006; 2009). Statistical
determined using the I* statistic; 0%-40% indicated non-

Sawilowsky, heterogeneity  was
important (low) heterogeneity, 40%-60% indicted moderate
heterogeneity, 50%-75% indicated substantial heterogeneity
75%-100%
(Cochrane, 2021). All results were reported as Hedge’s g with

and indicated  considerable  heterogeneity
95% confidence intervals (CI). Additional sub-group analysis was
conducted on resting immune cell count biomarkers based on the
duration of intensified training periods ie. < 7 days, 8 days-

2 weeks, 15 days- 4 weeks or >4 weeks.

3 Results
3.1 Risk of Bias

A complete analysis of ROB is displayed in Table 1. For
studies assessed with the ROBINS-1 tool, bias in “selection of
participants to the study” was deemed as “not applicable” (n =
3) or “Low” (n = 30) because most studies followed a group of
athletes over time or assessed the same group of participants
before and after a period of intensified training. The bias
of
encapsulated in ROBINS-1 domain 6; bias in measurement

arising from participant awareness intervention
of outcome, was judged as being negligible in most studies
(n =24). It is difficult to blind participants from intervention
when intensified training is the independent variable and
training loads were often monitored or implemented by the
investigators themselves, so knowledge of intervention was
necessary. It could be argued that as objective immune
biomarkers were measured, results are unlikely to be
affected by knowledge of intervention, especially in the
rodent studies.

Despite this, it has been suggested that anticipatory stress
may cause alterations to the immune system, such as decreased
lymphocyte counts and reduced lymphocyte proliferation
(Ironson et al., 1990; Ader and Cohen, 1991; Lekander, 2001).
However, studies investigating this phenomenon tend to use the
anticipatory stress surrounding major life events such as cancer
patients waiting for chemotherapy treatment (Lekander, 2001),
and homosexual men waiting for HIV test results (Ironson et al.,
1990). The evoked stress response caused by such serious events
could be deemed as incomparable to the anticipation of
undertaking exercise, especially when undertaken by trained
athletes. Therefore, whilst that the

we acknowledge

Frontiers in Physiology

08

10.3389/fphys.2022.998925

anticipation of undertaking exercise may elicit a stress
response to some extent, perhaps more so in untrained
personnel, it is an unavoidable, and potentially non-significant
bias. It is impossible to know the true effect anticipatory stress
may have on the measured immunological outcomes without
studies undertaking measures of stress scores.

Bias due to missing outcome data and attrition rate was
mainly low (n = 22) or unclear (n = 31) in most studies, mainly
because no information regarding excluded participants or
reasons for missing data were highlighted. Only one study
(Watson, 1986) was rated as “high” for bias due to missing
data as table 4 only included # = 5 results for the placebo group’s
% T lymphocytes, when the placebo group consisted of
15 participants. A ‘moderate’ rating for bias due to missing
outcome data was given for Cérdova Martinez et al. (2015), as
although they stated blood samples were collected before and
after each stage of the cycling competition, unlike the other blood
markers, only pre and post competition values were reported for
cytokines. Ronsen et al. (2001) and Ndon et al. (1992) were also
rated as “moderate” for bias due to missing outcome data as
participants with incomplete data sets were still included in the
final analysis (Ronsen et al., 2001) and participants were excluded
from analysis by the investigators after final outcome measures
were taken as they were perceived to be overtrained (Ndon et al.,
1992).

3.2 Study outcomes

(Figure 1) Across the 57 included studies (Table 2), the
variables used to assess immune cell changes included immune
cell counts (Ferry et al., 1990; Fry et al., 1992; Ndon et al., 1992; Baj
et al., 1994; Baum et al., 1994; Pizza et al., 1995; Mitchell et al., 1996;
Mujika et al., 1996; Hack et al., 1997; Bury et al., 1998; Rebelo et al.,
1998; Mueller, 2001; Ronsen et al., 2001; Dressendorfer et al., 2002;
Halson et al., 2003; Peake et al., 2003; Lancaster et al., 2004; Meyer
et al,, 2004; Smith and Myburgh, 2006; Shing et al., 2007; Tanimura
et al,, 2009; Bresciani et al., 2011; Wang et al., 2011; Wang et al.,
2011; Borges et al., 2012; Witard et al., 2012; Heisterberg et al., 2013;
Li et al., 2013; Weng et al,, 2013; Louis et al., 2016; Sheyklouvand
et al., 2018; Poffe et al., 2019; Chung et al., 2021; Leal et al., 2021),
lymphocyte proliferation (Hoffman-Goetz, 1986; Watson, 1986;
Hoffman-Goetz et al., 1988; Verde T et al., 1992; Mitchell et al.,
1996; Bury et al., 1998; Koyama et al., 1998; Peake et al., 2003; Peijie
et al., 2003; Kwak, 2006; Hwang et al., 2007), CD4/CDS8 ratio (Ferry
et al,, 1990; Fry et al,, 1992; Verde T et al.,, 1992; Blank et al., 1994;
Kaufman et al., 1994; Kajiura et al., 1995; Pizza et al., 1995; Hack
et al., 1997; Mueller, 2001; Dressendorfer et al., 2002; Smith and
Myburgh, 2006; Shing et al., 2007; Wang et al.,, 2011; Dongqing,
2013; Lietal, 2013; Weng et al,, 2013; Poffe et al,, 2019; Zhang et al.,
2019; Leal et al,, 2021), cytokine secretion (Dressendorfer et al.,
2002; Halson et al., 2003; Shing et al., 2007; Croft et al., 2009; Main
et al., 2010; Bresciani et al., 2011; Nickel et al., 2011; Gholamnezhad
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TABLE 2 Return of relevant studies from the systematic search. Studies in Bold Italics were eligible for inclusion from the systematic search, but were not suitable for inclusion into the meta-analysis.

Study Participants
A iri et al. H (Males)
(2002)

Baj et al. (1994) Humans (males)

Baum et al. (1994) Humans (males)

Blank et al. (1994)  Rodents
(females)

Blank et al.
(1997)

Rodents (females

Borges et al. Humans (males)

(2012)

Borges® (2018) Humans (males)

Bresciani et al. Humans (males)

(2011)

Bury et al. (1998)  Humans (males)

Cardoso et al Rod(males)

(2018)

Chiang et al. Rodents (males)

(2007)

Chung et al. Rodents (males)

(2021)

Age

21.1 + 0.44

21 £15

208 +£3

8-10 weeks

9-10 + weeks

22 £42

22 +43

223+ 14

242 £ 2.6

6-8 weeks

9 weeks

6 weeks

V OZmax

40.2 £ 8.7

740 £ 1.4

No
Information

Not applicable
Not applicable
612 + 5.5

61.2 £55

452 +23

62.8 + 4.0

Not applicable

Not applicable

Not applicable

Training
status

Trained

Trained

Trained

Not applicable
Not applicable
Trained

Trained

Recreationaly
Active

Trained

Not applicable

Not applicable

Not applicable

Intensified training

Military Training, 5d.wk

Cycling training and competition;
500 km.wk training & 12,000 km
during competition

Training 3 phases: endurance runs
(60-160 km.wk), 8 weeks anaerobic
km wke (intensive training- submax
and max runs, uphill runs) &
competition phase. (Pre and post
phase 2 used)

Treadmill running 60 min.d, 5 d.wk
at 12 m/min, 8 degree gradient

Treadmill running 60 min.d, 5 d.wk
at 12 m/min, 8 degree gradient

Kayak season (t0-t2 timepoint used)

11 weeks high volume, 5 weeks high
intensity; (kayaking, running,
swimming & strenth).

Running 3d.wk starting at 40, 30
,30 min per session and increasing
weekly volume by 5 mins each
session every week. (T1-13 used).
Intensity started at 42.5% and
increased to 80% TRIMP.

Football season

30 mins swimming d

Treadmill endurance tranining
6d.wk*(progressively increased from
10 mmin to 25 m/min and 5 min to
30 min sessions)

treadmill running; 15 m/min at a 5%
day scope increasing by 3 m.min
every 10 min until exhanstion. 1
session first 4 weeks and 2 sessions

Duration Measurement method

8 weeks

24 weeks

8 weeks

10 weeks

10 weeks

26 Weeks

26 Weeks

9 weeks

40 weeks

15 days

5 weeks

8 weeks

Flow Cytometry

Flow cytometry

Flow cytometry

Automated cell counter

51Cr-release assay in lytic units
and Flow cytometry.

Automatic cell counter.

ELISA (unstimulated)

ELSA (unstmulated)nd Automatic
cell counter

Resting PHA stimulated labelled
thymidine incorporation via liquid
scintillation (proliferation).
Immunofluorescent staining and
microscope (count)

ELISA (unstimulated)

LPS stimulated, measured via. minw
cytometry

Autmoated cell counter, ELISA
(Unstimualted exercise induced)

Biomarker

CD3+, CD4+, CD8+, NK cell,
lymphocyte counts

Lymphocyte, CD3+, CD4+, CD8+
and NK cell counts, CD3/

CD4 daysRatio, lymphocyte
proliferatio”, IL-*

Lymphocyte, CD3+, CD4+, CD8+
Counts

CD4/CD8 Ratio, NK cell, CD4+
andCD8+ counts

Spleen NK cell, CD4+, CD8+ counts
and NK cytolytic activity.
Lymphocyte count.

TNEF- + o, IFN- y, IL-1 f .

Resting Lymphocyte + count, T +
F-a

Lymphocyte, CD4+, CD8+, CD56+
Counts, lymphocyte proliferation.

IL-10, IL-1 B, TNF- «
BMD MHC II, Myeloid DC CD80

and CD86, DC IL12

Lymphocyte count, IL-
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TABLE 2 (Continued) Return of relevant studies from the systematic search. Studies in Bold Italics were eligible for inclusion from the systematic search, but were not suitable for inclusion into the meta-

analysis.
Study Participants  Age V Osmax Training Intensified training Duration Measurement method Biomarker
status
for last 4 week 4 hr rest between
sessions in last 4 weeks.
Coérdova Martinez ~ Humans (males) — 20.03 + 0.9 732+ 6.7 untrained 460 km cycling: 4 stages (Basal and 3 days ELISA (unstimulaed) TNF- a , IFN- y, 1L-1B
et al. (2015) post 3rd stage used)
Croft et al. (209)  Humans (males) 20 £ 1 559 + 6.8 untrained High intensity interval running 6 weeks Unstimulated Bead assay (flow TNF- a
4xwk: 10 mins at 70% V Oppax » 3 X cytometry)
5 min at 90%, 1.5 min at 50%, then
10 = min cooldown at 70%
Dongqing (2013) ~ Humans (males)  20.2 + 1.3 No Inforation  Trained Weightlifting; progressive incr + ase 4 weeks Fluo minnt double labeling x Resting CD4, CD8+ counts, CD4/
each week@ 75%, 80%, 80%, 85% method using Imm noassay CD8 Ratio
HRmax, 5.5 d.wk.
Dos Santos Rodents ((males) 6-8 weeks Not applicable  Not applicable  Treadmill running, 5 d.wk at 60%- 5 weeks CON A stimulated proliferation, Resting and exercise induced spleen
Cunha et al. 65% V O2max Thymidine incor o wkon measured ~ Lymphocyte proliferation, IL-2, IL-
(2004) by liquid scintillation (dpm) and 10 and TNF- «
ELISA (PHA stimulated).
Dressendorfer et Humans (males) 244 + 2.1 593 + 5.0 trained HIIT at 100%HRmax 4d.wk on a 6.5 weeks Flow cytometry. Lymphocyte count Resting: CD3+,
al. (2002) bike, plus one wind tunnel cycle and CD8+, CD4+ Counts. Exercising:
one weight session per week. CD3+, CD8+, CD4+ Counts
(Baseline to end of I phase used)
Fernandes et al. Rodents ((males) 6-8 weeks Not applicable  Not applicable  Treadmill running 1 hr.d at 50% 5 weeks Flow cytometry. pDC and mDC count, CD80 and)
(2019) average max speed. CD86 expression of lung ad lymph
Ferry et al. (1990) Humans (males)  20.1+2.9 632+ 43 trained Across a cycling training cycle 20 weeks Flow cytometry Resting: Lymphocyte, CD8+, CD4+,
CD56+ Counts Exercising:
Lymphocyte, CD8+, CD4+, CD56+
Counts. CD4/CD8 Ratio
Fery et al. (1992)  Rodents (males) 12 weeks Not applicable  Not applicable  Treadmill running 6(d.wk,) 4 weeks Flow cytometry Spleen CD4+ (resting and
duration increased from 30-60 min +xerci+e) and+CD8+ (resting)
and speed from 20-30 m.min counts
Fry et al. (1992) Humans (males) 3.6 £ 3.5 (No body ~ 3.71 + 0.14 trained Army training: 10 d treadmill 10 days Flow cytometry Lymphocyte, CD3+, CD8+, CD4+
mass (kg) provided  (L.min™) intervals 2x day (15 x1 min exercise CD56+ Counts, CD4/CD8 ratio,
to convert to ml.kg period 2 mins rest in AM, PM= 10 x lymphocyte proliferation.
! min™') 1 min intervals 1 min rest), 5 dactive
recovery (Dayl-10 used).
Gholamnezhad et Rodents (males)  6-8 weeks Not applicable  Not applicable ~ Treadmill running at 25 m.min, 11 weeks ELISA (unstimulated) IL-10, IEN- y , TNF- a
al. (2014) 60 min.d, 6 d.wk
Hacket al. (1997) Humans (males)  23.4 + 0.8 No untrained Anaerobicr, 60 min sessions 3 d.wk 8 weeks Automated cell counter and flow Lymphocyte, CD3+, CD4+, C8+ and
Information 2x sprint sessions (90%-110% V' cytometry CD4+CD45RA+ counts, CD4/CD8

Ojmax With 5-8 min recovery; 5 x
80-300 m), 1 x 60 min weights
session

Ratio
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TABLE 2 (Continued) Return of relevant studies from the systematic search. Studies in Bold Italics were eligible for inclusion from the systematic search, but were not suitable for inclusion into the meta-

analysis.
Study Participants  Age V Osmax Training Intensified training Duration Measurement method Biomarker
status

Halson et al. Humans (males)  21.1 +3.0 580 + 1.7 trained 2 week normal cycling training, 4 weeks ELISA (unstimulated) and flow Lymphocyte count, TNF- «
(2003) 2 week- intensified cycling eriod cytometry

(7 d.wk 150% normal load)
Hasanli et Rodents (male) 10 weeks Not applicable ~ Not applicable =~ Treadmill running; 5 d.wk at 8 weeks ELISA (unstimulated) IEN- y
al.(2021) 15 m.min in week 1, increasing tso

25 m.min by week 8. Duration

started at 60 min.session in week

days and increased to 60 min in

week 5.
Heisterberg et al, ~ Humans (males) 263 + 1.1 62.5 trained Professional soccer season (5-8 x wk, 24 weeks Automated cell counter Lymphocyte count
(2013) 1.5- 2 hr. session days)
Wengetal. (2013)  Rodents (males) 12 weeks Not applicable ~ Not applicable ~ Treadmill runing at 28 m.min, 6 d. 6 weeks CON A stimulated thymidine Spleen-lymphocyte -oliferation

wk at gradient 8 degree incorporation via liquid

scintillation (CPM)

Hoffman-Goetz et Rodents (males) 8 weeks Not applicable ~ Not applicable ~ Treadmill running (2 wks; 12-30 m- 8 weeks LPS and PWviatimulated thymidine ~ Lymphocyte proliferation
al. (1988) min, 0-8 degree gradient, 30 min. d, incorporation via liquid

5 d.wk and 6 wks; 30 m.min, 8 scintillation (cpm)

degree gradient, 20min.d, 5 d.wk)
Hoffman-Goetz et Humans (males) 24.5 + 0.9 46.4 + 6.4 untrained Cyclin-30 m V Ozpy,. , 1 hrd 5 days Flow cytometry Resting and exercising CD3+,
al. (1990) CD4+, CD8+ and NK cell counts
Hwang et al. Rodents (males) 6 weeks Not applicable ~ Not applicable ~ Swimming 30 min.d, 5 d.wk in week 10 weeks CON A and LPS induced thymidine ~ Spleen lymphocyte proliferation
(2007) 1, then extended by 10 min.d, up to incorporation via liquid

60 min.d, 5 d.wk scintillation (cpm)
Jurimae and Purge  Humans (males)  25.0 + 6.5 64.0 + 3.5 trained Rowing training, starting at 11.6 + 24 weeks ELISA (unstimulated) IFN- y, TNF- o, IL-1 B, TL-2
(2021) 1.4 hr.wk and increasing to 18.4 +

1 hr.wk
Kajiura et al. Humans (males)  20.2 + 1.8 60.1 + 5.2 trained High volume, high intensity running 10 days Flow cytomet + y Resting and exercising CD4+ count,
(1995) phase (100% increase in normal CD4/CD8ratio

running load, with 1000 m intervals

at 95%-100% V O2max ever

other day)
Kafman et L. Rodents (males) 6 weeks Not applicable ~ Not applicable ~ Swimming 15 min intervals, 4 weeks Flow—cytometry Spleen CD4/CD8 ratio
(1994) increased over 2.5 wks to 2 hr.d

5 d.wk, with an additional 1.5 wk at

2 hr.d 5 m.wk
Kilgore et al. Humans (males) 28.3 + 6.3 No trained Weightlifting; 57%-90% 1RM 6 weeks Automated cell counter Lymphocyte count
(2002) Information rang(ng fr)m 3-5 d.wk
Koyama et al. Rodents (males) 7 days Not applicable ~ Not applicable ~ Progressive wheel running; 1 wk 4 weeks CON A induced thymidine Peripheral lymphocyte proliferation

(1998)

(60-120 min.d), 3 wks (120 min.d,
6d.wk), average distance increased
from 1500-2500 m.d

incorporation via liquid
scintillation (cpm)
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TABLE 2 (Continued) Return of relevant studies from the systematic search. Studies in Bold Italics were eligible for inclusion from the systematic search, but were not suitable for inclusion into the meta-

analysis.

Study Participants

Age

V OZmax

Training
status

Intensified training

Duration Measurement method

Biomarker

Kwak (2006) Rodents (males)

Lancaster et al.
(2004)

Humans (males)

Leal et al. (2021) Humans (males)

Leandro et al.
(2006)

Rodents (male)

Li et al.(2013) Humans (male)

Liao et al. (2006) Rodents (male)

Louis et al. (2016)  Humans (male)

Mackenzie et al. Rodents (males)

(2016)
Main et al. (2010) Humans (males)

Meyer etal. (2004) Humans (males)

Humans (males)

6 weeks

30+2

215

No Information

192 £ 1.6

6-8 weeks

31.0 £ 4.7

6-8 weeks

266 £ 4.1

248 +3.8

23470

Not applicable

60.6 + 1.5

Not applicable

No
Information

Not applicable

58.7 £5.6

Not applicable

65.0 + 34 days

68.4 + 10.0

404 £ 0.1

Not applicable

trained

untrained

Not applicabe

trained

Not applicable

trained

Not applicable

trined

trained

untrained

Swimming 1 week; 30 min.d,
increased by 10 min.wk up to
60 min.d

Cycling training every day at 150%
normal volume with V' O,ay tests
before and after.

Running session repeated in the
order of; 90 min continuous
treadmill; 70 min @55% v V Oy &
20 mn @75% vV Oz 5 km TT; 70
min treadmill at 12 RPE (borg) for
30 mins, 13 RPE for 3 mins &15 RP
for 10 mins.

Treadmill running 5 d.wk, 60 min.d
a(70% V Osmax

Military training

Treadmill running 6 d.wk, timing
increased from 15-35 min.d, speed
increased from 10-25 m.m(n. 2)
incline increase in last week. 30%
intensity every 3rd day of each week.

6 sessions over 4 consecutive days,
10-15 h.wk; High intensity afternoon
session (8 x 5 min cycling @85%
MAP and 6 x 5 min running at

10 km intensity); low intensity the
next morning (60 min cycle at 65%
MAP). Light sessions 3 d.wk.

Treadmill running at 60% m X x
velocity, 1hr.d, 5d.wk

14 sessions. Wk; 7d.wk™ (10 x
rowing, the rest weights, running and
ergometer). 24 h.-k',80% endurance
based, 20% at LT and max sprint
efforts

Cycling training 20 h.wk™ (40% i
days crease from normal training
volume)

1 days
weeks

6 days

12 days

8 weeks

1 week

5 weeks

3 weeks

4 weeks

8 weeks

13 days

12 weeks

CON A and LPS induce thymidine
incorporation via liquid
scintillation (cpm)

Flow cytometry and geometric

mean fluorescence intensity

Flow cytometry and Automated cell
counter

CON A induced minymidine
incorporation via liquid
scintillation

Flow cytometry

Flow cytometry

Automated cell counter

Flow cytometry

low cytometry (unstimulated)

Flow cytometry

Spleen lymphocvia proliferation

CD3+, CD4+, CD8+,
via+CD45RO+, CD8+CD45RO+
and lymphocyte counts, IFN- y

CD4+, CD3+, CD8+, NK cell counts,
CD4/CD8 ratio, DC CD11c
Expression

Lymphocyte proliferation

CD4/CD8 ratio, Resting NK cell,
CD3+, CD4+ count

mDC CD80 and +D86 e+pression,
mDC count

Lymphocyte count

Bone marrow dendritic cell count

IL-1B , TNF- a , IL-12p70, IL-10

Lymphocyte and NK cell counts
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TABLE 2 (Continued) Return of relevant studies from the systematic search. Studies in Bold Italics were eligible for inclusion from the systematic search, but were not suitable for inclusion into the meta-

analysis.
Study Participants  Age V Osmax Training Intensified training Duration Measurement method Biomarker
status
Mitchell et al., Cycle ergoeter; 30 min.d™, 2 d.wk™ PHA and PWM induced thymidine ~ Lymphocyte count, lymphocyte
1996 at 75% V Oapmax incorporation via liquid scintil ation  proliferation
Mueller, 2001 Humans (males)  25.8—37.9 737 + 47 (Ex)  trained Season of cross country endurance 8 weeks ELISA, flow cytometry Lymphocyte, CD3+, CD4+, CD8+
44.8 + skiing counts, CD4/CDS8 ratio, IFN- vy, IL-
5.2 (Con) 10, IL-12
Mujika et al. Humans (males) 21.1 + 3.4 No trained Swimming season; 12 weeks traini- 16 weeks Automated cell counter Lymphocyte count
(1996) Information 4 weeks taper
Ndon et al. (1992) Humans (males)  25.6 + 2.6 679 +23 trained Cycling, swimming, running and 4 weeks Automated cell counter Lymphocyte count
weights training; 150% normal
training duration
Nickel etal. (2011)  Humans (males) 40 + 7 No trained Continuous aerobic running and 10 weeks ELISA (unstimulated) TNF- a
Information interval training, gradual increase in
training and intensity (week 1: 38 +
1 km.wk ™' — week 10: 54 + 2 km.wk )
Peake et al. (2003) Humans (males) 28 + 7 No trained 16% increase normal running 4 weeks Flow cytometer, CON A and PWM  Lymphocyte, CD3+, CD4+, CD8+,
Information training volume; 104+48 km average induced thymidine incorporation NK cell counts, lymphocyte
distance via liquid scintill + t ion proliferation
Peijie et al. (2003)  Rodents (males) 6 weeks Not applicable ~ Not applicable ~ Swimming; Week 1 (1.4 m.s' for+0 6 weeks CON A induced thymidine Spleen lymphocyte proliferation
in) increased by 5 mins.d™ until incorporation via liquid scintillation
120 min.d™. intensity increased to
1.6 m.s™ at week 2 via 1.8 m.s at
week 5.
Pizza et al. (1995) Humans (males) 34.8 + 7.6 65.1 + 4.9 trained 200% increased running training 10 days Flow cytometry Lymphocyte, CD +, CD3+, CD8+
min than normal and NK ce 1 counts, CD4/C8 Ratio
Poffe et al. (2019) Humans (males) 212 + 2.9 553+ 6.1 trained Cycling 6d.wk''; HIIT (30 s max 3 weeks Flow cytometry CD3+, CD4+, CD days+ counts,
sprint 100 rpm, 4.5 min active CD4/CD8 ratio
recovery at 50 W; sprints increased
from 4-6 over 3 weeks); intermittent
endurance (5 x 6 min 100-110% av.
PO, 8 min 55%-85%"recov'ry
periods); constant load endurance
(70%-95% av. PO 30 min TT for 60-
150 min)
Rebelo et al. Humans (males) 263 + 3.7 No trained Across an entire Portuguese football 44 weeks Flow cytometry Lymphoc-tes, CD3+, CD4+ counts
(1998) Information season
Ronsen et al. Humans—(males) 21—29 7—82 trained Nordic skiing season 8 weeks Automate* cell*counter Lymphocyte count
(2001)
Sheyklouvand e Humans (males) 24 +3 No trained Canoe paddling based HIIT 3d.wk, 3 weeks Automated cell counter Lymphocyte count
(2018) Information variable intensity (6 x 60 s at 100%,

110%, 120%, 130", 130", 130%, 120%,
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TABLE 2 (Continued) Return of relevant studies from the systematic search. Studies in Bold Italics were eligible for inclusion from the systematic search, but were not suitable for inclusion into the meta-

analysis.
Study Participants  Age V Osmax Training Intensified training Duration Measurement method Biomarker
status
130%, 100% v V Ojpear ) across 9
sessions
Shing et al. (2007) Humans (males) 27 +2 693+ 1.3 trained High intensity cycle training >VT. 5 days Flow cytometry Lymphocyte, CD3+, CD4+, CD8+,
Day 1: 20 x 1 min at PPO, 2 min NK cell counts, CD4/CD8 ratio,
days covery at 50 W; Day 2: 60 min TNF-a , IFN- y, I L-12p70
x at 100%VT; Day 3: 12 x 30 s
sprints at 175% PPO, 4.5min at 50 W
recovery; ay 4: 30 mins at 80%VT,
45 min at 100%VT; Day 5:
40 min TT
Shing et al. Humans (males) 27 + 2 69.3 + 1.3 trained High intensity cycle training >VT. 5 days Flow cytometry NKCC %lysis
(2007a) Day 1: 20 x 1 min at PPO, 2 min
recovery at 50 W; Day 2: 60 min at
100%VT; Day 3: 12 x 30 s sprints at
175% PPO, 4.5 min at 50 W
recovery; Day 4: 30 mins at 80%VT,
45 min at 100%VT; Day 5:
40 min TT
Smith and Humans (males)  22.6 + 4.7 56.1 + 4.7 trained Cycling; 2d.wk-1 alternating sessions 4 weeks Flow cytometry CD3+, CD4+, CD8+, NK cell counts,
Myburgh. (2006) of (1) 80% PPO for 5 min, 1 min rest CD4/CD8 ratio
x 5-8 reps (increased by 1 bout.wk),
and (2) 90% 5 kmTT speed for 5 km,
50% 5km speed for 20 min, 90%
5km TT speed 5 km.
Sugiura et al. Rodents (males) 6 week Not Applicable  Not Applicable  Wheel running 3 d.wk-1, 12 h.d-1. 8 weeks CON A and PHA induced Lymphocyte proliferation
(2002) Distance increased from 7 km.d-1 to thymidine incorporation via liquid
8km.d-1, peaking at 10 km.d-1 at scintillation
5 wk.
Tanimura et al. Humans (males)  19.6 + 0.9 46.8 £ 3.4 trained Kendo training; 310 min.d™ 6 days Flow cytometry Lymphocyte, CD4+, CD8+ cou nts
(2009)
Verde T. J et al. ~ Humans (males) 288 + 1.7 >60 trained Increased running training load 3 weeks Flow cytometer, PHA and CON A CD4/CD8 ratio, lymphocyte
(1992) by via induced thymidine incorporation  proliferatio , resting CD3+ count
via liquid scintillation
Verde T et al. Humans (males) 288 + 1.7 653 + 4.9 trained Increased running training load 3 weeks Flow cytometry CD4+, CD8+ counts
(1992) by 38%
Wangetal. (2011)  Humans (males) 23.1 + 0.8 439 £23 untrained Cycling at 50%Wmax, 30 min.d’, 4 weeks Flow cytometry NK cell count® NK CD45RO/RA+
5 d.wk! count
Wangetal. (2011)  Humans (males) 215 + 0.7 44.1 £ 2.5 untrained Cycling at 50% Wmax, 30 min.d’, 4 weeks Flow cyt'metry Lymphocyte, CD4+, CD3+, CD8+
5 d.wk! counts, CD4/CDS8 ratio
Watson (1986) Humans (males) 22.8 + 4.7 540 +3.d untrained Running 40-50 min.d”, 5d.wk™" at 15 weeks Haemocytometer, Flow cytometry,  Lymphocyte and CD3+ counts,

70%-85% V Oamax

NK cell *'Cr release

NKCC, T cell proliferation
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Biomarker

Duration Measurement method

Intensified training

Training
status

V 02max

Age

TABLE 2 (Continued) Return of relevant studies from the systematic search. Studies in Bold Italics were eligible for inclusion from the systematic search, but were not suitable for inclusion into the meta-
Participants

analysis.

Study
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Lymphocyte,~CD4+, CD8+ counts,

CD4.CD8 ratio

Flow cytometry

5 weeks

Cycling 5d.wk™'; 3 min intervals at 40

untrained
and 80% V Ozmax »

46.5 £ 1.7

22.310.2

Humans (males)

Weng et al. (2013)

30 min.d™*

Lymphocyte and CD8+ counts

Flow cytometry

2 weeks

1 wk normal, 1 wk high intensity

642+ 6.5 trained
cycling (increase volume and

27 £ 8

Humans (males)

Witard et al.
(2012)

intensity by 70% vs normal), 1-2

sessions.d !, days7d.wk. E d of each
week; 120 min at 60% V O, and
45 min TT at 85%-100% V Osmax

L-mphocyte, CD4+, C days8+ and

Flow cytometry

4 weeks

High intensity training, 8 h.d™" at

No trained
grade 5-6 intensity

20.1 £24

Humans (males)

Zhang et al. (2019)

CD3+ counts, and CD /CD8 ratio.
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et al,, 2014; Cérdova Martinez et al., 2015; Borges et al., 2018;
Hasanli et al,, 2021; Juirmae and Purge, 2021), dendritic cell co-
stimulatory molecule and MHC II expression (Chiang et al., 2007;
Mackenzie et al., 2016) and NK Cytolytic activity (Watson, 1986;
Bury et al,, 1998; Shing et al., 2007).

3.3 Meta-analysis

3.3.1 Immune cell counts
3.3.1.1 Total lymphocytes

Of the 57 included studies, 29 studies assessed lymphocyte count
at rest. Overall, a period of intensified training significantly (Z = 4.07
(p < 0.0001)) reduced resting lymphocyte number with a moderate
effect (d= —0.57, 95% CI [-0.85, —0.30]; Figure 2). However, there is
substantial heterogeneity amongst the studies (Chi* = 79.50, df = 28
(p < 0.00001), I = 65%). Subgroup analysis indicated significant
decreases in resting lymphocyte count in all exercise durations
of >7days (8days- 2weeks (n = 4): Z = 229 (p = 0.02),
d = -1.36, 95% CI [-2.53, —0.20]; 15 days- 4 weeks (n = 7): Z =
3.21 (p =0.001), d = -0.65, 95% CI [-1.05, —0.26]; >4 weeks (1 = 15):
Z =208 (p = 0.04), d = —0.38, 95% CI [-0.73, —0.02]). Exercise
durations of <7 days (n = 3) did not alter lymphocyte counts at rest
(Z=1.04 (p =030), d = -0.71, 95% CI [-2.04, —0.63]).

Of the 57 included studies, 8 studies assessed lymphocyte
count in response to exercise. Overall, a period of intensified
training did not change the total lymphocyte count immediately
post exercise (Z = 1.47, (p = 0.14), d= —0.64, 95% CI [-1.50,
0.21]). There is substantial heterogeneity amongst the studies
(Chi*> = 34.43, df = 7 (p < 0.0001), I> = 80%).

3.3.1.2 T cells.

3.3.1.2.1 CD3" T cells. ~ Of the 57 included studies, 14 studies
assessed CD3* count at rest. Overall, a period of intensified
training did not change CD3" count at rest (Z = 1.67, (p = 0.10),
d= -0.50, 95% CI [-1.08, 0.09]; Figure 3). However, there is
considerable heterogeneity amongst the studies (Chi* = 77.41,
df = 13 (p < 0.00001), I* = 83%). Subgroup analysis revealed that
intensified training periods of 8days- 2weeks (n = 3)
significantly decreased CD4" T cell count at rest (Z = 2.14
(p = 0.03), d = —0.80, 95% CI [-1.53, —0.07]).

Of the 57 included studies, 3 studies assessed CD3* count
immediately post exercise. Overall, a period of intensified
training did not change CD3" count immediately post exercise
(Z =0.82, (p = 0.41), d= —1.16, 95% CI [-3.93, 1.16]). However,
there is considerable heterogeneity amongst the studies (Chi* =
35.40, df = 2 (p < 0.00001), I* = 94%).

3.3.1.2.2 CD4" T cells. Of the 57 included studies, 19 studies
assessed CD4" count at rest. Overall, a period of intensified
training did not change CD4" count at rest (Z = 1.41, (p = 0.16),
d= -0.30, 95% CI [-0.71, 0.12]; Figure 4). However, there is
considerable heterogeneity amongst the studies (Chi* = 74.12,
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FIGURE 1

Systematic literature search PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow chart.

df =18 (p < 0.00001), I* = 76%). Subgroup analysis revealed that
intensified training periods of 8 days- 2weeks (n = 3)
significantly decreased CD4" T cell count at rest (Z = 2.53
(p = 0.01), d = —1.17, 95% CI [-2.08, —0.26]).

Of the 57 included studies, 5 studies assessed CD4" count
immediately post exercise. Overall, a period of intensified training
did not change CD4" count immediately post exercise (Z = 0.80, (p =
0.42), d = 0.35, 95% CI [-0.50, 1.19]). However, there is substantial
heterogeneity amongst the studies (Chi* = 12.92, df = 4 (p = 0.01),
I’ = 69%).

3.3.1.2.3 CD8" T cells. Of the 57 included studies, 18 studies
assessed CD8" count at rest. Overall, a period of intensified training
significantly [Z = 2.18, (p = 0.03)] reduced CD8" count at rest with a
small effect (d= —0.37, 95% CI [-0.7, —0.04]; Figure 5). However,
there is substantial heterogeneity amongst the studies (Chi® = 44.14,
df = 17 (p = 0.0003), I* = 61%). Subgroup analysis revealed that
intensified training periods of 8 days- 2 weeks (1 = 4) were the only
duration to significantly alter resting CD8" T cell count (Z=2.98 (p =
0.003), d = —0.79, 95% CI [~1.30, —0.27]).
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Of the 57 included studies, 6 studies assessed CD8" count
immediately post exercise, before and after a period of
overtraining. Overall, a period of intensified training did not
change CD8" count immediately post exercise (Z = 0.54, (p =
0.59), d = 0.37, 95% CI [-0.97, 1.72]). However, there is
considerable heterogeneity amongst the studies (Chi* = 45.96,
df = 6 (p < 0.00001), I* = 89%).

3.3.1.2.4 CD4/CD8 Ratio.  Of the 57 included studies, 19 studies
assessed CD+/CD8+ Ratio at rest. Overall, a period of intensified
training did not change the resting CD4+/CD8+ ratio (Z =091, (p =
0.36), d= —0.15, 95% CI [-0.49, 0.18]; Figure 6). However, there is
substantial heterogeneity amongst the studies (Chi* = 59.81, df = 18
(p < 0.00001), I = 70%).

Of the 57 included studies, 7 studies assessed the CD4+/
CD8+ ratio immediately post exercise. Overall, a period of
intensified training did not change the CD4+/CD8+ ratio
immediately post exercise (Z = 0.19, (p = 0.85), d= -0.04, 95%
CI [-0.43, 0.35]). There is low heterogeneity amongst the studies
(Chi? = 7.15, df = 6 (p = 0.31), I* = 16%).
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$Std. Mean Difference
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$Std. Mean Difference
IV, Random, 95% CI

Study or Subgrou, IV, Random, 95% CI
1.3.1 <7 days

Lancaster et al 2004 0.59 [-0.48, 1.67]
Shing et al 2007 -0.70 [-1.44, 0.04]

Tanimura et al 2009
Subtotal (35% CI)

2.15[-3.45, -0.85]
0.71 [-2.04, 0.63]

Heterogeneity: Tau? = 1.11; Chi2 = 10.19, df = 2 (P = 0.006); I* = 80%

Test for overall effect: Z = 1.04 (P = 0.30)

1.3.2 8 days - 2 weeks

Fry etal 1992 -1.04 [-2.42, 0.33]
Meyer et al 2004 -0.91[-1.69, -0.12]
Pizza et al 1995 3.10 [4.41,1.79]
Witard 2012 -0.10 [-1.08, 0.88]

Subtotal (95% CI) -1.23 [-2.35, 0.10]

Heterogenelty: Tau® = 1.00; ChF* = 13.08, df = 3 (P = 0.004); = 77%

Test for overall effect: Z = 2.13 (P = 0.03)

1.3.3 15 days - 4 weeks
Halson et al 2003

Louis et al 2016

Ndon et al 1992

Peake et al 2003
Sheyklouvand et al 2018
Wang et al 2011

-0.95[-2.00, 0.10]
-0.12[-1.00, 0.76]
-0.96 [-1.89, -0.02]
0.02 [-0.86, 0.89]
-0.32[-1.38,0.73]
-1.50 [-2.52, -0.48]
Zhang et al 2019 -0.89 [1.64, -0.13]
Subtotal (95% CI) -0.65 [-1.05, -0.26]
Heterogeneity: Tau? = 0.07; Chi? = 7.79, df = 6 (P = 0.25); I = 23%
Test for overall effect: Z = 3.21 (P = 0.001)

1.3.4 > 4 weeks

Baj et al 1994 -1.54 [-2.37, -0.71]
Baum et al 1994 0.11 [-0.51,0.73]
Borges et al 2012 -1.18 [-2.27, -0.09]
Bresciani 2011 -0.27 [-1.20, 0.66]
Bury et al 1998 -1.87 [-2.75, -0.99]
Dressendorfer 2002 0.01[-0.91, 0.94]

Ferry et al 1880

Hack et al 1997
Heisterberg et al 2013
Mitchell et al 1996
Mueller et al 2001
Mujika et al 1996
Rebello et al 1998
Ronsen et al 2001
Weng 2013

Subtotal (95% CI)

-0.67 [1.74, 0.40]
-0.95 [-1.46, -0.45]
-0.03 [-0.56, 0.51]
-0.12[-0.96, 0.71]
0.44 [-0.45, 1.33]
0.14 [-0.84, 1.12]
0.36 [-0.42, 1.14]
-0.54 [-1.40, 0.31]
0.24 [-0.48, 0.96]
-0.38 [-0.73, 0.02]

Heterogenelty: Tau® = 0.31; Ch = 41.93, df = 14 (P = 0.0001); I*= 67%

Test for overall effect: Z = 2.08 (P = 0.04)

Total (95% Cl) -0.56 [-0.84, -0.29]

Heterogeneity: Tau? = 0.35; Chi? = 79.99, df = 28 (P < 0.00001); I = 65%

Test for overall effect: Z = 4.06 (P < 0.0001)

Test for subaroup differences: Chi? = 2.64, df = 3 (P = 0.45), 2= 0%
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Effect of intensified training on resting lymphocyte counts, measured by FACS or Automated cell counter. Subgroup analysis is based on the
duration of intensified training period; < 7 days, 8 days—2 weeks, 15 days—4 weeks and > 4 weeks. All studies used human participants. C/

Confidence interval.

3.3.1.2.5 Natural killer cells. Of the 57 included studies,
10 studies assessed NK cell count at rest based on CD56"
expression. Overall, a period of intensified training did not
change NK cell count at rest (Z = 1.18, (p = 0.24), d= -0.25,
95% CI [-0.67, 0.16]; Figure 7). However, there is substantial
heterogeneity amongst the studies (Chi* = 24.78, df = 10 (p =
0.003), I> = 64%). Subgroup analysis revealed that resting NK
cell count did not alter after a period of intensified training of
any duration [ie., <7 days (p = 0.36), 8 days-2 weeks (p =
0.18), 15 days-4 weeks (p = 0.62) or >4 weeks (p = 0.17)].

Of the 57 included studies, 3 studies assessed NK cell count based
on CD56" expression immediately post exercise. Overall, a period of
intensified training did not change NK cell count immediately post
exercise (Z = 0.10, (p = 092), d= 0.04, 95% CI [-0.74, 0.82]).
However, there is substantial heterogeneity amongst the studies
(Chi® = 435, df = 3 (p = 0.11), I* = 54%)).
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3.3.2 Immune function

3.3.2.1 Lymphocyte proliferation

3.3.2.1.1 Resting stimulated human peripheral blood (counts per
Of the 57 included studies, 5 different studies assessed
human peripheral blood lymphocyte proliferation at rest, with

minute).

3 studies assessing lymphocyte proliferation to more than one
stimulant, thus 8 results were entered into the meta-analysis.
Overall, a period of intensified training did not change resting
lymphocyte proliferation (Z = 0.04, (p = 0.97), d= —0.02, 95% CI
[-1.10, 1.05]). However, there is considerable heterogeneity amongst
the studies (Chi® = 75.72, df = 7 (p < 0.00001), I2 = 91%).

3.3.2.2 Resting stimulated rodent spleen lymphocytes
(counts per minute)

Of the 57 included studies, 6 studies assessed rodent spleen
lymphocyte proliferation at rest with 2 studies assessing
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$Std. Mean Difference

Study or Subgroup IV, Random, 95% CI

10.3389/fphys.2022.998925

$Std. Mean Difference
IV, Random, 95% ClI

271 <7days
Lancaster et al 2004 0.75 [-0.35, 1.84]
Shing et al 2007 -0.38 [-1.10, 0.34]

Subtotal (95% Cl) 0.10 [-0.99, 1.20]
Heterogeneity: Tau? = 0.41; Chi? = 2.83, df = 1 (P = 0.09); = 65%
Test for overall effect: Z=0.19 (P = 0.85)

2.7.2 8 days - 2 weeks

Fry et al 1992 -1.04 [-2.42,0.33]
Pizza et al 1995 -0.70 [-1.57, 0.16]
Subtotal (95% Cl) 0.80 [-1.53, -0.07]

Heterogeneity: Tau? = 0.00; Chi*=0.17, df = 1 (P = 0.68); F=0%
Test for overall effect: Z=2.14 (P = 0.03)

2.7.3 15 days - 4 weeks

Peake et al 2003 0.05 [-0.82, 0.93]

Poffe 2019 -3.44 [-5.14,-1.75]
Smith & Myburgh 2006 -0.20 [-1.26, 0.85]
Wang et al 2011 -0.08 [-0.94, 0.81]

Subtotal (35% CI) -0.72 [1.87, 0.44]

Heterogeneity: Tau? = 1.06; Chi? = 14.13, df = 3 (P = 0.003); # =79%

Test for overall effect: Z=1.22 (P = 0.22)

2.7.4 > 4 weeks

Baj et al 1994 -8.01 [-10.30, -5.72]
Baum et al 1994 0.10 [-0.52, 0.72]
Dressendorfer 2002 0.04 [-0.89, 0.96]

Hack et al 1997
Mueller et al 2001
Rebello et al 1998
Subtotal (95% Cl)

-0.37 [0.85, 0.11]
0.60 [-0.30, 1.50]
0.96 [0.14, 1.78]
0.62[-1.73, 0.48]

Heterogeneity: Tau? = 1.62; Chi? = 56.23, df = 5 (P < 0.00001); 2= 91%

Test for overall effect: Z=1.11 (P =0.27)

Total (95% ClI) -0.50 [-1.08, 0.09]

Heterogeneity: Tau? = 0.97; Chi? = 77.40, df = 13 (P < 0.00001); 1> = 83%

Test for overall effect: Z = 1.67 (P =0.10)
Test for subgroup differences: Chi = 1.91, df = 3 (P = 0.59), I*= 0%
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Effect of intensified training on resting CD3+ T cell counts, measured by FACS or Automated cell counter. Subgroup analysis is based on the
duration of intensified training period; < 7 days, 8 days—2 weeks, 1 days—4 weeks and > 4 weeks. All studies used human participants. C/ Confidence

interval.

lymphocyte proliferation to more than one stimulant, thus
8 results were entered into the meta-analysis. Overall, a
period of intensified training did not change resting spleen
lymphocyte proliferation (Z = 0.10, (p = 0.92), d = 0.09, 95%
CI [-1.79, 1.97]). However,
heterogeneity amongst the studies (Chi® = 94.88, df = 7
(p < 0.00001), I* = 93%).

there is considerable

3.3.2.3 Exercise induced CON a stimulated rodent spleen
lymphocytes (counts per minute)

Of the 57 included studies, 3 studies assessed spleen
lymphocyte proliferation immediately post exercise. Overall, a
period of intensified training did not change spleen lymphocyte
proliferation immediately post exercise (Z = 0.77, (p = 0.44),
d= -2.38, 95% CI [-8.44, 3.68]). However, there is considerable
heterogeneity amongst the studies (Chi* = 44.46, df = 2 (p <
0.00001), I* = 96%).

3.3.3 NK cell cytolytic activity

Of the 57 included studies, 3 studies assessed NK cytolytic
activity as %lysis of K-562 tumour cells. Overall, a period of
intensified training did not change NK cell cytolytic activity (Z =
1.63, (p =0.10), d = 1.13, 95% CI [-0.23, 2.49]). However, there is
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considerable heterogeneity amongst the studies (Chi* = 16.75,
df = 2 (p < 0.0002), I* = 88%).

3.3.3.1 Cytokines

3.3.3.1.1 Unstimulated TNF- a. Of the 57 included studies,
10 studies assessed unstimulated TNF-a secretion at rest. Overall, a
period of intensified training did not change resting TNF- a secretion
(Z =039, (p = 0.70), d= —-0.13, 95% CI [-0.76, 0.51]; Figure 8).
However, there is substantial heterogeneity amongst the studies
(Chi® = 35.96, df = 9 (p < 0.00001), I = 75%).

3.3.3.1.2 Unstimulated IFN-y. Of the 57 included studies,
5 studies assessed unstimulated IFN-y secretion at rest. Overall, a
period of intensified training did not change resting IFN- y secretion
(Z=1.33,(p=0.18),d = 0.70, 95% CI [-0.33, 1.74]). However, there
is considerable heterogeneity amongst the studies (Chi* = 19.42, df =
4 (p = 0.0006), I* = 79%).

3.3.3.1.3 Unstimulated IL-1p. Of the 57 included studies,
5 studies assessed unstimulated IL-1p secretion at rest.
Overall, a period of intensified training significantly [Z =
2.69, (p = 0.007)] decreased resting IL-1 { secretion with a
moderate effect (d= —0.63, 95% CI [-1.09, —0.17]; Figure 9).
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There is very low heterogeneity amongst the studies [Chi* =
4.05, df = 4 (p = 0.40), I = 1%).

3.3.3.1.4 Unstimulated IL-10. Of the 57 included studies,
3 studies assessed unstimulated IL-10 secretion at rest.
Overall, a period of intensified training did not change
resting IL-10 (Z = 1.62, (p = 0.11), d= 1.52, 95% CI
[-0.32, 3.37]). there is
heterogeneity amongst the studies [Chi® =
(p = 0.002), I = 84%].

considerable
12.59, df = 2

However,

3.3.3.1.5 Unstimulated IL-2. Of the 57 included studies,
2 studies assessed unstimulated IL-2 secretion at rest. Overall,
a period of intensified training did not change resting IL-2
secretion (Z=1.62, (p =0.11), d= 1.41,95% CI [-0.30, 3.12]).
However, there is considerable heterogeneity amongst the
studies [Chi? = 4.26, df = 1 (p = 0.04), I2 = 77%].

3.3.3.2 Dendritic cells (all rodent studies).

3.3.3.2.1 Dendritic cell CD80 expression. ~ Of the 57 included
studies, 2 studies assessed DC CDS80 expression as a
percentage of fluorescent intensity. Overall, a period of
intensified training did not change rodent bone marrow
derived DC CD80 expression (Z = 0.82, (p = 0.41),
d = -0.33, 95% CI [-1.12, 0.46]; Figure 10). There is low
heterogeneity amongst the studies [Chi* = 1.64, df = 1 (p =
0.20), I2 = 39%].

3.3.3.2.2 Dendritic cell MHC II expression. ~ Of the 57 included
studies, 2 studies assessed DC MHC II expression. Overall, a
period of intensified training did not change rodent DC MHC II
expression (Z = 0.31, (p = 0.76), d= —2.30, 95% CI [-17.04,
12.43]; Figure 11). However, there is considerable heterogeneity
amongst the studies [Chi* = 65.24, df =1 (p < 0.00001), I* = 98%].

3.3.3.2.3 DC CD86 expression. Of the 57 included studies,
2 studies assessed rodent DC CD86 expression as a percentage of
fluorescent intensity. Overall, a period of intensified training
significantly [Z = 299, (p = 0.003)] increased DC
CD86 expression with a large effect (d = 2.18, 95% CI [0.29,
4.07]; Figure 12). However, there is substantial heterogeneity
amongst the studies [Chi* = 3.60, df = 1 (p = 0.06), I* = 72%].

4 Discussion
4.1 Overview

The purpose of this study was to bring together a body of
research to characterise the T lymphocyte, NK cell and DC
activity at rest and in response to exercise stress following

periods of intensified training. To assess whether these
immune biomarkers could provide insight into their use as
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diagnostic indicators of the negative states of overtraining, it
was necessary to focus on research with appropriate intensity of
training. Training protocols of >7 days are more likely to induce
NFOR than shorter training periods of the same intensity
(Halson et al.,, 2002). With 93% of included studies utilising a
training protocol of >7 days in duration, we can be confident that
NFOR was a possibility. In agreement with this, subgroup
analysis conducted on resting immune cell counts within this
review indicated that training durations of <7 days did not
induce alterations in immune cell counts, whereas durations
above this did. Understanding the relationship between resting
and exercise induced immune cell markers and intensified
training periods may be useful in the diagnosis of the negative
states of overtraining e.g., NFOR or OTS. Currently no clear
biomarker has been uncovered to support diagnosis of these
states (Meeusen et al., 2013). Additionally, this review highlights
further
experimental research is required.

some gaps within the literature where further

In total this meta-analysis examined 16 immune biomarkers;
7 were assessed at rest and in response to a bout of exercise, with
the remaining 9 assessed at rest only. When comparing each
variable from before to after an intensified training period,
significant decreases in resting total lymphocyte and CD8*
T cell counts, and unstimulated plasma IL-1p levels were
In addition,

found. resting DC CD86 expression was

significantly increased in rodents only.

4.2 Total lymphocyte and CD8* T cell
counts at rest

The meta-analysis found a significant decrease in resting total
lymphocyte and CD8* T cell count after a period of intensified
training. The magnitude, direction, and length of immune
recovery after a period of intensified training is dependent
upon the intensity, duration, and load of training (Simpson
et al.,, 2020). Therefore, differences in exercise protocols used
by studies utilised in this review may account for the inter-study
variability in findings. To examine this further, we note that of
the studies reporting intensity increases, the study displaying the
largest effect size for a significant decrease in resting lymphocyte
count elevated running training load by 200% across a 10-day
period in trained participants (Pizza et al., 1995). Whereas the
study with the lowest effect size increased cycling training load by
40% across a 13-day period in trained participants (Meyer et al.,
2004). The use of sudden increases in workloads as large as 200%
may not be reflective of practice within elite sport which could be
suggested to limit the relevance of the findings to the wider
athletic population. However, an overload of the immune system
does provide insight into its response to training stress and helps
highlight whether immune biomarkers could act as diagnostic
indicators of NFOR or OTS. Although this may not be reflective
of best practice in an athletes every-day regime, some individuals
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may experience this overload. Additionally, the heart rate
response and number of active muscles during running is
known to be considerably higher than that of cycling exercise.
In triathletes, it has been observed that the maximum heart rate
achieved during cycling is often 6-10 bpm lower than obtained
during running (Millet et al., 2009). Therefore, aside from the
obvious intensity differences between Pizza et al. (1995) and
Meyer et al. (2004), the use of running exercise in Pizza et al.
(1995) induces larger internal stress and is thus more likely to
push an athlete towards a state of NFOR than cycling protocols
for the same given intensity and/or duration.

During exercise a transient period of lymphocytosis occurs
followed by a period of lymphocytopenia after cessation of exercise
(Shek et al, 1995). Traditionally it is thought that this
lymphocytopenia creates a 3-72h window of opportunity for
infection (Pedersen and Ullum, 1994) which is prolonged and
more severe if a second bout of exercise is performed within this
time frame (Simpson et al,, 2015). Exercise-induced lymphocyte
apoptosis (Phaneuf & Leeuwenburgh, 2001) that can still be
evident 24h after a single bout of treadmill exercise to
exhaustion (Mars et al., 1998) has been suggested as a possible
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cause for this. This mechanism is thought to be mediated by
cortisol (Riccardi et al, 1999) by binding to glucocorticoid
receptors within immune cells, leading to increased cell
apoptosis (Cain and Cidlowski, 2017). A single bout of exercise
(<1.5 h) has been shown to increase reactive oxygen species (ROS)
and is further increased with higher intensities (Thirupathi et al.,
2021), often peaking 2-3 days after exercise (Theodorou et al,
2011). This increase in ROS has also been attributed to initiating
lymphocyte apoptosis via damaging the DNA of the immune cell
(Mooren et al, 2004). Reactive oxygen species are oxygen
containing molecules that are capable of independent existence,
containing at least one or more unpaired electrons (Jakubczyk
et al., 2020). At low levels, ROS may function in cell signalling
processes, regulating cell growth and differentiation, inflammation,
immune responses and immune survival (Romero and Agostinis,
2014). However, at higher levels, ROS may damage cellular DNA of
immune cells and thus play a role in apoptosis (Mooren et al.,
2004).

As the studies used in this review examined repeated
exposures to exercise stress, exceeding the aforementioned
duration and/or intensities, apoptosis could be a potential
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reason for the decrease in resting lymphocyte numbers found
after a period of intensified training. Despite -earlier
investigations suggesting that post-exercise lymphocytopenia is
a result of apoptosis, Simpson et al. (2007) reported limited
lymphocyte markers of apoptosis (Annexin-V (+) or HSPA60)
1 h after treadmill exercise to fatigue completed at 80% V Osmaxs
yet lymphocytopenia was evident. Moreover, the levels of
apoptosis reported in studies indicating an increase in cell
death are usually very small ie, <5% (Mooren et al., 2002;
Simpson et al., 2007), and as such is unlikely to account for
the 30%-40% reductions in blood lymphocyte count witnessed
after exercise (Peake et al., 2016). Therefore, the reduced resting
lymphocyte and CD8" T cell counts after a period of intensified
training could instead be due to an exercise-driven redistribution
of highly functional effector cells, such as CD8* T cells from the
blood stream into the tissues and organs for heightened
identification and eradication of tissue tumour cells (Simpson
et al., 2020).

This redistribution has been demonstrated in rodents via
fluorescent cell tracking following both running and

swimming exercise (Kruger et al, 2007). In humans,
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cycling at 85% of maximum power output (Wmax) for
20 min prompted the preferential mobilisation of highly
cytotoxic CD8" T cells possessing a high propensity to
migrate into the peripheral tissues during exercise recovery
(Campbell et al, 2009). The redistribution of highly
functional by
haemodynamics and the release of catecholamines and

effector cells is driven increased
glucocorticoids following the activation of the sympathetic
nervous system and HPA axis (Simpson et al., 2015).
Catecholamines, for example adrenaline and
noradrenaline, influence the mobilisation of CD8" T cells
both directly, via the action of adrenaline on lymphocyte -
adrenergic receptors (Graff et al., 2018) and expression of
adhesion molecules (Shephard, 2003), and indirectly, via
increased cardiac output and shear stress mobilising
lymphocytes from endothelial walls (Shephard, 2003). Both
mechanisms result in the demargination of highly cytotoxic
effector cells into the circulation (Dimitrov et al., 2010). CD8"
cells are the T cell subset expressing the most adrenergic
receptors (P, receptor) and are therefore more susceptible to

change with increased exposure to catecholamines across the
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training period (Shephard, 2003). Whilst catecholamines
drive the lymphocytosis of CD8" T cells during exercise,
glucocorticoids such as cortisol are thought to influence
the egress of CD8" T cells out of the peripheral blood and
into the peripheral tissues and organs during exercise
recovery. This is believed to be via heightened expressions
adhesion molecules that
through
endothelial cells and into tissues (Simpson et al., 2006).

of certain cell activation and

facilitate migration, enabling them to pass

During prolonged recovery from intensified exercise,
substantial infiltration of certain subsets of T lymphocytes
into damaged skeletal muscles also occur in order to enhance
muscle repair (Jones et al., 1986). It is therefore possible that
the reduction in resting lymphocytes, and more specifically
CD8" T cells, is the result of a redistribution into damaged
muscles, caused by repeated bouts of exercise over the

training period (Pizza et al., 1995).

4.3 Exercise induced lymphocyte counts

Despite significant decreases in resting lymphocyte
counts after a period of intensified training, there was no
overall significant change in lymphocyte counts in response
to an acute bout of exercise. This suggests that the
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lymphocyte response to exercise stress remains unchanged
both before and after a period of intensified training. 8 studies
investigated the exercise induced changes in lymphocyte
count after a period of intensified training. Of those
8 studies, only 1 found a significant increase in exercise
induced lymphocyte count (Wang et al., 2011). All other
studies included either found no change (Ferry et al., 1990;
Ndon et al., 1992; Ronsen et al., 2001; Witard et al., 2012) or a
significant decrease (Lancaster et al., 2004; Shing et al., 2007;
Hasanli et al., 2021).

On examination of the acute exercise bouts used before and
after the intensified training period to assess the exercise induced
lymphocyte changes in each study; all were all-out tests until
volitional exhaustion. Differences in exercise intensities of these
acute exercise bouts are therefore not the cause of the differences
in lymphocyte response between Wang et al. (2011) and the rest
of the studies. However, Wang et al. (2011) was the only study
that used untrained, sedentary participants, with an average V
Osmax Of 44.1 ml/kg/min (classed as “Fair” (ACSM, 2017). All of
the other studies utilised participants with a V O,y > 60 ml/kg/
min; classed as “Superior” (ACSM, 2017). It is known that
trained and untrained individuals undergoing a period of
intensified training show different cellular responses to
exercise, thought to be related to differences in the elevated
cortisol levels and alterations in the pro/anti-inflammatory
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balance in response to exercise (Walsh et al., 2011). Specifically,
T cell counts appear to be sensitive to exercise load in well trained
individuals undertaking a period of intensified training, but this
sensitivity is reduced in sedentary individuals undertaking the
same training (Walsh et al., 2011). If Wang et al. (2011) was to be
removed, and the meta-analysis re-run using only trained
participants, a significant reduction in total lymphocyte counts
in response to an acute bout of exercise would be found.
Additionally, the intensity of the training intervention
used by Wang et al. (2011) was lower than those used by the
other studies assessing exercise induced lymphocyte counts.
Wang et al. (2011) used a training intensity of 50% W .x
which has previously been likened to ~55% V Osmax (Van
Loon et al., 1999). According to Gore et al. (2013), any
exercise <60% V Osmax is classed as light aerobic and
represents the lowest training zone. The two studies
displaying increases in exercise induced
lymphocyte counts utilised intensities above the ventilatory
threshold level (Shing et al., 2007) and 70-95% HRmax for

most of the training duration (Lancaster et al., 2004). It is

significant
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suggested that anaerobic exercise during maximal effort is the
most powerful catecholamine and cortisol stimulator (Baj
et al., 1994), therefore the differences in responses between
these studies could be because the training protocol adopted
by Wang et al. (2011) was not intense enough to elicit such
hormonal changes that may blunt the exercise induced
lymphocytosis post training that was seen in Lancaster
et al. (2004) and Shing et al. (2007).

4.4 Resting unstimulated IL-1p

A significant decrease in resting unstimulated plasma IL-1p
levels after a period of intensified training was found. High serum
levels of IL-1p are thought to exacerbate damage during chronic
disease and acute tissue injuries (Lopez-Castejon and Brough,
2011); commonly implicated in the pathogenesis of chronic
diseases such as Rheumatoid Arthritis (Altomonte et al,
1992), Atherosclerosis (Kirii et al., 2003) and Chronic
Obstructive Pulmonary Disease (Hammad et al., 2015). As

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.998925

10.3389/fphys.2022.998925

Std. Mean Difference
IV, Random, 95% CI

Baker et al.
Std. Mean Difference
Study or Subgroup IV, Random, 95% CI
6.7.1 <7 days
Cordova et al 2015 3.93[2.08,5.77]
Shing et al 2007 -0.83 [-1.58, -0.08]
Subtotal (95% CI) 1.47 [-3.18, 6.13]
Heterogeneity: Tau? = 10.77; Chi* = 21.80, df = 1 (P < 0.00001); I = 95%
Test for overall effect: Z = 0.62 (P = 0.54)
6.7.3 15 days - 4 weeks
Halson et al 2003 -0.37[-1.36, 0.62]
Subtotal (95% CI) -0.37 [-1.36, 0.62]
Heterogeneity: Not applicable
Test for overall effect: Z = 0.73 (P = 0.46)
6.7.4 > 4 weeks
Borges 2018 0.69 [-0.40, 1.78]
Bresciani 2011 -0.37 [1.31, 0.56]
Croft et al 2009 0.24 [-1.01, 1.49]
Dressendorfer 2002 -0.33 [-1.286, 0.60]
Jurimae and Purge 2021 -2.34[-3.61, -1.08]
Main et al 2010 -0.18[-1.16, 0.81]
Nickel et al 2011 -0.24 [-0.94, 0.45]
Subtotal (35% CI) -0.33 [-0.90, 0.25]
Heterogeneity: Tau? = 0.33; Chi? = 13.99, df = 6 (P = 0.03); ?=57%
Test for overall effect: Z = 1.11 (P = 0.27)
Total (95% CI) -0.13 [-0.76, 0.51]
Heterogeneity: Tau? = 0.75; Chi? = 35.96, df = 8 (P < 0.0001); 2= 75%
Test for overall effect: Z = 0.39 (P = 0.70)
Test for subgroup differences: Chi? = 0.58, df = 2 (P = 0.75), 1= 0%
FIGURE 8

—

‘—

R

—t
——

—ay

—

>

|
-4 -2 2 4
Decraased Post-Training  Increased Post-Training

+

Effect of intensified training on resting unstimulated plasma TNF- a. Subgroup analysis is based on the duration of intensified training period; <
7 day, 8 days—2 weeks, 15 days—4 weeks and > 4 weeks. All studies used human participants. C/ Confidence interval.

Std. Mean Difference

Study or Subgroup IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

6.8.1 <7 days

Cordova et al 2015

Subtotal (95% CI)
Heterogeneity: Not applicable
Test for overall effect: Z = 1.86 (P = 0.06)

-1.01 [-2.07, 0.05]
-1.01 [-2.07, 0.05]

6.8.2 > 4 weeks

Borges 2018 -1.12[-2.28, 0.03]
Dressendorfer 2002 -0.20 [-1.12, 0.73]
Jurimae and Purge 2021 -0.10 [-1.02, 0.83]

Main et al 2010 -1.10 [-2.18, -0.03]
Subtotal (95% CI) -0.55[-1.09, -0.01]

Heterogeneity: Tau? = 0.04; Chi2 = 3.45, df = 3 (P = 0.33); I = 13%
Test for overall effect: Z =2.00 (P = 0.05)

Total (95% CI) -0.63 [-1.09, -0.17]
Heterogeneity: Tau? = 0.00; Chi? = 4.05, df = 4 (P = 0.40); 1= 1%
Test for overall effect: Z = 2.69 (P = 0.007)

Test for subaroup differences: Chi? = 0.56. df = 1 (P = 0.45). ?=0%

FIGURE 9

YK,

D
L4
[=]
N

-2
Decreased Post-Training Increased Post-Training

Effect of intensified training on resting unstimulated plasma IL-1 B. Subgroup analysis is based on the duration of intensified training period; <
7 days, 8 days—2 weeks, 15 days—4 weeks and > 4 weeks. All studis used human participants. C/ Confidence interval.

such, a reduction in resting serum IL-1p has been implicated in
reducing low grade inflammation and is a target for many anti-
inflammatory treatments (Dinarello et al., 2012). This indicates
that reduced resting IL-1p levels after a period of training may be
seen as a positive anti-inflammatory effect of exercise training.
Conversely, IL-1P is essential for resistance to infections, and
lower resting levels of IL-1p may reduce the ability to initiate a
Type 1 immune response (Murray, 2013). However, in order to
understand the true effects this reduction may have on
immunity, stimulated cytokine release needs to be assessed.

Frontiers in Physiology

On examination of the individual studies there needs to be a
consideration of how resting IL-1p was defined. Coérdova
Martinez et al, 2015 took their post training, resting sample
3 h after a cycling race and Main et al. (2010) collected what they
referred to as a resting sample 30 min after a water-based rowing
session. A study investigating plasma and mononuclear mRNA
IL-1p levels in response to a 3-h mixed cycling and running bout
at 60%-65% V Ojmay reported that plasma IL-1p levels were still
elevated compared to resting pre-exercise levels at both 300 min
and 24 h after cessation of exercise, but no change in mRNA was
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detected (Moldoveanu et al., 2000). Similarly, an acute bout of
plyometric exercises consisting of 50 jumps and 50 drop jumps
(Chatzinikolaou et al., 2010), and a marathon race (Ostrowski
et al., 1999) have been shown to elevate plasma IL-1p levels
immediately after exercise. It could therefore be argued that the
true resting plasma IL-1p responses have not been shown and
may account for the large differences in effect sizes between these
studies and the two studies showing the smallest effect sizes. The
two studies showing the smallest effect sizes, indicating little to
no change in resting IL-1p levels, collected blood samples after at
least 24 h of rest (Dressendorfer et al., 2002; Jurimae and Purge,
2021).

In both of the studies displaying little to no change in IL-1p,
markers of performance were shown to increase. For example, in

a group of competitive endurance cyclists, after 6.5 weeks of
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intensified training, average heart rate decreased at submaximal
levels, cycling economy improved and no change in the
testosterone:cortisol ratio was observed that would indicate
any physiological stress that may evoke immune changes
(Dressendorfer et al., 2002). Likewise, a group of elite rowers
undergoing 6 months of volume extended training saw an
improvement in performance in the form of increased aerobic
power, indicating normal training adaptation (Jurimae and
Purge, 2021). Therefore, regardless of sample timing, the
results of these two studies may not be representative of the
overtrained athlete, and insight into their use as a biomarker of
overtraining may be limited.

Although acute bouts of exercise have been shown to elevate
unstimulated plasma IL-1p, this review found that a period of
intensified training led to significantly reduced levels. Pro-
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inflammatory cytokines are mediated by both anti-inflammatory
cytokines, such as IL-1ra and IL-6, and cytokine inhibitors, such
as cortisol and adrenaline, which are known to increase markedly
in the circulation following endurance exercise (Suzuki et al.,
2002). Cortisol is known to possess anti-inflammatory effects
(Blannin et al., 1996; Ortega et al., 1996) and adrenaline has been
shown to downregulate the stimulated production of IL- 1p
(Bergmann et al,, 1999). Additionally, IL-6, the most notable
cytokine secreted from contracting muscles, increases up to 100-
fold during exercise, resulting in increased anti-inflammatory
cytokine production, and decreased IL-1f production (Beavers
et al,, 2010). As such, the triggered anti-inflammatory effects of
exercise could explain the significant decrease in resting IL-1f
levels found after a period of intensified training in this review.

Whilst this review focused on unstimulated IL-1p
concentrations, it is that cytokjne
production from immune cells may be more informative of the

apparent stimulated
overall immune state (Gleeson et al., 2013, P. 299). This is because
IL-1PB does not increase exponentially during exercise, which is
different when compared to infections (Pedersen and Hoffman-
Goetz, 2000). Therefore, stimulating the cytokine response from
immune cells after exercise with stimulants such as LPS, mimics
the initial innate immune response to bacterial infection. In line
with this, Nielsen et al. (2016) found no significant changes in
unstimulated IL-1p immediately after a half-marathon, but when
measuring LPS-stimulated cytokines after the same bout of
exercise, a significant decrease in plasma IL-1p was found.
Despite this, only unstimulated cytokine responses were
included in the meta-analysis because limited papers using the
same stimulants were available for grouping.

4.5 Dendritic cell markers

The meta-analysis revealed a significant upregulation of
stimulated CD86 expression after a period of intensified
training in rodents, yet no significant changes were found for
CD80 or MHC IT expression. Only two papers satisfied the search
criteria for this analysis, and both were in rodents. As such, it is
reasonable to suggest that strong conclusions can not be drawn.

When looking at the trends across all papers that assessed DC
markers, including those not suitable for meta-analyses, it is
apparent that overall, there is a trend for increased CD86 (Chiang
et al., 2007; Mackenzie et al., 2016; Fernandes et al., 2019)
expression after a period of training, with conflicting results
for MHC 1II (Chiang et al., 2007; Mackenzie et al., 2016) and
CD80 (Liao et al., 2006; Chiang et al., 2007; Mackenzie et al.,
2016; Fernandes et al,, 2019). Chiang et al. (2007) found a
significant increase in DC MHC II expression and IL-12
secretion in male sprawly rats in response to 5 weeks
progressive endurance treadmill running, but no significant
increase in CD80/86 expression. They suggested the
upregulation in MHC 1II and IL-12 indicates enhanced DC
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differentiation and maturation, potentially implicating greater
antigen presentation ability, and a greater Th1 response to elicit
antitumor immunity (Chiang et al., 2007). Chiang et al. (2007)
utilised a periodised endurance protocol; a well-designed training
programme consisting of progressive intensity increases and
sufficient active recovery periods. Periodised endurance
training has been shown to modulate immunity in human
models (Liao et al, 2006), allowing for sufficient recovery
before the next training session. It could therefore be argued
that the favourable outcomes seen in Chiang et al. (2007) may not
represent the responses that would be seen in an overtrained
athlete. Additionally, differences between these studies” findings
could also be due to the use of different DC stimulants
i.e, Chiang et al. (2007) used LPS, whereas Mackenzie et al.
(2016) used OVA stimulation. It has been shown that the OVA-
stimulated and LPS-stimulated DC cytokine responses are
different in rodents, with LPS inducing a larger response
(Huang et al, 2013). As such, these stimulants may also
differently affect the expression of DC cell co-stimulatory
molecules and MHC II on DCs upon stimulation.

Mackenzie et al. (2016) found a significant increase in DC
CD86 expression, a significant decrease in MHC II expression and
no significant differences in CD80 expression in mice who
underwent 4 weeks of treadmill running at 6% max velocity for
1hd™, 5days.wk™. DCs transmigrate between peripheral blood
and the lymphatic system acting as immune sentinels (Brown et al.,
2018). When infection occurs, DCs undergo maturation which
involves the upregulation of co-stimulatory molecules CD80 and
CD86, the MHC complex and IL-12 cytokine secretion (Wehr et al.,
2019). All three of these signals are required for T cell activation,
therefore, it is unlikely that an upregulation of one of these signals
alone will significantly alter DC function, and ability to induce a
T cell response. The discrepancies between findings of these studies
(Chiang et al., 2007; Mackenzie et al.,, 2016), in addition to the lack of
studies investigating these DC markers is a cause for expansion upon
this preliminary work in rodents towards human models, which
becomes increasingly important as exercise training may hold the
potential to increase DC maturation, and thus antitumor immunity
(Chiang et al., 2007). It is acknowledged however, that much is left to
speculation, due to the limited numbers of studies assessing the DC
response to intensified training, and those studies that have assessed
the DC response, only examined rodent models. Therefore, we
cannot make any conclusions in humans, but it does suggest some
research in human models is required.

The immune system is a complex system. We cannot
assume that periods of intensified training, or the cortisol
alterations it may induce, affects all immune markers in the
same way. Therefore it would not be unreasonable to see
variation in the changes of different immune activation
markers with intensified training. Furthermore, resilience is
the ability of the body to resist, adapt to, recover or grow in
response to stressors (Chow et al., 2022). For example, high
levels of immune resilience can reduce illness episodes/
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hospitalisations and accelerate immune recovery, as shown in
COVID-19 patients (Justice et al., 2021). Differences in levels
of immune resilience within the participants used in these
studies could therefore lead to variations in immune
activation and recovery to the same stress, and as such, we
cannot assume that all immune systems will respond in the

same way to the same level of stressor.

5 Conclusion

This review identified numerous immune biomarkers that
have been investigated before and after a period of intensified
training. Although this review focuses on the normal impact of
high intensity training due to the difficulties surrounding
confirmation of NFOR/OTS diagnosis, heavy training is a factor
involved in the establishment of NFR/OTS, therefore, the results
presented could provide evidence that these immune biomarkers
are potentially indicative of NFOR/OTS. Results suggest that
although some biomarkers indicated significant alterations after
a period of intensified training (resting CD8" T Cell and total
lymphocyte number, unstimulated IL-1B secretion, and DC
CD86 expression), definitive immune biomarkers indicative of
the negative states of overtraining are limited. Incompatibilities in
methodologies and units of measurements between studies, as well
as low study numbers contributed to the inability to identify more
definitive immune biomarkers within the literature. This review
highlights the need for further research into biomarkers specifically
relating to dendritic cells, especially in human models.
Additionally, although this review aimed to include females, no
study returned from the systematic search controlled for menstrual
cycle meaning only male data could be included. Therefore, future
research should aim to conduct a controlled study of immune
biomarkers in female subjects in response to a period of intensified
training in order to widen the applicability of findings. The
inclusion of humoral immunity, such as the measure of salivary
immunoglobulin A was not considered for this review, however,
future reviews should include this as a possible immune biomarker

References

Ader, R., and Cohen, N. (1991). “The influence of conditioning on immune
responses,” in Psychoneuroimmunology. Editors R. Ader, D. L. Felten, and
N. Cohen. 2nd Edn (New York: Academic Press), 611

Altomonte, L., Zoli, A., Mirone, L., Scolieri, P., and Magar6, M. (1992). Serum levels of
interleukin-1b, tumour necrosis factor-A and interleukin-2 in rheumatoid arthritis:
Correlation with disease activity. Clin. Rheumatol. 11 (2), 202-205. doi:10.1007/BF02207957

American College Of Sports Medicine (2017). ACSM’s health-related physical
fitness assessment manual. 5th Edn. Indianapolis: Wolters Kluwer.

Anomasiri, W., Sanguanrungsirikul, S., Srikiatkhachorn, A., and Chuntavan, P.
(2002). Changes of immune system in military recruits after the training program.
J. Of Med. Assoc. Of Thail. 85, $327.

Antualpa, K., Aoki, M. S., and Moreira, A. (2018). Intensified training period
increases salivary iga responses but does not affect the severity of upper respiratory
tract infection symptoms in prepuberal rhythmic gymnasts. Pediatr. Exerc. Sci. 30
(2), 189-197. doi:10.1123/pes.2017-0079

Frontiers in Physiology

27

10.3389/fphys.2022.998925

to provide a more holistic overview of the immune state after a
period of intensified training. Overall, a period of intensified
training has been shown to significantly decrease resting total
lymphocyte counts, resting CD8" T cell counts and unstimulated
IL-1P levels, and significantly increase DC CD86 expression.

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding author.

included in article/Supplementary Material,

Author contributions

CB and JH carried out the literature search and screened
abstracts and full texts for inclusion. CB and JH independently
assessed risk of bias for articles included once screened by full
text. CB wrote the manuscript with support from JH, JH, and JP.
JH was the main supervisor of this project.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Armstrong, L. E., and Vanheest, J. L. (2002). The unknown mechanism of
the  overtraining  syndrome:  Clues  from depression  and
psychoneuroimmunology. Sports Med. 32 (3), 185-209. doi:10.2165/
00007256-200232030-00003

Baj, Z., Kantorski, J., Majewska, E., Zeman, K., Pokoca, L., Fornalczy, E., et al.
(1994). Immunological status of competitive cyclists before and after the
training season. Int. J. Sports Med. 15 (6), 319-324. doi:10.1055/s-2007-
1021067

Baum, M., Liesen, H., and Enneper, J. (1994). Leucocytes, lymphocytes, activation
parameters and cell adhesion molecules in middle-distance runners under different
training conditions. Int. J. Sports Med. 15 (3), $122-S126. doi:10.1055/s-2007-
1021126

Beavers, K. M., Brinkley, T. E., and Nicklas, B. J. (2010). Effect of exercise training
on chronic inflammation. Clin. Chim. Acta. 411 (11-12), 785-793. doi:10.1016/j.cca.
2010.02.069

frontiersin.org


https://doi.org/10.1007/BF02207957
https://doi.org/10.1123/pes.2017-0079
https://doi.org/10.2165/00007256-200232030-00003
https://doi.org/10.2165/00007256-200232030-00003
https://doi.org/10.1055/s-2007-1021067
https://doi.org/10.1055/s-2007-1021067
https://doi.org/10.1055/s-2007-1021126
https://doi.org/10.1055/s-2007-1021126
https://doi.org/10.1016/j.cca.2010.02.069
https://doi.org/10.1016/j.cca.2010.02.069
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.998925

Baker et al.

Bergmann, M., Gornikiewicz, A., Sautner, T., Waldmann, E., Weber, T,
Mittlbock, M., et al. (1999). Attenuation of catecholamine- induced
immunosuppression in whole blood from patients with sepsis. Shock 12 (6),
421-427. doi:10.1097/00024382-199912000-00002

Birrer, D., Lienhard, D., Williams, C., Rothlin, P., and Morgan, G. (2013).
Prevalence of non-functional overreaching and the overtraining syndrome in
Swiss elite athletes. Schw Zeitschr Sportmed Sporttraumatol 61 (4), 23.

Blanco, P., Palucka, A. K., Pascual, V., and Banchereau, J. (2007). Dendritic cells
and cytokines in human inflammatory and autoimmune diseases. Cytokine Growth
Factor Rev. 19 (1), 41-52. doi:10.1016/j.cytogfr.2007.10.004

Blank, S. E., Johansson, J. O., Pfister, L. J., Gallucci, R. M., Lee, E. G., and
Meadows, G. G. (1994). Mechanistic differences in NK cell cytolytic activity in
treadmill-trained and chronic ethanol-consuming mice. J. Appl. Physiol. 76 (5),
2031-2036. doi:10.1152/jappl.1994.76.5.2031

Blank, S. E., Jones, T. B, Lee, E. G., Brahler, C. J., Gallucci, R. M., Fox, M. L, et al.
(1997). Modulation of NK cell cytolytic activity by macrophages in chronically exercise-
stressed mice. J. Appl. Physiol. 83 (3), 845-850. doi:10.1152/jappl.1997.83.3.845

Blannin, A. K., Chatwin, L. J., Cave, R., and Gleeson, M. (1996). Effects of submaximal
cycling and long-term endurance training on neutrophil phagocytic activity in middle
aged men. Br. J. Sports Med. 30 (2), 125-129. doi:10.1136/bjsm.30.2.125

Borges, G. F., Rama, L., Pedreiro, S., Rosado, F., Alves, F., Santos, A. M. C,, et al.
(2012). Haematological changes in elite kayakers during A training season. Appl.
Physiology, Nutr. Metabolism 37 (6), 1140-1146. doi:10.1139/h2012-102

Borges, G. F., Rama, L., Carvalho, H. M., Gaspar, J., Santos, A, Massart, A., et al. (2018).
Variation in plasma cytokine concentration during A training season in elite kayakers.
J. Sports Med. Phys. Fit. 58 (10), 1519-1524. doi:10.23736/S0022-4707.17.07202-4

Brandtzaeg, P. (2013). Secretory immunity with special reference to the oral
cavity. J. Oral Microbiol. 5 (1), 20401-20424. doi:10.3402/jom.v5i0.20401

Bresciani, G., Cuevas, M. J., Molinero, O., Almar, M., Suay, F., Salvador, A., et al.
(2011). Signs of overload after an intensified training. Int. J. Sports Med. 32 (5),
338-343. doi:10.1055/s-0031-1271764

British Society For Immunology (2021). “Antigen processing and presentation,”
in Antigen processing and presentation | British society for Immunology. Available
At: (Accessed July 7, 2022).

Bromley, S. J., Drew, M. K, Talpey, S., Mcintosh, A. S, and Finch, C. F. (2018). A
systematic review of prospective epidemiological research into injury and illness in olympic
combat sport. Br. J. Sports Med. 52 (1), 8-16. doi:10.1136/bjsports-2016-097313

Brown, F. F,, Campbell, J. P., Wadley, A. ], Fisher, J. P., Aldred, S., and Turner,
J. E. (2018). Acute aerobic exercise induces A preferential mobilisation of
plasmacytoid dendritic cells into the peripheral blood in man. Physiol. Behav.
194, 191-198. doi:10.1016/j.physbeh.2018.05.012

Bury, T., Marechal, R., Mahieu, P., and Pirnay, F. (1998). Immunological status of
competitive football players during the training season. Int. J. Sports Med. 19 (5),
364-368. doi:10.1055/s-2007-971931

Cain, D. W, and Cidlowski, J. A. (2017). Immune regulation by glucocorticoids.
Nat. Rev. Immunol. 17 (4), 233-247. d0i:10.1038/nri.2017.1

Campbell, J. P., Riddell, N. E,, Burns, V. E., Turner, M., Van Zanten, J. ., Drayson,
M. T,, et al. (2009). Acute exercise mobilises CD8+ T lymphocytes exhibiting an
effector-memory phenotype. Brain Behav. Immun. 23 (6), 767-775. doi:10.1016/j.
bbi.2009.02.011

Cardoso, G. H., Petry, D. M,, Probst, J. J., De Souza, L. F., Ganguilhet, G.,
Bobinski, F., et al. (2018). High-intensity exercise prevents disturbances in lung
inflammatory cytokines and antioxidant defenses induced by lipopolysaccharide.
Inflammation 41 (6), 2060-2067. doi:10.1007/s10753-018-0849-9

Chatzinikolaou, A., Fatouros, I. G., Gourgoulis, V., Avloniti, A., Jamurtas, A. Z.,
Nikolaidis, M. G., et al. (2010). Time course of changes in performance and
inflammatory responses after acute plyometric exercise. J. Strength Cond. Res.
24 (5), 1389-1398. doi:10.1519/JSC.0b013e3181d1d318

Chiang, L.-, Chen, Y.-, Chiang, J., Lai, L.-., Chen, Y.-,, and Liao, H.-. (2007).
Modulation of dendritic cells by endurance training. Int. J. Sports Med. 28 (9),
798-803. doi:10.1055/s-2007-964914

Chow, L. S., Gerszten, R. E., Taylor, J. M., Pedersen, B. K., Van Praag, H., Trappe,
S., et al. (2022). Exerkines in health, resilience and disease. Nat. Rev. Endocrinol. 18
(5), 273-289. d0i:10.1038/s41574-022-00641-2

Chung, Y., Hsiao, Y., and Huang, W. (2021). Physiological and psychological
effects of treadmill overtraining implementation. Biol. (Basel, Switz. 10 (6), 515.
doi:10.3390/biology10060515

Clancy, R. L., Gleeson, M., Cox, A., Callister, R., Dorrington, M., D’Este, C., et al.
(2006). Reversal in fatigued athletes of A defect in interferon T secretion after
administration of lactobacillus acidophilus. Br. J. Sports Med. 40 (4), 351-354.
doi:10.1136/bjsm.2005.024364

Frontiers in Physiology

10.3389/fphys.2022.998925

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. Edn, 2.
Florence: Routledge.

Cohen, S., Tyrrell, D. A, and Smith, A. P. (1991). Psychological stress and
susceptibility to the common cold. N. Engl. . Med. 325 (9), 606-612. doi:10.1056/
NEJM199108293250903

Coérdova Martinez, A., Martorell Pons, M., Sureda Gomila, A., Tur Mari, J. A., and
Pons Biescas, A. (2015). Changes in circulating cytokines and markers of muscle
damage in elite cyclists during A multi-stage competition. Clin. Physiol. Funct.
Imaging 35 (5), 351-358. doi:10.1111/cpf.1217

Croft, L., Bartlett, J. D., Maclaren, D. P. M., Reilly, T., Evans, L., Mattey, D. L., et al.
(2009). High-intensity interval training attenuates the exercise-induced increase in
plasma IL-6 in response to acute exercise. Appl. Physiology, Nutr. Metabolism 34 (6),
1098-1107. doi:10.1139/H09-117

Dimitrov, S., Lange, T., and Born, J. (2010). Selective mobilization of cytotoxic
leukocytes by epinephrine. J. Immunol. 184 (1), 503-511. doi:10.4049/jimmunol.
0902189

Dinarello, C. A., Simon, A., and Meer, J. W. M. Van Der (2012). Treating
inflammation by blocking interleukin-1 in A broad spectrum of diseases. Nat. Rev.
Drug Discov. 11 (8), 633-652. doi:10.1038/nrd3800

Dongqing, G. (2013). “Effect of 4-week high intensity training on immune
function of weight lifters.,” in Proceedings Of 2013 International Conference On
Educational Research And Sports Education, Zhengzhou.

Dos Santos Cunha, W. D., Giampietro, M. V., Fernandes De Souza, D., Vaisberg,
M., Cerqueira Leite Seelaender, M., et al. (2004). Luis FernandoExercise restores
immune cell function in energy-restricted rats. Med. Sci. Sports Exerc. 36,
2059-2064. doi:10.1249/01.mss.0000147626.32295.38

Dressendorfer, R. H., Petersen, S. R., Lovshin, S. E. M., Hannon, J. L., Lee, S. F.,
and Bell, G. J. (2002). Performance enhancement with maintenance of resting
immune status after intensified cycle training. Clin. J. Sport Med. 12 (5), 301-307.
doi:10.1097/00042752-200209000-00008

Elftman, M. D., Norbury, C. C., Bonneau, R. H., and Truckenmiller, M. E. (2007).
Corticosterone impairs dendritic cell maturation and function. Immunology 122
(2), 279-290. doi:10.1111/§.1365-2567.2007.02637.x

Fahlman, M. M., and Engels, H. J. (2005). Mucosal IgA and URTI in American
college football players: A year longitudinal study. Med. Sci. Sports Exerc. 37 (3),
374-380. doi:10.1249/01.mss.0000155432.67020.88

Ferlazzo, G., and Morandi, B. (2014). Cross-talks between natural killer cells and distinct
subsets of dendritic cells. Front. Immunol. 5, 159. doi:10.3389/fimmu.2014.00159

Fernandes, P., De Mendonga Oliveira, L., Briiggemann, T. R., Sato, M. N, Rosa
Olivo, C., and Magalhdes Arantes-Costa, F. (2019). Physical exercise induces
immunoregulation of treg, M2, and pdcs in A lung allergic inflammation
model. Front. Immunol. 10, 854. doi:10.3389/fimmu.2019.00854

Ferry, A, Picard, F., Duvallet, A., Weill, B., Rieu, M., and DuvAllet, A. (1990).
Changes in blood leucocyte populations induced by acute maximal and chronic
submaximal exercise. Eur. J. Appl. Physiol. Occup. Physiol. 59 (6), 435-442. doi:10.
1007/BF02388625

Ferry, A., Rieu, P., Laziri, F.,, El Habazi, A., Le Page, C., Rieu, M,, et al. (1992).
Effect of moderate exercise on rat T-cells. Eur. J. Appl. Physiol. Occup. Physiol. 65
(5), 464-468. doi:10.1007/BF00243515

Franchimont, D. (2004). Overview of the actions of glucocorticoids on the
immune response: A good model to characterize new pathways of
immunosuppression for new treatment strategies. Ann. N. Y. Acad. Sci. 1024,
124-137. doi:10.1196/annals.1321.009

Fry, R. W,, Morton, A. R., Garcia-Webb, P., Crawford, G. P. M., and Keast, D.
(1992). Biological responses to overload training in endurance sports. Eur. J. Appl.
Physiol. Occup. Physiol. 64 (4), 335-344. doi:10.1007/BF00636221

Gholamnezhad, Z., Boskabady, M. H., and Hosseini, M. (2014). Effect of nigella

sativa on immune response in treadmill exercised rat. BMC Complement. Altern.
Med. 14 (1), 437. doi:10.1186/1472-6882-14-437

Gill, S. K., Teixeira, A. M., Rosado, F., Hankey, J., Wright, A., Marczak, S.,
etal. (2014). The impact of A 24-H ultra-marathon on salivary antimicrobial
protein responses. Int. J. Sports Med. 35 (11), 966-971. d0i:10.1055/s-0033-
1358479

Gleeson, M., Bishop, N., and Walsh, N. (2013). Exercise Immunology. 1st Edn.
Abingdon, Oxon: Routledge.

Gleeson, M., Pyne, D. B., Austin, J. P., Francis, J. L., Clancy, R. L., Mcdonald, W.
A, etal. (2002). Epstein-barr virus reactivation and upper-respiratory illness in elite
swimmers. Med. Sci. Sports Exerc. 34 (3), 411-417. doi:10.1097/00005768-
200203000-00005

Gore, C., and Tanner, R.and Australian Institute Of Sport (2013). in Physiological
tests for elite athletes, 2. (Champaign, IL: Human Kinetics).

frontiersin.org


https://doi.org/10.1097/00024382-199912000-00002
https://doi.org/10.1016/j.cytogfr.2007.10.004
https://doi.org/10.1152/jappl.1994.76.5.2031
https://doi.org/10.1152/jappl.1997.83.3.845
https://doi.org/10.1136/bjsm.30.2.125
https://doi.org/10.1139/h2012-102
https://doi.org/10.23736/S0022-4707.17.07202-4
https://doi.org/10.3402/jom.v5i0.20401
https://doi.org/10.1055/s-0031-1271764
https://doi.org/10.1136/bjsports-2016-097313
https://doi.org/10.1016/j.physbeh.2018.05.012
https://doi.org/10.1055/s-2007-971931
https://doi.org/10.1038/nri.2017.1
https://doi.org/10.1016/j.bbi.2009.02.011
https://doi.org/10.1016/j.bbi.2009.02.011
https://doi.org/10.1007/s10753-018-0849-9
https://doi.org/10.1519/JSC.0b013e3181d1d318
https://doi.org/10.1055/s-2007-964914
https://doi.org/10.1038/s41574-022-00641-2
https://doi.org/10.3390/biology10060515
https://doi.org/10.1136/bjsm.2005.024364
https://doi.org/10.1056/NEJM199108293250903
https://doi.org/10.1056/NEJM199108293250903
https://doi.org/10.1111/cpf.1217
https://doi.org/10.1139/H09-117
https://doi.org/10.4049/jimmunol.0902189
https://doi.org/10.4049/jimmunol.0902189
https://doi.org/10.1038/nrd3800
https://doi.org/10.1249/01.mss.0000147626.32295.38
https://doi.org/10.1097/00042752-200209000-00008
https://doi.org/10.1111/j.1365-2567.2007.02637.x
https://doi.org/10.1249/01.mss.0000155432.67020.88
https://doi.org/10.3389/fimmu.2014.00159
https://doi.org/10.3389/fimmu.2019.00854
https://doi.org/10.1007/BF02388625
https://doi.org/10.1007/BF02388625
https://doi.org/10.1007/BF00243515
https://doi.org/10.1196/annals.1321.009
https://doi.org/10.1007/BF00636221
https://doi.org/10.1186/1472-6882-14-437
https://doi.org/10.1055/s-0033-1358479
https://doi.org/10.1055/s-0033-1358479
https://doi.org/10.1097/00005768-200203000-00005
https://doi.org/10.1097/00005768-200203000-00005
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.998925

Baker et al.

Graff, R. M., Kunz, H. E,, Agha, N. H,, Baker, F. L., Laughlin, M., Bigley, A. B,,
et al. (2018). B 2 -adrenergic receptor signaling mediates the preferential
mobilization of differentiated subsets of CD8+ T-cells, NK-cells and non-
classical monocytes in response to acute exercise in humans. Brain Behav.
Immun. 74, 143-153. doi:10.1016/j.bbi.2018.08.017

Green, K. J., Rowbottom, D. G., and Mackinnon, L. T. (2002). Exercise and
T-lymphocyte function: A comparison of proliferation in pbmc and NK cell-
depleted pbmc culture. J. Appl. Physiol. 92 (6), 2390-2395. doi:10.1152/japplphysiol.
00926.2001

Guermonprez, P., Valladeau, J., Zitvogel, L., Théry, C., and Amigorena, S. (2002).
Antigen presentation and T cell stimulation by dendritic cells. Annu. Rev. Immunol.
20 (1), 621-667. doi:10.1146/annurev.immunol.20.100301.064828

Guilliams, T. G., and Edwards, L. (2010). Chronic stress and the HPA Axis. Stand.
9 (2), 1.

Hack, V., Weiss, C., Friedmann, B., Suttner, S., Schykowski, M., Erbe, N., et al.
(1997). Decreased plasma glutamine level and CD4+ T cell number in response to
8 Wk of anaerobic training. Am. J. Physiol. 272 (5), 788-795. doi:10.1152/ajpendo.
1997.272.5.E788

Halson, S. L., Bridge, M. W., Meeusen, R., Busschaert, B., Gleeson, M., Jones, D.
A., et al. (2002). Time course of performance changes and fatigue markers during
intensified training in trained cyclists. J. Appl. Physiol. 93 (3), 947-956. doi:10.1152/
japplphysiol.01164.2001

Halson, S. L., Lancaster, G. I, Jeukendrup, A. E., and Gleeson, M. (2003).
Immunological responses to overreaching in cyclists. Med. Sci. Sports Exerc. 35
(5), 854-861. doi:10.1249/01.MSS.0000064964.80040.E9

Hammad, D. R,, Elgazzar, A. G., Essawy, T. S., Abd El Sameieand Sohair, A.
(2015). Evaluation of serum interleukin-1 beta as an inflammatory marker in
COPD patients. Egypt. J. Chest Dis. Tuberc. 64 (2), 347-352. d0i:10.1016/j.
€jcdt.2015.01.005

Hasanli, S., Hojjati, S., and Koushkie Jahromi, M. (2021). The effect of exercise
and psychological ~stress on anti- and proinflammatory  cytokines.
Neuroimmunomodulation 27 (4), 186-193. doi:10.1159/000512814

Heisterberg, M., Fahrenkrug, J., Krustrup, P., Storskov, A., Kjer, M., and
Andersen, J. (2013). Extensive monitoring through multiple blood samples in
professional soccer players. J. Strength Cond. Res. 27 (5), 1260-1271. doi:10.1519/
JSC.0b013e3182653d17

Hoffman-Goetz, L., Keir, R, Thorne, R., Houston, M. E., and Young, C. (1986).
Chronic exercise stress in mice depresses splenic T lymphocyte mitogenesis in vitro.
Clin. Exp. Immunol. 66 (3), 551.

Hoffman-Goetz, L., Simpson, J. R,, Cipp, N., Arumugam, Y., and Houston, M. E.
(1990). Lymphocyte subset responses to repeated submaximal exercise in men.
J. Appl. Physiol., 68, 1069-1074. doi:10.1152/jappl.1990.68.3.1069

Hoffman-Goetz, L., Thorne, R. J., and Houston, M. E. (1988). Splenic immune
responses following treadmill exercise in mice. Can. J. Physiol. Pharmacol. 66 (11),
1415-1419. doi:10.1139/y88-230

Hojman, P., Gehl, J., Christensen, J. F., and Pedersen, B. K. (2018). Molecular
mechanisms linking exercise to cancer prevention and treatment. Cell Metab. 27 (1),
10-21. doi:10.1016/j.cmet.2017.09.015

Hough, J., Corney, R., Kouris, A., and Gleeson, M. (2013). Salivary cortisol and
testosterone responses to high-intensity cycling before and after an 11-day
intensified training period. J. Sports Sci. 31 (14), 1614-1623. doi:10.1080/
02640414.2013.792952

Huang, H., Hsiao, G., Fan, C, Lin, C, Leu, S., Chiang, B,, et al. (2013). Notch
ligand delta-like 4-pretreated dendritic cells alleviate allergic airway responses by
enhancing IL-10 production. Plos ONE 8 (5), E63613. doi:10.1371/journal.pone.
0063613

Hwang, H., Kwak, Y., Yoon, Gun Ae, Kang, M., Park, J., Lee, B., et al. (2007).
Combined effects of swim training and ginseng supplementation on exercise
performance time, ROS, lymphocyte proliferation, and DNA damage following
exhaustive exercise stress. Int. J. Vitam. Nutr. Res. 77 (4), 289-296. doi:10.1024/
0300-9831.77.4.289

Ironson, G., Laperriere, A., Antoni, M., O’'Hearn, P., Schneiderman, N., Klimas,
N., et al. (1990). Changes in immune and psychological measures as A function of
anticipation and reaction to news of HIV-1 antibody status. Psychosom. Med. 52 (3),
247-270. doi:10.1097/00006842-199005000-00001

Jakubezyk, K., Dec, K., Katdunska, J., Kawczuga, D., Kochman, J., and Janda, K.
(2020). Reactive oxygen species - sources, functions, oxidative damage. Pol. Merkur.
Lek. 48 (284), 124

Jones, D. A, Newham, D. J., Round, J. M., and Tolfree, S. E. (1986). Experimental
human muscle damage: Morphological changes in relation to other indices of
damage. J. Physiol. 375 (1), 435-448. doi:10.1113/jphysiol.1986.sp016126

Frontiers in Physiology

29

10.3389/fphys.2022.998925

Jurimae, J., and Purge, P. (2021). Irisin and inflammatory cytokines in elite male
rowers: Adaptation to volume-extended training period. J. Sports Med. Phys. Fit. 61
(1), 102-108. doi:10.23736/S0022-4707.20.11076-4

Justice, J. N., Gubbi, S., Kulkarni, A. S, Bartley, J. M., Kuchel, G. A., and Barzilai, N. (2021).
A geroscience perspective on immune resilience and infectious diseases: A potential case for
metformin. Geroscience 43 (3), 1093-1112. doi:10.1007/s11357-020-00261-6

Kajiura, J. S., Macdougall, J. D., Ernst, P. B., and Younglai, E. V. (1995). Imnmune
response to changes in training intensity and volume in runners. Med. Sci. Sports
Exerc. 27 (8), 1111-1117. doi:10.1249/00005768-199508000-00002

Kaufman, J. C., Harris, T. J., Higgins, J., and Maisel, A. S. (1994). Exercise-induced
enhancement of immune function in the rat. Circulation 90 (1), 525-532. doi:10.
1161/01.¢ir.90.1.525

Kellmann, M., Bertollo, M., Bosquet, L., Brink, M., Coutts, A. J., Duffield, R., et al.
(2018). Recovery and performance in sport: Consensus statement. Int. J. Sports
Physiol. Perform. 13 (2), 240-245. doi:10.1123/ijspp.2017-0759

Kennedy, M. D., Davidson, W.]., Wong, L. E., Traves, S. L., Leigh, R, and Eves, N.
D. (2016). Airway inflammation, cough and athlete quality of life in elite female
cross-country skiers: A longitudinal study. Scand. J. Med. Sci. Sports 26 (7), 835-842.
doi:10.1111/sms.12527

Kilgore, J. L., Pendlay, G. W., Reeves, J. S., and Kilgore, T. G. (2002). Serum
chemistry and hematological adaptations to 6 Weeks of moderate to intense
resistance training. J. Strength Cond. Res. 16 (4), 509-515. doi:10.1519/1533-
4287(2002)016<0509:scahat>2.0.co;2

Kirii, H., Niwa, T., Yamada, Y., Wada, H,, Saito, K., Iwakura, Y., et al. (2003). Lack
of interleukin-1beta decreases the severity of atherosclerosis in ApoE-deficient
mice. Arterioscler. Thromb. Vasc. Biol. 23 (4), 656-660. doi:10.1161/01.ATV.
0000064374.15232.C3

Koyama, K., Kaya, M., Tsujita, J., and Hori, S. (1998). Effects of decreased plasma
glutamine concentrations on peripheral lymphocyte proliferation in rats. Eur.
J. Appl. Physiol. Occup. Physiol. 77 (1), 25-31. doi:10.1007/s004210050295

Kriiger, K., Lechtermann, A., Fobker, M., Volker, K., and Mooren, F. C. (2007).
Exercise-induced redistribution of T lymphocytes is regulated by adrenergic
mechanisms. Brain Behav. Immun. 22 (3), 324-338. doi:10.1016/j.bbi.2007.08.008

Kwak, Y. (2006). Effects of training on spleen and peritoneal exudate reactive
oxygen species and lymphocyte proliferation by splenocytes at rest and after an
acute bout of exercise. J. Sports Sci. 24 (9), 973-978. doi:10.1080/
02640410500386233

Lancaster, G. L, Halson, S. L., Khan, Q., Drysdale, P., Wallace, F., Jeukendrup, A.
E., et al. (2004). Effects of acute exhaustive exercise and chronic exercise training on
type 1 and type 2 T lymphocytes. Exerc. Immunol. Rev. 10, 91.

Leal, D. V., Standing, A. S. I, Furmanski, A. L, and Hough, J. (2021).
Polymorphonuclear leucocyte phagocytic function, 5 T-lymphocytes and
testosterone as separate stress-responsive markers of prolonged, high-intensity
training programs. Brain Behav. Immun. Health 13, 100234. doi:10.1016/j.bbih.
2021.100234

Leandro, C. G., Martins De Lima, T., Folador, A. Alba-Loreiro, T., Do
Nascimento, E., Manhdes De Castro, R., et al. (2006). Physical training
attenuates the stress-induced changes in rat T-lymphocyte function.
Neuroimmunomodulation 13 (2), 105-113. doi:10.1159/000096432

Lekander, M. (2001). Anticipatory stress influences the immune system: Evidence
from chemotherapyassociated blood samples in cancer patients. Scand. J. Behav.
Ther. 30 (1), 33-39. doi:10.1080/02845710116703

Li, X,, Huang, W. X,, Lu, J. M,, Yang, G., Ma, F. L,, Lan, Y. T, et al. (2013). Effects
of a multivitamin/multimineral supplement on young males with physical
overtraining: A placebo-controlled, randomized, double-blinded cross-over trial.
A placebo-controlled, randomized, double-blinded cross-over trial. Biomed.
Environ. Sci. 26 (7), 599-604. doi:10.3967/0895-3988.2013.07.012

Liao, H. F,, Chiang, L. M,, Yen, C. C,, Chen, Y. Y., Zhuang, R. R,, Lai, L. Y., et al.
(2006). Effect of A periodized exercise training and active recovery program on
antitumor activity and development of dendritic cells. J. Sports Med. Phys. Fit. 46
(2), 307.

Liberman, A. C., Budzifiski, M. L., Sokn, C., Gobbini, R. P., Steininger, A., and
Arzt, E. (2018). Regulatory and mechanistic actions of glucocorticoids on T and
inflammatory cells. Lausanne: Frontiers Media SA.

Lopez-Castejon, G., and Brough, D. (2011). Understanding the mechanism of IL-
1P secretion. Cytokine Growth Factor Rev. 22 (4), 189-195. doi:10.1016/j.cytogfr.
2011.10.001

Louis, J., Marquet, L., Tiollier, E., Bermon, S., Hausswirth, C., and Brisswalter, J.
(2016). The impact of sleeping with reduced glycogen stores on immunity and sleep
in triathletes. Eur. . Appl. Physiol. 116 (10), 1941-1954. doi:10.1007/s00421-016-
3446-3

frontiersin.org


https://doi.org/10.1016/j.bbi.2018.08.017
https://doi.org/10.1152/japplphysiol.00926.2001
https://doi.org/10.1152/japplphysiol.00926.2001
https://doi.org/10.1146/annurev.immunol.20.100301.064828
https://doi.org/10.1152/ajpendo.1997.272.5.E788
https://doi.org/10.1152/ajpendo.1997.272.5.E788
https://doi.org/10.1152/japplphysiol.01164.2001
https://doi.org/10.1152/japplphysiol.01164.2001
https://doi.org/10.1249/01.MSS.0000064964.80040.E9
https://doi.org/10.1016/j.ejcdt.2015.01.005
https://doi.org/10.1016/j.ejcdt.2015.01.005
https://doi.org/10.1159/000512814
https://doi.org/10.1519/JSC.0b013e3182653d17
https://doi.org/10.1519/JSC.0b013e3182653d17
https://doi.org/10.1152/jappl.1990.68.3.1069
https://doi.org/10.1139/y88-230
https://doi.org/10.1016/j.cmet.2017.09.015
https://doi.org/10.1080/02640414.2013.792952
https://doi.org/10.1080/02640414.2013.792952
https://doi.org/10.1371/journal.pone.0063613
https://doi.org/10.1371/journal.pone.0063613
https://doi.org/10.1024/0300-9831.77.4.289
https://doi.org/10.1024/0300-9831.77.4.289
https://doi.org/10.1097/00006842-199005000-00001
https://doi.org/10.1113/jphysiol.1986.sp016126
https://doi.org/10.23736/S0022-4707.20.11076-4
https://doi.org/10.1007/s11357-020-00261-6
https://doi.org/10.1249/00005768-199508000-00002
https://doi.org/10.1161/01.cir.90.1.525
https://doi.org/10.1161/01.cir.90.1.525
https://doi.org/10.1123/ijspp.2017-0759
https://doi.org/10.1111/sms.12527
https://doi.org/10.1519/1533-4287(2002)016<0509:scahat>2.0.co;2
https://doi.org/10.1519/1533-4287(2002)016<0509:scahat>2.0.co;2
https://doi.org/10.1161/01.ATV.0000064374.15232.C3
https://doi.org/10.1161/01.ATV.0000064374.15232.C3
https://doi.org/10.1007/s004210050295
https://doi.org/10.1016/j.bbi.2007.08.008
https://doi.org/10.1080/02640410500386233
https://doi.org/10.1080/02640410500386233
https://doi.org/10.1016/j.bbih.2021.100234
https://doi.org/10.1016/j.bbih.2021.100234
https://doi.org/10.1159/000096432
https://doi.org/10.1080/02845710116703
https://doi.org/10.3967/0895-3988.2013.07.012
https://doi.org/10.1016/j.cytogfr.2011.10.001
https://doi.org/10.1016/j.cytogfr.2011.10.001
https://doi.org/10.1007/s00421-016-3446-3
https://doi.org/10.1007/s00421-016-3446-3
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.998925

Baker et al.

Mackenzie, B., Andrade-Sousa, A., Oliveira-Junior, M., Assumpgdo-Neto, E.,
Brandao-Rangel, M. A, Silva-Renno, A, et al. (2016). Dendritic cells are involved in
the effects of exercise in A model of asthma. Med. Sci. Sports Exerc. 48 (8),
1459-1467. doi:10.1249/MSS.0000000000000927

Magee, C. N., Boenisch, O., and Najafian, N. (2012). The role of costimulatory
molecules in directing the functional differentiation of alloreactive T helper cells.
Am. ]. Transpl. 12 (10), 2588-2600. doi:10.1111/j.1600-6143.2012.04180.x

Main, L. C., Dawson, B., Heel, K., Grove, J. R, Landers, G. J., and Goodman, C.
(2010). Relationship between inflammatory cytokines and self-report measures of
training overload. Res. Sports Med. 18 (2), 127-139. doi:10.1080/
15438621003627133

Mars, M., Govender, S., Weston, A., Naicker, V., Chuturgoon, A. and
Chuturgoon, A. (1998). High intensity exercise: A cause of lymphocyte
apoptosis? Biochem. Biophys. Res. Commun. 249 (2), 366-370. doi:10.1006/bbrc.
1998.9156

Matos, N. F., Winsley, R. ], and Williams, C. A. (2011). Prevalence of
nonfunctional overreaching/overtraining in young English athletes. Med. Sci.
Sports Exerc. 43 (7), 1287-1294. doi:10.1249/MSS.0b013¢318207{87b

Meeusen, R., Duclos, M., Foster, C., Fry, A., Gleeson, M., Nieman, D., et al. (2013).
European college of sport science & American college of sports
MedicinePrevention, diagnosis, and treatment of the overtraining syndrome:
Joint consensus statement of the European college of sport science and the
American college of sports medicine. Med. Sci. Sports Exerc. 45, 186-205.
doi:10.1249/MSS.0b013e318279a10a

Meeusen, R., Nederhof, E., Buyse, L., Roelands, B., De Schutter, G., and Piacentini,
M. F. (2010). Diagnosing overtraining in athletes using the two-bout exercise
protocol. Br. J. Sports Med. 44, 642-648. doi:10.1136/bjsm.2008.049981

Meeusen, R., Piacentini, M. F., Busschaert, B., Buyse, L., De Schutter, G., and
Stray-Gundersen, J. (2004). Hormonal responses in athletes: The use of A two bout
exercise protocol to detect subtle differences in (Over)Training status. Eur. J. Appl.
Physiol. 91 (2-3), 140-146. doi:10.1007/s00421-003-0940-1

Meyer, T., Faude, O., Urhausen, A., Scharhag, J., and Kindermann, W. (2004).
Different effects of two regeneration regimens on immunological parameters in
cyclists. Med. Sci. Sports Exerc. 36 (10), 1743-1749. doi:10.1249/01.mss.
0000142422.87805.74

Millet, G. P., Vleck, V. E., and Bentley, D. J. (2009). Physiological differences
between cycling and running: Lessons from triathletes. Sports Med. 39 (3), 179-206.
doi:10.2165/00007256-200939030-00002

Mitchell, J. B, Paquet, A. ], Pizza, F. X,, Starling, R. D., Holtz, R. W., and
Grandjean, P. W. (1996). The effect of moderate aerobic training on lymphocyte
proliferation. Int. J. Sports Med. 17 (5), 384-389. doi:10.1055/s-2007-972865

Moher, D., Liberati, A., Tetzlaff, J., and Altman, D. G.PRISMA Group (2009).
Preferred reporting Items for systematic reviews and meta-analyses: The PRISMA
statement. BMJ 339, B2535. doi:10.1136/bmj.b2535

Moldoveanu, A. I, Shephard, R. J., and Shek, P. N. (2000). Exercise elevates plasma levels
but not gene expression of IL-1beta, IL-6, and TNF-alpha in blood mononuclear cells.
J. Appl. Physiol., 89. 1499-1504. doi:10.1152/jappl.2000.89.4.1499

Mooren, F. C., Bloming, D., Lechtermann, A., Lerch, M. M., and Volker, K.
(2002). Lymphocyte apoptosis after exhaustive and moderate exercise. J. Appl.
Physiol. 93 (1), 147-153. doi:10.1152/japplphysiol.01262.2001

Mooren, F. C. Lechtermann, A., and Volker, K. (2004). Exercise-induced
apoptosis of lymphocytes depends on training status. Med. Sci. Sports Exerc. 36
(9), 1476-1483. doi:10.1249/01.mss.0000139897.34521.e9

Moretta, L., Ferlazzo, G., Bottino, C,, Vitale, M., Pende, D., Mingari, M. C,, et al. (2006).
Effector and regulatory events during natural killer-dendritic cell interactions. Immunol.
Rev. 214 (1), 219-228. doi:10.1111/j.1600-065X.2006.00450.x

Morgan, W. P., Brown, D. R,, Raglin, J. S., O’Connor, P. J., and Ellickson, K. A.
(1987). Psychological monitoring of overtraining and staleness. Br. J. Sports Med. 21
(3), 107-114. doi:10.1136/bjsm.21.3.107

Mueller, O., Villiger, B., O’Callaghan, B., and Simon, H. U. (2001).
Immunological effects of competitive versus recreational sports in cross-country
skiing. Int. J. Sports Med. 22 (1), 52-59. doi:10.1055/s-2001-11356

Mujika, I., Chatard, J.-., and 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. doi:10.
1055/s5-2007-972834

Murray, M. F. (2013). “Chapter 39 - susceptibility and response to infection,” in
Emery and rimoin’s principles and practice of medical genetics. Editors D. Rimoin,
R. Pyeritz, and B. Korf. Sixth Edition (Oxford: Academic Press), 1.

Ndon, J. A,, Snyder, A. C,, Foster, C., and Wehrenberg, W. B. (1992). Effects of
chronic intense exercise training on the leukocyte response to acute exercise. Int.
J. Sports Med. 13 (2), 176-182. doi:10.1055/s-2007-1021252

Frontiers in Physiology

10.3389/fphys.2022.998925

Nickel, T., Hanssen, H., Emslander, I, Drexel, V., Hertel, G., Schmidt-Truckséss,
A, etal. (2011). Inmunomodulatory effects of aerobic training in obesity. Mediat.
Inflamm. 2011 (1), 308965-309010. doi:10.1155/2011/308965

Nielsen, H. G., @ktedalen, O., Opstad, P., and Lyberg, T. (2016). Plasma cytokine
profiles in long-term strenuous exercise. J. Sports Med. 2016, 7186137-7. doi:10.
1155/2016/7186137

Oertelt-Prigione, S. (2012). Immunology and the menstrual cycle. Autoimmun.
Rev. 11 (6), A486-A492. doi:10.1016/j.autrev.2011.11.023

Okutsu, M., Ishii, K., Kai, J. N, and Nagatomi, R. (2005). Cortisol-induced
CXCR4 augmentation mobilizes T lymphocytes after acute physical stress. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 288 (3), R591-R599. doi:10.1152/ajpregu.
00438.2004

Ortega, E., Rodriguez, M. J., Barriga, C., and Forner, M. A. (1996). Corticosterone,
prolactin and thyroid hormones as hormonal mediators of the stimulated
phagocytic capacity of peritoneal macrophages after high-intensity exercise. Int.
J. Sports Med. 17 (2), 149-155. doi:10.1055/s-2007-972824

Ostrowski, K., Rohde, T., Asp, S., Schjerling, P., and Pedersen, B. K. (1999). Pro-
and anti-inflammatory cytokine balance in strenuous exercise in humans. J. Physiol.
515 (1), 287-291. doi:10.1111/j.1469-7793.1999.287ad.x

Peake, J. M., Gerrard, D. F., and Griffin, J. F. T. (2003). Plasma zinc and immune
markers in runners in response to A moderate increase in training volume. Int.
J. Sports Med. 24 (3), 212-216. d0i:10.1055/s-2003-39094

Peake, J. M., Neubauer, O., Walsh, N. P., and Simpson, R. J. (2016). Recovery of the
immune system After exercise. Cambridge: American Physiological Society.

Pedersen, B. K., and Hoffman-Goetz, L. (2000). Exercise and the immune system:
Regulation, integration, and adaptation. Physiol. Rev. 80 (3), 1055-1081. doi:10.
1152/physrev.2000.80.3.1055

Pedersen, B. K., and Ullum, H. (1994). NK cell response to physical activity:
Possible mechanisms of action. Med. Sci. Sports Exerc. 26 (2), 140-146. doi:10.1249/
00005768-199402000-00003

Pedersen, L., Idorn, M., Olofsson, G., Lauenborg, B., Nookaew, 1., Hansen, R,,
et al. (2016). Voluntary running suppresses tumor growth through epinephrine-
and IL-6-dependent NK cell mobilization and redistribution. Cell Metab. 23 (3),
554-562. doi:10.1016/j.cmet.2016.01.011

Peijie, C,, Hongwu, L., Fengpeng, X,, Jie, R, and Jie, Z. (2003). Heavy load exercise induced
dysfunction of immunity and neuroendocrine responses in rats. London: Elsevier BV.

Phaneuf, S., and Leeuwenburgh, C. (2001). Apoptosis and exercise. Med. Sci.
Sports Exerc. 33 (3), 393-396. doi:10.1097/00005768-200103000-00010

Pizza, F. X,, Flynn, M. G, Sawyer, T., Brolinson, P. G,, Starling, R. D., and Andres,
F. F. (1995). Run training versus cross-training: Effect of increased training on
circulating leukocyte subsets. Med. Sci. Sports Exerc. 27 (3), 355-362. doi:10.1249/
00005768-199503000-00011

Poffé, C., Ramacekers, M., Thienen, R. V., and Hespel, P. (2019). Ketone ester
supplementation blunts overreaching symptoms during endurance training overload.
Oxford: Wiley.

Prather, A. A, Janicki-Deverts, D., Hall, M. H., and Cohen, S. (2015). Behaviorally
assessed sleep and susceptibility to the common cold. Sleep. (New York, N.Y.) 38 (9),
1353-1359. doi:10.5665/sleep.4968

Rebelo, A. N., Candeias, J. R., Fraga, M. M., Duarte, J. A. R, Soares, ]. M. C,,
Magalhaes, C,, et al. (1998). The impact of soccer training on the immune system.
J. Sports Med. Phys. Fit. 38 (3), 258.

Riccardi, C., Cifone, M. G., and Migliorati, G. (1999). Glucocorticoid hormone-
induced modulation of gene expression and regulation of T cell death: Role of GITR
and GILZ, two dexamethasone-induced genes. Cell Death Differ. 6 (12), 1182-1189.
doi:10.1038/sj.cdd.4400609

Richardson, W. S., Wilson, M. C,, Nishikawa, J., and Hayward, R. S. A. (1995). The
well-built clinical question: A key to evidence-based decisions. ACP J. Club 123 (3), A12.

Romero, N. R, and Agostinis, P. (2014). “Chapter 12 - molecular
mechanisms underlying the activation of autophagy pathways by reactive
oxygen species and their relevance in cancer progression and therapy,” in
Autophagy: Cancer, other pathologies, inflammation, immunity, infection, and
aging elsevier inc (Oxford: Elsevier Inc.), 159.

Ronsen, O., Holm, K., Staff, H., Opstad, P. K., Pedersen, B. K., and Bahr, R. (2001).
No effect of seasonal variation in training load on immuno-endocrine responses to

acute exhaustive exercise. Scand. J. Med. Sci. Sports 11 (3), 141-148. doi:10.1046/j.
1524-4725.2001.110303.x

Sawilowsky, S. S. (2009). New effect size rules of thumb. J. Mod. Appl. Stat.
Methods 8 (2), 597-599. doi:10.22237/jmasm/1257035100

Shaw, D. M., Merien, F., Braakhuis, A., and Dulson, D. (2018). T-cells and their
cytokine production: The anti-inflammatory and immunosuppressive effects of
strenuous exercise, 104. Philadelphia, Pa: Cytokine, 136.

frontiersin.org


https://doi.org/10.1249/MSS.0000000000000927
https://doi.org/10.1111/j.1600-6143.2012.04180.x
https://doi.org/10.1080/15438621003627133
https://doi.org/10.1080/15438621003627133
https://doi.org/10.1006/bbrc.1998.9156
https://doi.org/10.1006/bbrc.1998.9156
https://doi.org/10.1249/MSS.0b013e318207f87b
https://doi.org/10.1249/MSS.0b013e318279a10a
https://doi.org/10.1136/bjsm.2008.049981
https://doi.org/10.1007/s00421-003-0940-1
https://doi.org/10.1249/01.mss.0000142422.87805.74
https://doi.org/10.1249/01.mss.0000142422.87805.74
https://doi.org/10.2165/00007256-200939030-00002
https://doi.org/10.1055/s-2007-972865
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1152/jappl.2000.89.4.1499
https://doi.org/10.1152/japplphysiol.01262.2001
https://doi.org/10.1249/01.mss.0000139897.34521.e9
https://doi.org/10.1111/j.1600-065X.2006.00450.x
https://doi.org/10.1136/bjsm.21.3.107
https://doi.org/10.1055/s-2001-11356
https://doi.org/10.1055/s-2007-972834
https://doi.org/10.1055/s-2007-972834
https://doi.org/10.1055/s-2007-1021252
https://doi.org/10.1155/2011/308965
https://doi.org/10.1155/2016/7186137
https://doi.org/10.1155/2016/7186137
https://doi.org/10.1016/j.autrev.2011.11.023
https://doi.org/10.1152/ajpregu.00438.2004
https://doi.org/10.1152/ajpregu.00438.2004
https://doi.org/10.1055/s-2007-972824
https://doi.org/10.1111/j.1469-7793.1999.287ad.x
https://doi.org/10.1055/s-2003-39094
https://doi.org/10.1152/physrev.2000.80.3.1055
https://doi.org/10.1152/physrev.2000.80.3.1055
https://doi.org/10.1249/00005768-199402000-00003
https://doi.org/10.1249/00005768-199402000-00003
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1097/00005768-200103000-00010
https://doi.org/10.1249/00005768-199503000-00011
https://doi.org/10.1249/00005768-199503000-00011
https://doi.org/10.5665/sleep.4968
https://doi.org/10.1038/sj.cdd.4400609
https://doi.org/10.1046/j.1524-4725.2001.110303.x
https://doi.org/10.1046/j.1524-4725.2001.110303.x
https://doi.org/10.22237/jmasm/1257035100
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.998925

Baker et al.

Shek, P., Sabiston, B., Buguet, A., and Radomski, M. (1995). Strenuous exercise
and immunological changes. New York: Georg Thieme Verlag KG.

Shephard, R. (2003). Adhesion molecules, catecholamines and leucocyte
redistribution during and following exercise. Cham: Adis International.

Sheykhlouvand, M., Gharaat, M., Khalili, E., Agha-Alinejad, H., Rahmaninia, F.,
and Arazi, H. (2018). Low-volume high-intensity interval versus continuous
endurance training: Effects on hematological and cardiorespiratory system
Adaptations in professional canoe polo athletes. J. Strength Cond. Res. 32 (7),
1852-1860. doi:10.1519/JSC.0000000000002112

Shing, C. M., Ogawa, K., Zhang, X., Nagatomi, R., Peake, J. M., Suzuki, K., et al.
(2007a). Reduction in resting plasma granulysin as A marker of increased training
load. Exerc. Immunol. Rev. 13, 89.

Shing, C. M., Peake, J., Suzuki, K., Okutsu, M., Pereira, R., Stevenson, L., et al. (2007).
Effects of bovine colostrum supplementation on immune variables in highly trained
cyclists. J. Appl. Physiol. 102 (3), 1113-1122. doi:10.1152/japplphysiol.00553.2006

Simpson, R., Campbell, J., Gleeson, M., Kruger, K., Nieman, D., Pyne, D., et al.
(2020). Can exercise affect immune function to increase susceptibility to infection?
Exerc. Immunol. Rev. 26, 8.

Simpson, R., Florida-James, G., Whyte, G., and 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 (beta2 integrin) and CD53. Eur.
J. Appl. Physiol. 97 (1), 109-121. doi:10.1007/s00421-006-0146-4

Simpson, R. J., Florida-James, G. D., Whyte, G. P., Black, J. R,, Ross, J. A., and
Guy, K. (2007), Apoptosis does not contribute to the blood lymphocytopenia
observed after intensive and downhill treadmill running in humans. Research in
Sports Medicine, 15 (3), 157-174. doi:10.1080/154386207014053394

Simpson, R. J., Kunz, H., Agha, N, and Graff, R. (2015). Exercise and the
regulation of immune functions. Prog. Mol. Biol. Transl. Sci. 135, 355-380. doi:10.
1016/bs.pmbts.2015.08.001

Smith, C., and Myburgh, K. H. (2006). Are the relationships between early
activation of lymphocytes and cortisol or testosterone influenced by intensified
cycling training in men? Appl. Physiology, Nutr. And Metabolism 31 (3), 226-234.
doi:10.1139/h05-029

Spence, L., Brown, W. ], Pyne, D. B,, Nissen, M. D,, Sloots, T. P., Mccormack, J. G,
et al. (2007). Incidence, etiology, and symptomatology of upper respiratory illness in elite
athletes. Med. Sci. Sports Exerc. 39 (4), 577-586. doi:10.1249/mss.0b013¢31802¢e851a

Steensberg, A., Anders, D. T., Bruunsgaard, H., Sandmand, M., Halkjer-
Kristensen, Jens, and Bente, K. P. (2001). Strenuous exercise decreases the
percentage of type 1 T cells in the circulation. J. Appl Physiol. 91 (4),
1708-1712. doi:10.1152/jappl.2001.91.4.1708

Sugiura, H., Nishida, H., and Mirbod, S. M. (2002). Immunomodulatory action of
chronic exercise on macrophage and lymphocyte cytokine production in mice. Acta
Physiol. Scand. 174 (3), 247-256. doi:10.1046/j.1365-201x.2002.00930.x

Suzui, M., Kawai, T., Kimura, H., Takeda, K., Yagita, H., Okumura, K., et al.
(2004). Downloaded from Journals.Physiology. Org/Journal/Jappl At
Nottingham Trent Univ.

Suzuki, K., Nakaji, S., Yamada, M., Totsuka, M., Sato, K., and Sugawara, K. (2002).
Systemic inflammatory response to exhaustive exercise. Cytokine kinetics. Exerc.
Immunol. Rev. 8, 6.

Tanimura, Y., Kon, M., Shimizu, K., Kimura, F., Kono, I, and Ajisaka, R.
(2009). Effect of 6-day intense kendo training on lymphocyte counts and its
expression of CD95. Eur. J. Appl. Physiol. 107 (2), 227-233. doi:10.1007/
s00421-009-1119-1

Theodorou, A. A., Nikolaidis, M. G., Paschalis, V., Koutsias, S., Panayiotou, G.,
Fatouros, I. G., et al. (2011). No effect of antioxidant supplementation on muscle

Frontiers in Physiology

31

10.3389/fphys.2022.998925

performance and blood redox status adaptations to eccentric training. Am. J. Clin.
Nutr. 93 (6), 1373-1383. doi:10.3945/ajcn.110.009266

Thirupathi, A., Gu, Y., and Pinho, R. A. (2021). Exercise cuts both ways with ROS
in remodifying innate and adaptive responses: Rewiring the redox mechanism of the
immune system during exercise. Antioxidants 10 (11), 1846. doi:10.3390/
antiox10111846

Thomas, R., and Yang, X. (2016). NK-DC crosstalk in immunity to microbial
infection. J. Immunol. Res. 2016, 6374379-6374387. doi:10.1155/2016/6374379

Timmons, B. W., Hamadeh, M. J., Devries, M. C., and Tarnopolsky, M. A. (2005).
Influence of gender, menstrual phase, and oral contraceptive use on immunological
changes in response to prolonged cycling. J. Appl. Physiol. 99 (3), 979-985. doi:10.
1152/japplphysiol.00171.2005

Turner, H. M., III, and Bernard, R. M. (2006). “Calculating and synthesizing effect
sizes,” in Contemporary issues in communication science and disorders (Rockville: Spring),
33, 42.

Van Loon, Luc J. C., Jeukendrup, A. E,, Saris, W. H. M., and Wagenmakers,
A.J. M. (1999). Effect of training status on fuel selection during submaximal
exercise with glucose ingestion. J. Appl. Physiol. 87 (4), 1413-1420. doi:10.
1152/jappl.1999.87.4.1413

Verde, T, T., Thomas, S., and Shephard, R. J. (1992). Potential markers of heavy
training in highly trained distance runners. Br. J. Sports Med. 26 (3), 167-175.
doi:10.1136/bjsm.26.3.167

Verde, T. ], T.]., Thomas, S. G., Moore, R. W, Shek, P., and Shephard, R.J. (1992).
Immune responses and increased training of the elite athlete. J. Appl. Physiol., 73.
1494-1499. doi:10.1152/jappl.1992.73.4.1494

Walsh, N., Gleeson, M., Shephard, R. J., Woods, J. A., Bishop, N. C., Fleshner, M.,
et al. (2011). Position statement Part One: Immune function and exercise. Exerc.
Immunol. Rev. 17, 6.

Walsh, N. (2019). Nutrition and athlete immune health: New perspectives on an
old paradigm. Sports Med. 49, 153-168. doi:10.1007/s40279-019-01160-3

Wang, J., Chen, W., and Weng, T. (2011). Hypoxic exercise training reduces
senescent T-lymphocyte subsets in blood. Brain Behav. Immun. 25 (2), 270-278.
doi:10.1016/j.bbi.2010.09.018

Watson, R., Moriguchi, S., Jackson, J. C., Werner, L., Wilmore, J. H., and
Freund, B. J. (1986). Modification of cellular immune functions in humans by
endurance exercise training during beta-adrenergic blockade with atenolol or
propranolol. Med. Sci. Sports Exerc. 18, 95-100. doi:10.1249/00005768-
198602000-00016

Wehr, P., Purvis, H., Law, S.-, and Thomas, R. (2019). Dendritic cells, T cells and
their interaction in rheumatoid arthritis. Clin. Exp. Immunol. 196 (1), 12-27. doi:10.
1111/cei.13256

Weng, T., Huang, S., Chuang, Y., and Wang, J. (2013). Effects of interval and
continuous exercise training on CD4 lymphocyte apoptotic and autophagic
responses to hypoxic stress in sedentary men. Plos ONE 8 (11), E80248. doi:10.
1371/journal.pone.0080248

Whyte, G. (2006). The Physiology of training. 1st Edn. Edinburgh: Churchill
Livingstone.

Witard, O. C., Turner, J. E., Jackman, S. R., Tipton, K. D., Jeukenup, A. E., Kies, A.
K., et al. (2012). High-intensity training reduces CD8+ T-cell redistribution in
response to exercise. Med. Sci. Sports Exerc. 44 (9), 1689-1697. doi:10.1249/MSS.
0b013e318257d2db

Zhang, X, Yang, Y., Li, X,, Zhang, H., Gang, Y., and Bai, L. (2019). Alterations of
autophagy in knee cartilage by treatment with treadmill exercise in A rat
osteoarthritis model. Int. J. Mol. Med. 43 (1), 336. do0i:10.37290/ctnr2641-452X.
17:219-222

frontiersin.org


https://doi.org/10.1519/JSC.0000000000002112
https://doi.org/10.1152/japplphysiol.00553.2006
https://doi.org/10.1007/s00421-006-0146-4
https://doi.org/10.1080/154386207014053394
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.1139/h05-029
https://doi.org/10.1249/mss.0b013e31802e851a
https://doi.org/10.1152/jappl.2001.91.4.1708
https://doi.org/10.1046/j.1365-201x.2002.00930.x
https://doi.org/10.1007/s00421-009-1119-1
https://doi.org/10.1007/s00421-009-1119-1
https://doi.org/10.3945/ajcn.110.009266
https://doi.org/10.3390/antiox10111846
https://doi.org/10.3390/antiox10111846
https://doi.org/10.1155/2016/6374379
https://doi.org/10.1152/japplphysiol.00171.2005
https://doi.org/10.1152/japplphysiol.00171.2005
https://doi.org/10.1152/jappl.1999.87.4.1413
https://doi.org/10.1152/jappl.1999.87.4.1413
https://doi.org/10.1136/bjsm.26.3.167
https://doi.org/10.1152/jappl.1992.73.4.1494
https://doi.org/10.1007/s40279-019-01160-3
https://doi.org/10.1016/j.bbi.2010.09.018
https://doi.org/10.1249/00005768-198602000-00016
https://doi.org/10.1249/00005768-198602000-00016
https://doi.org/10.1111/cei.13256
https://doi.org/10.1111/cei.13256
https://doi.org/10.1371/journal.pone.0080248
https://doi.org/10.1371/journal.pone.0080248
https://doi.org/10.1249/MSS.0b013e318257d2db
https://doi.org/10.1249/MSS.0b013e318257d2db
https://doi.org/10.37290/ctnr2641-452X.17:219-222
https://doi.org/10.37290/ctnr2641-452X.17:219-222
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.998925

	Lymphocyte and dendritic cell response to a period of intensified training in young healthy humans and rodents: A systemati ...
	1 Introduction
	2 Methods
	2.1 Inclusion and exclusion criteria
	2.2 Eligibility criteria
	2.2.1 Population
	2.2.2 Intervention
	2.2.3 Comparison
	2.2.4 Outcome

	2.3 Search strategy for identification of studies
	2.4 Study selection
	2.5 Data extraction and management
	2.6 Risk of bias
	2.7 Statistical analysis

	3 Results
	3.1 Risk of Bias
	3.2 Study outcomes
	3.3 Meta-analysis
	3.3.1 Immune cell counts
	3.3.1.1 Total lymphocytes
	3.3.2 Immune function
	3.3.2.1 Lymphocyte proliferation
	3.3.2.2 Resting stimulated rodent spleen lymphocytes (counts per minute)
	3.3.2.3 Exercise induced CON a stimulated rodent spleen lymphocytes (counts per minute)
	3.3.3 NK cell cytolytic activity
	3.3.3.1 Cytokines


	4 Discussion
	4.1 Overview
	4.2 Total lymphocyte and CD8+ T cell counts at rest
	4.3 Exercise induced lymphocyte counts
	4.4 Resting unstimulated IL-1β
	4.5 Dendritic cell markers

	5 Conclusion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher’s note
	References


