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List of Terms

Cortisol — a hormone released by the adrenal cortex of the suprarenal gland during hypothalamic
pituitary adrenocortical axis activation resulting in systemic physiological responses; physical
and psychological stressors can induce its release during the “fight-or-flight” response

Cell Surface Markers — detectable proteins on the surface of cells that allow identification of
specific cell types

Cytomegalovirus (CMV) — a typically asymptomatic viral infection that remains in an infected
individual for life when viral reactivation can occur

Cytotoxic (CD8+) T-cells — aka cytotoxic T-lymphocytes are a type of white blood cell that can
identify and kill virally-infected cells and cells with DNA damage; become activated by helper
(CD4+) T-cells

Exercise — physical activity that results in activation of the hypothalamic pituitary adrenocortical
axis; a type of stressor that can be characterized by form (e.g. running vs. swimming vs. biking),
duration, and intensity

Helper (CD4+) T-cells — aka helper T-lymphocytes are a type of white blood cell that can
activate (and suppress) other types of immune cells, such as cytotoxic T-cells to kill target cells
and B-cells to secrete antibodies; important for immune system activation during an infection

Immune Risk Profile — a cluster of unfavorable changes to immune cell parameters, including
inverted (<1.00) CD4+:CD8+ ratio, persistent viral (e.g. CMV) infection, and accumulation
dysfunctional senescent T-cells; predictive of mortality in old and very-old adults (Wikby et al.
2002; Wikby et al. 1998; Pawelec et al. 2001)

Immunological space — a concept that a finite amount of physical space within secondary
lymphoid tissues (e.g. lymph nodes, spleen, etc.) limits the number and type of immune cells in a
person

Inflamm-aging — the concurrent age-associated decline in immune function and chronic low-
grade inflammation

Lymphocytosis — the mobilization of lymphocytes (T-cells, B-cells, and natural-killer cells) in
response to hypothalamic pituitary adrenocortical axis activation (i.e. exercise and/or
psychological stressors), infection, or injury

Psychological Stress — cognitive, emotional, and physiological changes in response to a stimulus
or threat (actual or perceived) greater than that which can be tolerated by an individual’s coping
capabilities

Senescent Phenotype — a classification of T-cells that describes characteristic dysfunction and
unique identifiable surface markers
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Serostatus — presence or absence of antibodies in blood serum; seropositive individuals have
levels of antibodies specific to a particular antigen (e.g. CMV) that are above a certain threshold,
while seronegative individuals have levels of antibodies below said threshold

Stressor — an actual or perceived threat to an organism that results in a response (i.e. “stress
response”) by the organism; stressors can be physical (e.g. exercise) or psychological (e.g. public
speaking, interpersonal conflict) and acute (seconds to minutes) or chronic (days to weeks and
longer)

Stress Response — an adaptive, protective physiological change that occurs as a result of a
stressor; occurs through hypothalamic pituitary adrenocortical axis activation

Swimming — a form of exercise; a specific type of physical stressor

T-cells — type of white blood cell called lymphocytes with broad immune function; can be
classified as either helper (CD4+) T-cells or cytotoxic (CD8+) T-cells

URTI — upper respiratory tract infection is an acute illness of the upper airways often observed in
athletes during periods heavy training

Latent viral reactivation — in an already infected host, a period of increased viral replication and
proliferation not caused by re-infection by the virus in question



Abstract

Evidence suggests high-intensity exercise training increases incidence of upper respiratory
infection in young-adult athletes (Spence et al. 2007). Collegiate athletes experience chronic
stress, which has been shown to result in increased proportions of late-differentiated CD8+ T-
cells of a dysfunctional phenotype (Bosch et al. 2009). However, many studies fail to consider
possible moderators such as psychological stress and cytomegalovirus (CMV) infection.
Purpose: To examine the impact of psychological stress, CMV infection, and exercise on
proportions of early- and late-differentiated CD4+ and CD8+ T-cells in collegiate swimmers
over a 7-month training period. Methods: Data were collected from NCAA Division 1
swimmers (13 M, 12 F: 19.7 £+ 0.8 yrs) at 3 timepoints: early-season (October, n=18), immediate
post-season (April, n=23), and off-season (June, n=10). Participants performed an in-water
anaerobic capacity power test, consisting several 25-yard swims with increasing resistance.
Early-morning serum samples were taken before (resting) and immediately following exercise.
Flow cytometry after monoclonal antibody staining determined proportions of CD4+ and CD8+
T-cells categorized as early- (CD57-/KLRG1-) or late- (CD57+/KLRG1+) differentiated. ELISA
determined resting serum cortisol concentration and CMV serostatus (CMV+ or CMV-). Data
presented as mean = SE. Results: Proportions of resting early- and late-differentiated CD4+
(p=0.025 and p=0.001, respectively) and late-differentiated CD8+ (p=0.006) T-cells differed
between April and October timepoints. In April, exercise induced a preferential mobilization (%
change) of late- (111.77 + 32.5 %) compared to early- (-5.72 £ 1.6 %) differentiated CD4+ T-
cells and late- (54.75 = 7.9 %) compared to early- (-25.35 + 3.2 %) differentiated CD8+ T-cells.
Similar mobilization patterns occurred at October and June timepoints. Serum cortisol
concentration had no effect on immune cell proportions. CMV+ had lower resting proportions of

early-differentiated CD4+ (p=0.007) and CDS8+ (p=0.045) T-cells compared to CMV-.
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Conclusions: Training status partially regulates T-cell proportions over time. CMV infection
results in unfavorable changes in the CD4+ T-cell repertoire, which may compromise immune

protection against novel pathogens.
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Chapter 1. Introduction

1.1. General Introduction

Stressors elicit physiological and immunological responses. These responses maintain
homeostasis and prevent infection but have the potential to become detrimental if poorly
regulated. Regular moderate-intensity exercise is known to positively impact immune function.
However, athletes, as a result of consecutive training sessions and inadequate recovery, may
experience impaired immunity. Acute intense exercise and endurance training can result in
suppression of immune function and/or exacerbate pro-inflammatory responses (Pedersen &
Nieman 1998). Intense exercise, in particular, appears to be detrimental to immune protection in
the context of competitive sporting events (Walsh et al. 2011). Similarly, chronic psychological
stress is associated a blunted immune response (Dhabhar & McEwen 1997) and poor regulation
of inflammation (Miller et al. 2009; Vitlic et al. 2014). This leads to a pro-inflammatory state
comparable to the chronic low-grade inflammation observed in older individuals, a phenomenon
coined inflamm-aging (Franceschi et al. 2007). There is no current indication that the
immunosuppressive effects of intense exercise training are harmful later in life or linked to
inflamm-aging. However, these immunosuppressive effects do resemble characteristics
associated with increased mortality risk and poorer disease outcomes.

Inflamm-aging is associated with increased risk of morbidity and mortality (De Martinis
et al. 2005; Lencel & Magne 2011). Patients affected by inflamm-aging experience impaired
vaccine responsiveness, increased circulating pro-inflammatory cytokines, and latent viral
reactivation (Kiecolt-Glaser et al. 2002; Poland et al. 2014). Additionally, inflamm-aging is an

integral part of the Immune Risk Profile (IRP), an umbrella term grouping changes in immune



cell parameters associated with impaired immune function and 4-year all-cause mortality in older
adults (Pawelec et al. 2001). Other hallmark features of the IRP include inverted (<1.00)
CD4+:CD8+ ratio, persistent viral infection, and expansion of [senescent] T-cells (Ndumbi et al.
2015; Boren and Gershwin 2004). Functional characteristics of senescent T-cells include
diminished replicative capacity and responsiveness to apoptotic signals. As a result of these
dysfunctions, senescent T-cells impair immune cell responsiveness to novel pathogens and
increase risk of infection (Tu & Rao 2016). Similar to individuals exhibiting IRP characteristics,
young athletes are also prone to inverted CD4+:CD8+ ratio after acute bouts of high-intensity
exercise (Mackinnon et al. 1997; Lee et al. 2012).

Research attempting to determine causes of IRP characteristics suggests that both
physical and psychological stressors contribute to the development of T-cell replicative
senescence (Epel 2009) along with characteristics of the IRP. While an abundance of research
describes immunological responses to acute and chronic stressors, there is a paucity of data
investigating IRP characteristics within younger populations (< 30 yrs). Research is needed to
better understand immune dysfunction, changes in susceptibility to infection, and premature
immune aging in collegiate athletes, a population exposed to both risk factors and protective
factors.

This research may elucidate a clearer relationship between various stressors and
immunocompromised populations. Furthermore, it may allow for identification and prediction of
individuals with an increased risk for developing immune dysfunction and immunosuppression.

Since collegiate athletes are subjected to daily exercise training in addition to
psychological stressors (e.g. academics, relationships, etc.), they may be at an increased risk of
negative immunological consequences of training. Research surrounding the subject, however,

remains discordant. Clow and Hucklebridge (2001) suggested exercise training and



psychological stress may have a negative synergistic effect on athlete immunity and health.
Evidence suggests high-intensity exercise training increases incidence of upper respiratory-tract
infection (URTI) in athletes (Spence et al. 2007). Similarly, (Nieman et al. 1990) used a J-shaped
model to describe the relationship between exercise training volume and URTI risk: Individuals
who trained at moderate volume exercise workloads experience the lowest URTI risk, compared
to those who trained at low and high volume workloads experience moderate and high URTI
risk, respectively. An S-shaped curve (Malm 2006) elaborates on the Nieman’s J-shaped model
by suggesting elite athletes actually experience a reduced infection odds ratio compared to less
elite athletes exercising at high volume exercise workloads. These findings are relevant for all
exercising individuals but may be particularly important for collegiate athletes.

Student-athlete well-being remains pivotal in collegiate athletics, as sickness may
contribute to subpar performance in practice and competition. Unfortunately, monitoring athlete
stress remains difficult. Because of technical and financial constraints, team physicians and
athletic training staff often rely on subjective measures of stress and well-being. These subjective
measures of well-being, such as self-reported sleep quality and URTI symptoms, may lack the
sensitivity necessary to detect changes in immune function. Furthermore, infection by a novel
pathogen and latent viral reactivation may share symptomatic similarities. Finally, most studies
examining UTRI in athletes fail to account for possible moderating factors, such as
psychological stress and persistent viral infection. Doing so may elucidate a clearer relationship
between URTI incidence and exercise in athletes. Consequently, it is paramount to use objective
biomarkers of stress and changes in immune cell populations in order to adequately characterize
the impact of prolonged training on the health of athletes. The present study aimed to consider
the aforementioned oversights and difficulties by analyzing the impact of psychological and

physical stressors on the immune function of collegiate student-athletes.



1.2. Specific Aims

The overarching aim of this project (Specific Aim #1) was to explore the impact of
psychological and training-induced stressors on the immune function of NCAA-level collegiate
swimmers. Data have been collected in athletes at rest to examine subjective and objective
measures of stress throughout the competition season. Hypothesis #1: Higher resting serum
cortisol concentrations would be associated with subjective measures of stress along with greater
proportions of late-differentiated and dysfunctional senescent T-cells. Additionally, we examined
the impact of acute exercise bouts on the immune response of collegiate swimmers throughout
the season (Specific Aim #2). Hypothesis #2: Degree and composition of lymphocytosis induced
by acute exercise would be affected by resting serum cortisol concentration and overall well-

being of the athletes.

1.3. Overview of the Immune System

The human immune system consists of the innate immune system and the adaptive immune
system. The innate immune system serves as the first line of defense against infection; it
recognizes and destroys pathogens quickly and non-specifically in a semi-isolated manner
(Janeway & Medzhitov 2002; Medzhitov & Janeway 2002). The adaptive immune system
confers prolonged protection against pathogens identical or very similar to those previously
encountered. By recognizing and remembering specific molecular structures, adaptive immunity
confers specificity and memory in antigen recognition. Antigen presentation allows rapid

communication between the two to identify and prevent uncontrolled growth of infected host



cells and non-self cells. The innate and adaptive arms of the immune system are complimentary.
They communicate to elicit a response proportional to the pathogenic threat.

Conserved through evolution, the innate immune system defends against common
pathogens through localized, non-specific attack. Innate immune cells (e.g. macrophages, natural
killer cells, basophils, and dendritic cells) reside along physical barriers that separate human
tissue from the outside world. Beneath skin and mucous membranes, innate immune cells act as
a second line of defense. For instance, macrophages exist beneath the skin and in alveoli of the
lungs, two barriers susceptible to infiltration by pathogens. Innate effector cells identify non-self
cells by recognizing common molecular patterns. For example, Toll-like receptor 5 (TLR-5)
binds flagellin, a protein composing flagella on bacteria. As a result of TLR-5 binding flagellin,
macrophages become activated, ultimately presenting a portion of the flagellin protein for other
immune cells to detect. Insoluble proteins cause inflammation, which recruits innate effector
cells and localizes their effect. Phagocytes and natural killer (NK) cells destroy pathogens after
complement system proteins tag them. Dysregulation of inflammatory proteins can lead to a
chronic pro-inflammatory state, which can be harmful. Innate immunity may be insufficient and,
thus, require specialized cells of the adaptive immune system to neutralize pathogenic infection.

Adaptive immune cells such as mature memory B-cells and memory T-cells deftly
recognize previously encountered pathogens and work with innate immune cells to suppress
pathogenic proliferation. The ability of adaptive immune cells to remember antigens and to
respond robustly describes immunological memory (Janeway et al. 2001). Normal aging and
pathological immune aging negatively impact T-cells more so than B-cells; therefore, T-cell
population changes are the primary focus of the present study.

T-cells can replicate from few to many in a process called clonal expansion, a

fundamental aspect of the adaptive immune system. By retaining low counts of antigen-specific



immune cells until threat of infection requires a response, limited immunological space remains
available within lymphoid organs. The adaptive immune response occurs during the late stages
of a primary exposure to an antigen and provides long-term protection against that specific
antigen. The robustness of the immune response is dependent on various factors, such as stress-

induced modulation.

1.4. T-Cells

T-cells mediate the adaptive immune response. Specifically, they control cell-mediated
immunity, which monitors and eliminates intracellular pathogens. T-cells categorically and
uniquely express CD3 surface glycoproteins, which enables their identification amongst other
leukocytes. Two distinct types of T-cells exist: helper T-cells and cytotoxic T-cells. Helper T-
cells secrete cytokines to communicate with other immune cells and stimulate cytotoxic T-cells,
which become alert and active during infection. Cytotoxic T-cells destroy cells infected by
viruses. T-cells can be identified by unique combinations of surface proteins at various points
throughout their lifetime.

T-cells have two characteristic receptors: a protein complex called CD3 along with either
CD4 or CDS co-receptor. CD3 facilitates communication between extracellular and intracellular
environments, because its 6 protein subunits span the cell membrane. T-cell receptors (TCR),
CD3, and a co-receptor form a complex consisting of various light and heavy chains. Expression
of both CD4 and CD8 co-receptors occurs in newly maturing T-cells found in the thymus. Over
time, only one co-receptor, either CD4 or CD8, will be expressed by the cell; this expression of
CD4 or CD8 is nearly always mutually exclusive (Koretzky 2010; Gallagher et al. 1989). A

pathogen, identified as non-self, is presented to the naive T-cell by specialized antigen-



presenting cells (APC), thus inducing the naive T-cells to differentiate into an effector cell,

capable of clearing the pathogen.

1.5. T-Cell Differentiation

Over a T-cell’s lifespan, it expresses a variable profile of surface markers. The presence or

absence and level of expression of certain surface markers is indicative of that particular cell’s

stage of differentiation. T-cell differentiation/senescence may be sufficiently described by five

putative markers: CD45, CD28, CD27, CD57, and killer cell lectin-like receptor G-1 (KLRG1)

(Sallusto et al. 2004; Voehringer et al. 2002; Tarazona et al. 2000). Among others, these

functional and molecular markers have been studied and can provide additional information

about T-cells at various stages of differentiation (Table 1).

Table 1. Summary of surface markers on T-cells at various stages of differentiation.

CCR7 + + — -
CD45RA + - - +
CD28 ++ +++ +/— _
CD27 ++ +++ +/— —
CD57 - - + ++
KLRG1 - +/— + ++

-: no/very low expression; +: unit of expression (Larbi & Fulop 2014).

A majority of research describes T-cell differentiation as a chronological sequence. More

precisely, the field recognizes a linear model describing a sequential progression of discrete T-



cell phenotypes. While this method is useful for discussion and scientific consensus, the steps are
more likely continuous and not unidirectional (Larbi & Fulop 2014). Four established sub-
populations of T-cells are discussed in the current literature and are presented least-to-most
differentiated: naive, central memory (CM), effector memory (EM), and terminally-differentiated
effector memory cells re-expressing CD45RA (Xu and Larbi 2017).

Two markers commonly utilized to describe level of T-cell differentiation include C-C
motif chemokine receptor CCR7 and CD45RA. Using only these two markers, T-cell are
categorized into four sub-populations: CD45RA+CCR7+ naive, CD45RA-CCR7+ CM,
CD45RA—CCR7— EM, and CD45RA+CCR7- TEMRA T-cells (Sallusto et al. 2004). CCR7
induces morphological polarization in naive T-cells (Bardi et al. 2003), which is important for
antigen recognition and communication with other immune cells. CCR7 also allows naive T-
cells to travel to secondary lymphoid organs by modulating T-cell migration speed (Kaiser et al.
2005). CD45 is a receptor-linked protein tyrosine phosphatase (Desai et al. 1994). The
intracellular domain of CD45 regulates TCR signal transduction during activation of the T-cell.
The extracellular domain of CD45 exists as several isoforms. Alternative splicing allows for
expression of different combinations of exons, CD45RA, CD45RB, and CD45R0 (Hermiston et
al. 2003). Larbi & Fulop (2014) suggested that the most important isoforms are CD45RA and
CD45RO, as they undergo isoform switching which contributes to T-cell differentiation and
exhaustion. Differential expression of CD45RA, particularly, was used to describe stage of T-
cell differentiation. Naive T-cells express CD45RA, which is down-regulated with subsequent
differentiation to CM and EM T-cells. Interestingly, CD45RA appears to again become re-
expressed in terminally-differentiated T-cells, giving them their name terminally-differentiated

effector memory cells re-expressing CD45RA (TEMRA) (Larbi & Fulop 2014).



Two other markers, CD28 and CD27, have been used to describe cellular history. Surface
glycoproteins CD28 and CD27 act as co-receptors that ligate complimentary receptors on the
surface of APCs and strengthen the connection of the complex. CD28 binds its B7 co-receptor
and CD27 binds CD70. Co-stimulation by CD28 and CD27 is important to overcome the
crosslink TCR requirement, ultimately leading to cellular proliferation. Thus, CD28 and CD27
are indicative of a cell’s proliferative history. As naive T-cells differentiate to become CM T-
cells, CD28 and CD27 expression is up-regulated; however, with further differentiation,
expression of these markers decreases markedly. Naive T-cells express both CD28 and CD27,
CM T-cells tend to express higher levels, EM T-cells exhibit decreased expression, and TEMRA
T-cells express no or very low levels of expression. IL-15 and IL-21 and signaling molecules of
the JAK/STAT pathway partially mediate CD28 expression in CD8+ memory T-cells (Nguyen
& Weng 2010). Generally, increased differentiation is associated with progressive loss of surface
markers, CCR7, CD45, CD28, and CD27, which corresponds to loss of function (Reinke et al.
2013; Monteiro et al. 2007). However, expression of some markers does increase with
differentiation.

Highly-differentiated TEMRA/senescent T-cells express CD57 and KLRGI1. Palmer et al.
(2005) examined the proliferative capacity of CD4+CD57+ T-cells. Despite strong mitogen
stimulation, CD4+CD57+ T-cells exhibited significantly reduced proliferation compared to
CD4+CDS57- T-cells. This finding supports other research that, too, suggests cells expressing
CD57 exhibit impaired proliferative capacity, even after stimulation (Merino et al. 1998; Vivar et
al. 2008). Interestingly, Chong et al. (2008) found CD8MCD57+ T-cells to be highly
proliferative. The authors suggest this direct contrast is due to previous studies utilizing

carboxyfluorescein succinimidyl ester (CFSE), a staining dye used in fluorescence-based



proliferation assays. Here, CFSE was found to be cytotoxic to CD8"CD57+ T-cells. CD57 alone
may not be sufficient to label as highly-differentiated.

KLRGI1 is another marker that is present on cells with impaired proliferative capacity and
replicative senescence. KLRG1 is associated with cells that have undergone a large number of
cell divisions, thus indicating their high level of differentiation (Ibegbu et al. 2005; Voehringer et
al. 2001). This association appears true irrespective of increased age of the individual. Henson et
al. (2009) found that KLRGI expression significantly increased from the early-differentiated
(CD8+CD28+CD27+) subset to the intermediate-differentiated (CD8+CD28—CD27+) subset and
again from the intermediate-differentiated (CD8+CD28—CD27+) subset to the late-stage-
differentiated (CD8+CD28—CD27-) subset. Furthermore, when KLRG1 signaling was blocked
during stimulation of CD8+CD28-CD27- T-cells, proliferative capacity was spontaneously
induced in these cells. This finding suggests that KLRG1 is an inhibitor of cell proliferation.
Together, KLRG1 and CD57 appear sufficient to describe a T-cell existing in a state of
replicative senescence. Use of the CD57+KLRG1+ phenotype is common in the recent pool of
research (Larbi and Fulop 2014; Stubbe et al. 2006).

Using CD45, CD28, CD27, CD57, and KLRGI1 together allows for an accurate
description of relative levels of differentiation within a population of T-cells in circulation.
These, among other markers, are useful in describing the characteristics, function, and

implications of cells that exhibit a senescent phenotype.

1.6. Senescent T-Cell Characteristics

T-cell replicative senescence is a state of immune cell dysfunction characterized by an

accumulation of T-cells with a senescent phenotype (Simpson 2011). Hayflick & Moorhead
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(1961) first described senescent cells with their in vitro studies of human lung fibroblasts. They
noted that senescent cells, while viable, exist in a state of arrested cell cycling and become
unresponsive to apoptotic signaling. T-cell replicative senescence contributes to impaired
immune function in the elderly, because senescent T-cells are dysfunctional (Ostan et al. 2008).
They occupy a large portion of immunological space, exhibit diminished proliferative
capabilities, demonstrate a blunted responsiveness to apoptotic signals, and increased pro-
inflammatory cytokine production.

Cells of the senescent phenotype can be characterized by expression and non-expression
of specific surface glycoproteins. Diminished expression of CD28 concomitant to presence of
other surface proteins (KLRGI1 and/or CD57+) identifies T-cells as senescent (Brenchley et al.
2003; Simpson et al. 2007). Upon activation, CD28 acts as co-receptor to regulate functions like
transcription of IL-2, cellular adhesion, and apoptosis among others (Thompson et al. 1989).

By occupying a large part of the finite immunological space, less physical space is
available for naive T-cells to exist in secondary lymphoid tissues. Thus, protection against novel
pathogens is reduced (Deeks 2011). While senescent T-cells remain viable in protecting against
the antigen to which they bind, they do not retain proliferative capacity upon antigen stimulation,
rendering them incapable of clonal expansion. Consequently, the less numerable naive T-cells
cannot defend against novel pathogens, resulting in a blunted adaptive immune response.

Senescent T-cells found in aging populations exhibit reduced proliferative capacity and
response to apoptotic signals. Voehringer et al. (2002) described differentiated populations of T-
cells (and NK cells, too) expressing KLRGI that cannot proliferate subsequent to mitogenic
stimulation, thus limiting their ability to clonally expand. During their lifespan, immune cells
experience persistent regulation to ensure proper function. Pro-apoptotic signals mediate this

maintenance of the immune cell repertoire. The cell surface death receptor CD95 (Fas/Apo-1)
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and its ligand (CD95L) can result in apoptosis through DNA fragmentation by caspase-8
(Simpson 2011). Other pro-apoptotic signals contribute to this regulation. Such signals are
notable during exercise. These include increased levels of inflammatory cytokines,
catecholamines, cortisol, and reactive oxygen species (Simpson 2011). Interestingly, Spaulding
et al. (1999) found CD28-CD57+ T-cells to robustly resist apoptosis when exposed to these
apoptotic signals. Finally, the senescent phenotype is associated with increased pro-inflammatory
cytokine production (Chou & Effros 2013; Coppé et al. 2010).

Cells of a senescent phenotype appear harmful both in terms of immunological
parameters and disease outcomes. Presence of the senescent T-cell phenotype in individuals is
associated with inverted CD4+:CD8+ ratio and more aggressive clinical disease course (Nunes et
al. 2012). Characteristics of dysfunction in senescent T-cells are also present normal and

pathological aging populations.

1.7. Inflamm-Aging and the Immune Risk Profile

Aging populations experience a decline in immune function whereby experiencing increased
infection and higher incidence of disease and mortality. Inflamm-aging describes the age-
associated decline in immune function and the concurrent increased pro-inflammatory state
(Pawelec et al. 1995). It is suggested that increased concentrations of pro-inflammatory
cytokines are a mechanism contributing to increased mortality risk in elderly populations
(Franceschi et al. 2007).

Alterations in immunoendocrine biomarkers occur with inflamm-aging. Presence of
particular phenotypic and serologic parameters, called the IRP, can predict mortality in aging

populations. The IRP consists of a cluster of biomarkers including low or inverted CD4+:CD8+
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T-cell ratio, CMV seropositivity, and unfavorable changes to immune cell populations (Barron et
al. 2015) similar to those discussed above. Previously, the IRP was associated with increased
mortality risk in octogenarians and nonagenarians (Wikby et al. 1998; Wikby et al. 2002).
Recent research suggested the IRP is predictive of increased 2-year mortality in hexagenarians,
too (Strindhall et al. 2013). Research continues to identify a relationship between the IRP and
increased mortality risk in younger cohorts.

Similarities exist between inflammaging, some IRP parameters, and immune responses to
chronic stress. Increased concentrations pro-inflammatory cytokines (IL-1B, IL-6, TNFa, and
CRP) are associated with development of certain cancers, neurodegenerative diseases, stroke,
and metabolic dysfunction (Krabbe et al. 2004; Goto 2008). Inflammation associated with
chronic stress results from excessive pro-inflammatory cytokines along with subsequent
increases in cellular adhesion molecules and chemokines (Tian et al. 2014). Furthermore, chronic
job stress is associated with a reduced CD4+:CD8+ T-cell ratio and higher percentage of
senescent T-cells (Bosch et al. 2009). Physical and psychological stressors appear to trigger
similar immune responses and may have a cumulative negative synergistic effect (Clow &
Hucklebridge 2001). This becomes particularly pertinent when considering the stressors

affecting collegiate student-athletes.

1.8. The Immune Response

Stressors elicit physiological responses, including cardiovascular, hormonal, and immunological

changes. Stressors can be short acting or long acting and can be physical or psychological. In

fact, physical and psychological stressors appear to elicit similar physiological responses via

hypothalamic pituitary adrenocortical (HPA) axis activation and the fight-or-flight response
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(Gleeson et al. 2011; Gleeson et al. 2013). Furthermore, immunological responses appear non-
specific to the type of stressor. That is, psychological stressors and physical stressors elicit a
similar immune response of similar magnitude and duration (Clow & Hucklebridge 2001).
However, acute versus chronic stressors generate paradoxical immune responses. Acute stressors
may be protective and even advantageous for performance and survival. Conversely, chronic

stress can be detrimental to overall health and immune function.

1.9. Acute Physical and Psychological Stressors

During exercise, particularly intense exercise, ventilatory volume increases favoring oral
breathing, a shift from nasal breathing at rest (Bennett et al. 2003). Increased gut permeability
during prolonged exercise may increase endotoxin release into the circulation (de Punder &
Pruimboom 2015). These changes during exercise may increase an individual’s exposure to
pathogens and ultimately risk of infection, however, it becomes important to examine body’s
immune response to acute exercise.

Hormonal changes occur during acute stress. The sympathetic adrenal medulla (SAM)
and HPA become activated in response to some stressor. Within the SAM, the hypothalamus
releases corticotropin-releasing hormone (CRH), which stimulates the anterior pituitary to
secrete adrenocorticotropic hormone (ACTH) (Majzoub 2006). ACTH travels through
circulation to the adrenal medulla, which is stimulated to release epinephrine (E) and
norepinephrine (NE). E and NE travel the bloodstream and cause systemic fight-or-flight effects
like increased heart rate, respiration rate, and blood pressure. Complementary to the SAM is the
HPA. The HPA functions nearly identically to the SAM until ACTH stimulates the adrenal

cortex to release corticosteroids (i.e. cortisol). In the context of acute stress, cortisol is anti-
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inflammatory, promotes healing, and mobilizes energy. An important soluble protein co-stored
and co-released with catecholamines is chromogranin A (CgA) (D’amico et al. 2014). CgA can
be cleaved into several bioactive peptides that regulate metabolism by exerting broad effects
throughout the body, including on the immune system.

Generally, acute stress mimics the immune response during an infection. That is,
lymphocytes, including T-cells, become mobilized into peripheral circulation. This process is
referred to as lymphocytosis. Just as the catecholamine response to acute physical stress
(exercise) appears intensity-dependent (Miyazaki et al. 2001), so does the degree of
lymphocytosis. Given the presence of B-adrenergic receptors on all lymphocytes (Sanders &
Straub 2002), the catecholamine response to exercise is a crucial determinant to the degree of
lymphocytosis (Benschop et al. 1996). Acute exercise and pharmacological infusion appear
equally effective and dose-responsive in inducing lymphocytosis. Anane et al. (2009) examined
specific lymphocyte mobilization in response to three different stress tasks including a
psychological public speaking stress test, acute exercise, and pharmacological infusion of a [3-
agonist (isoproterenol). yo T-cells, CD8+ T-cells, and NK cells were mobilized in a dose-
dependent manner during all three tasks. This mobilization of lymphocytes results from
stimulation by catecholamines and cortisol (McCarthy & Dale 1988).

Interestingly, acute exercise has been shown to mobilize late-differentiated and senescent
T-cells more favorably than naive T-cells (Simpson et al. 2007; Campbell et al. 2009). This
finding could have implications for freeing up immunological space. After acute exercise when
senescent T-cells are mobilized into circulation, they may be exposed to greater amounts of
catecholamines, cortisol, and reactive oxygen species. Exposure to pro-apoptotic stimuli may
facilitate their clearance. Similarly, acute exercise mobilizes late-differentiated NK cells more so

than it does their naive counterparts (Bigley et al. 2014). The cost of adaptation, known as
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allostatic load, results in wear-and-tear on the body and brain (Baum et al. 2012). As the duration
of a stressor increases, the protective immune response becomes less capable of defending
against novel pathogens. Brief naturalistic stressors, such as academic final examinations, are
slightly longer in duration and begin to suppress immune function (Segerstrom & Miller 2004).
And as stressors become longer yet, the immune response becomes even more dysfunctional.
Specifically, chronic heart rate and blood pressure elevations can lead to immunosuppression and

a pro-inflammatory state.

1.10. Chronic Physical and Psychological Stress

Chronic stress can be harmful to immune function and overall health. Impaired immune function
secondary to chronic stress includes impaired vaccine responsiveness, latent viral reactivation, a
pro-inflammatory state, and changes in immune cell populations.

This poor vaccine responsiveness is seen in chronically stressed individuals. Poorer
cytokine responses, specifically influenza virus-specific IL-2 responses, are associated with
increased risk of influenza infection (McElhaney et al. 1994; Kiecolt-Glaser et al. 1996). Kiecolt-
Glaser et al. (1996) examined influenza-antibody response following vaccination in caregivers
looking after a spouse with progressive dementia (stressed) versus controls. Stressed caregivers
had a poorer virus-specific T-cell response, which was evidenced by lower in vitro influenza-
stimulated production of interleukin-2 (IL-2) and interleukin-18 (IL-1p) compared to controls. A
possible mechanism behind this impairment relates to reduced interferon (IFN)-y production
(Frick et al. 2009). IFN’s utilize ribonuclease and protein kinase to degrade viral mRNA and

inhibit viral protein synthesis, respectively. IFN-y is associated with MHC-antigen presentation.
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Therefore, reduced IFN-y production inhibits MHC-antigen presentation and subsequent
recognition.

Another consequence of chronic stress is an increased rate of latent viral reactivation.
That is, chronically-stressed individuals exhibit elevated viral titers. Rector et al. (2014)
examined associations of psychological stress and cytomegalovirus (CMV) reactivation. CMV-
immunoglobulin G (IgG) numbers increased in a dose-response manner to various mental health
variables, such as sleep problems, anxiety, and depression (Rector et al. 2014). Interestingly,
these associations were stronger in individuals of low socioeconomic status, alluding to a
moderating effect of social factors. Finally, neither C-reactive protein (CRP) nor glucocorticoids
were associated with CMV-IgG titers, indicating viral reactivation occurred independently of
inflammation and HPAC activity.

Finally, chronic stress induces changes in immune cell populations. T-cells appear to shift
away from a naive to a senescent phenotype. This is shift is detrimental, since senescent T-cells
are terminally-differentiated and have reduced proliferative capacity (Miiller and Pawelec 2014).
Furthermore, senescent T-cells exhibit impaired responsiveness to novel pathogens and increased
pro-inflammatory cytokine production (Orjalo et al. 2009; Krabbe et al. 2004; Graham et al.
2006).

Chronic stress is an unsurprising consequence for collegiate student-athletes. Typically,
exercise training sessions occur at last once daily and can surpass four sessions during
competitions. Further, student-athletes experience academic and interpersonal stressors not
unique from those experienced by their non-athlete classmates. Inadequate recovery in between

training sessions can compromise performance and well-being.
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1.11. Clinical and Performance Implications: URTI in Athletes

Chronic exercise training negatively affects immune function. It becomes crucial to consider
athletes undergo consecutive bouts of acute exercise for years on end. Walsh et al. (2011)
describe the “open window” theory where opportunistic infections may take advantage of an
athlete’s impaired immune function during the 3-72 hours after high-intensity exercise. These
windows can become additive, further suppressing immune function with inadequate recovery.

A general consensus within the field suggests moderate exercise enhances immune
function, while strenuous exercise has a suppressive effect (Matthews et al. 2002; Walsh et al.
2011). Similarly, training load appears to influence immune function. The current pool of
literature suggests a phase shift of the dose-response immune protection conferred by exercise.
When a condition of intensity or duration is surpassed, immunosuppression occurs. This
immunosuppression may compromise an individual to opportunistic infection.

Evidence suggests high-intensity exercise training increases incidence of URTI in
athletes (Spence et al. 2007). Similarly, Nieman et al. (1990) use a J-shaped model to describe
the relationship between exercise volume and URTI risk. Individuals exercising at moderate
workloads experience the lowest URTI risk, whereas those exercising at low and high workloads
experience moderate and high URTI risk, respectively. An S-shaped curve (Malm 2006)
elaborates on the J-shaped model, suggesting elite athletes, surprisingly, experience a reduced
infection odds ratio compared to less elite athletes exercising at high workloads. This finding
implies elite athletes may exhibit improved ability to adapt to high-workload training. This
improved adaptation may confer protection against pathogenic infection.

Immunosuppression, if significant, has potential to manifest clinically significant URTI

symptoms as a result of novel infection. Other times, the degree of immunosuppression may be
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less than that required for infection, thus the athlete remains asymptomatic. Regardless of
clinical symptoms, chronic stress does impair the adaptive immune response and induce
disadvantageous changes in immune cell populations (Epel 2009) and other characteristics of the
IRP. While much research exists to describe immunological responses to acute and chronic
stressors, there is a paucity of data investigating IRP characteristics within younger populations.
Research is needed to understand premature immune aging and immune dysfunction in collegiate
athletes. This research may elucidate a clearer relationship between stressors and
immunocompromised populations.

Student-athlete well-being is paramount to athlete success. Sickness may contribute to
subpar performance in practice and competition. Therefore, coaches and athletic training staff
attempt to monitor athletes’ stress, however, this remains difficult. Nearly all of the
aforementioned studies fail to account for psychological stress, which may elucidate a clearer
relationship between URTI incidence and exercise in athletes.

Since psychological and physical stressors evoke similar physiological and immune
responses, serum cortisol concentration can be used to monitor total HPA axis activation.
However, due to practical and financial constraints, coaches and athletic training staff may
instead rely on subjective measures of well-being. These subjective measures, such as self-
reported sleep quality and URTI symptoms, may lack sensitivity necessary to detect changes in
immune function. Consequently, it is paramount to use objective biomarkers of stress and
changes in immune cell populations to characterize the impact of prolonged training on the

health of the athletes with sufficient sensitivity.
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Chapter 2. Specific Aims

The overarching aim of this project was to explore the impact of psychological and training-
induced stressors on the immune function of NCAA-level collegiate swimmers (Specific Aim
#1). Data have been collected in athletes at rest to examine subjective and objective measures of
stress throughout the competition season. It was hypothesized that higher resting serum cortisol
concentrations would be associated with subjective measures of stress along with greater
proportions of late-differentiated and dysfunctional senescent T-cells (Hypothesis #1).
Additionally, we examined the impact of acute exercise bouts on the immune response of
collegiate swimmers throughout the season (Specific Aim #2). It was hypothesized that degree
and composition of lymphocytosis induced by acute exercise would be affected by resting serum

cortisol concentration and overall well-being of the athletes (Hypothesis #2).
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Chapter 3. Methods

3.1. Participants & Study Timeline

Volunteers were recruited using word of mouth and presentations. Data collection occurred at 3
time points: off-season (June), early-season (October), and immediate post-season (April). At
each time point, volunteers gave early-morning pre- and post-exercise blood samples, and
completed questionnaires (Pittsburgh Sleep Quality Index, Daily Analysis of Life Demands for
Athletes, Activation-Deactivation Adjective Checklist, and Wisconsin Upper Respiratory
Symptoms Survey) prior to completing an in-water anaerobic capacity power test.

The volunteers were all healthy, college-aged members of a NCAA Division 1 swimming
team who met inclusion criteria. Volunteers provided written informed consent. Only volunteers
who were cleared by a Team Physician were eligible to participate. A regulation was in place so
that if volunteers presented with any medical, psychiatric, or behavioral condition(s) that might

interfere with protocol adherence, they would have been excluded from this study.

3.2. Exercise Protocol

Participants completed an in-water anaerobic capacity power test. The in-water anaerobic
capacity power test began after a 15 minute warm-up period and test was comprised of a series
of resisted 25-yard swims. Participants wore a harness that attached to a pulley system connected
to a terminal 35-gallon bucket. After each successful 25-yard swim, the swimmer was allowed 3
minutes of active recovery (light swimming). Resistance was increased after each successful trial

by adding weight to the bucket: 20 Ibs added for men and 15 lbs added for women. Men
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performed the first trial with 40 Ibs in the bucket; women performed the first trial with 20 Ibs in
the bucket. Trials of increasing weight were completed every 3 minutes until the swimmer was
unable to reach the other side of the pool. At this point, the swimmer was offered the option of
attempting one additional trial with weight in the bucket equaling that during the previous failed
attempt or stopping the test.

Heart rate, relative workload intensity, and blood lactate concentrations were taken and
recorded after each trial, regardless of whether the athlete was successful or not. Blood samples

were collected immediately before and immediately after the in-water exercise performance test.

3.3. Objective Measures of Stress

Serum cortisol was measured using enzyme-linked immunosorbent assays (ELISA) (R&D
Systems, Minneapolis, MN, USA). Samples and cortisol-enzyme conjugate were added to wells
coated with anti-cortisol monoclonal antibodies (mAb). Serum cortisol competes with the
cortisol-enzyme conjugate for binding sites on microwell plates, and wash buffer removes
unbound protein. Substrate was added and the intensity of color of the sample was compared to
that set by a standard curve. CMV serostatus was determined using ELISA (GenWay Biotech

Inc, San Diego, CA, USA; Abcam, Cambridge, MA, USA).
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3.4. Subjective Measures of Stress

Subjective measures of stress were determined by self-reported questionnaire responses.
Participants completed questionnaires prior to being phlebotomized and exercise testing. Self-
reported measures of sleep, overall well-being, activation-arousal, and upper respiratory tract
infection were assessed at each visit. Females completed menstrual cycle questionnaires.

Sleep quality was assessed at each time point through the Pittsburgh Sleep Quality Index
(PSQI) (Buysse et al. 1989). This is a non-invasive, reliable, and validated measure (Mollayeva
et al. 2016) that assesses dimensions of sleep quality, namely (a) overall sleep quality, (b) time to
fall asleep, (c) sleep duration (d) daytime effects of sleep quality, and (e) sleep efficiency. The
PSQI uses 19 items, consisting of open-ended questions (e.g., “When have you usually gone to
bed?”) as well as pointed response options (e.g., “During the last month, how often have you had
trouble sleeping because you cannot get to sleep within 30 minutes?”’) of “Not during the last
month,” “Less than once a week,” “Once or twice a week,” or “Three or more times a week”.

Participants self-assessed symptoms & sources of psychological well-being through the
use of the Daily Analysis of Life Demands for Athletes (DALDA) questionnaire. This measure
assessed the degree of general psychological well-being of the athlete, as well as sport-specific
psychological well-being (Freitas et al. 2013; Rushall 1990). The DALDA questionnaire consists
of nine items that address home-life, school/work, friends, and training while the assessment of
sport-based psychological well-being addresses muscle pains, irritability, boredom, and
tiredness. Athletes are asked to characterize each source and symptom as “worse than normal”,
“normal”, or “better than normal”.

Participants self-assessed activation and arousal at each time point by completing the

Activation-Deactivation Adjective Checklist (AD-ACL). This twenty-item scale uses adjectives
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to provide calculated dimensions of energy arousal (i.e. sleep-energy continuum) and tension
arousal (i.e. placidity-tension continuum). Participants report the degree to which they feel each
adjective as “Definitely feel,” “Feel slightly,” “Cannot decide,” or “Definitely do not feel.”
Sample adjectives include active & vigorous (Energy), sleepy & wakeful (Tiredness), jittery &
clutched-up (Tension), and at-rest & quiet (calmness) (Peters & Ziemainz 2014; Thayer 1986).
Upper respiratory tract infection symptoms were self-assessed using the Wisconsin Upper
Respiratory Symptoms Survey (WURSS-21). The WURSS-21 is a condensed version of the
original WURSS-44, and has been argued by the authors to be more responsive than the original
(Barrett et al. 2005). This measure assesses the degree to which an athlete may experience upper
respiratory complications (i.e. common cold-like symptoms). This measure, administered three
times during the spring season, asks participants to report how they are feeling that day as well as
over the previous 24 hours using 8-point Likert response options of “Not sick/Do not have this
symptom/Not at all,” (0), “Very mildly,” (1), “Mildly,” (3), “Moderately,” (5), “Severely” (7).
Participants reported how they feel, the degree of their symptoms, the degree to which their

symptoms interfere with daily function, and how they feel compared to the previous day.

3.5. Cell Separation and Analysis

Venous blood was collected in EDTA-coated vacutainers, from which peripheral blood
mononuclear cells (PBMCs) were isolated using gradient centrifugation. Blood samples were
diluted in equal volume of Phosphate Buffer Saline (PBS) and layered on density-gradient media
(Histopaque, Sigma Aldrich, MO, USA) before being centrifuged at 800 g for 30 minutes. Serum
tubes were centrifuged and the resultant serum samples were frozen and kept at -80°C until all

participants completed the study.
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Immune cell phenotype was assessed using a BD Accuri C6 flow cytometer (Accuri, Ann
Arbor, MI, USA) equipped with a blue laser emitting light at a fixed wavelength of 488 nm and a
red laser emitting light at a fixed wavelength of 640 nm. Isolated PBMCs (1.0 x 10%) were
labeled with pre-diluted monoclonal antibodies (mAbs) in a 4-color direct immunofluorescence
assay. Cells were incubated at room temperature in the dark for 30-minutes. The mAb
combinations consisted of KLRG1, CD28 FITC, CD45RA FITC, CD27 PE, CD57 PE or CCR7
PE, CD4 PerCP, CD8 PerCP and CD3 APC. Specific combinations of mAbs allowed for the
determination of various levels of T-cell differentiation. Following acquisition, FCS files were
transferred to a third party software program (FCS Express v3.0, De Novo, Los Angeles, CA,

USA) for analysis.

3.6. Statistical Analysis

All data were assessed for assumptions of normality using the Shapiro-Wilk test prior to
subsequent formal statistical testing. While log transformation cannot always normalize data and,
further, log-transformed data often loses relevance to the original data after standardized
statistical testing (Feng et al. 2014), skewed data were normalized by logarithmic transformation.
In instances when log transformation could not sufficiently normalize data, nonparametric
analysis alternatives were utilized.

Paired samples t-tests and related samples Wilcoxon signed rank tests were performed to
determine the main effect of time between two time points for resting and post-exercise
peripheral blood T-cell proportion data. Paired samples t-tests and related-samples Wilcoxon
signed rank tests were used to determine the effect of exercise on immune cell proportions.

Spearman’s rank-order correlation coefficients were used to identify linear correlations between
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serum cortisol concentration and questionnaire responses. Linear mixed models were used to
determine the interaction effects of covariates — CMV serostatus, cortisol, and time — on pre-
exercise T-cell proportions, post-exercise T-cell proportions, and exercise-induced T-cell
mobilization. Statistical significance was set at p=0.1 (i.e. a=0.1). This significance level, the
probability of rejecting the null hypothesis when it is true (Type I error), was chosen given that
this is a preliminary examination and the real-life losses incurred by errors as a result of these
findings are limited. All values given are as mean + standard error (SE) unless otherwise stated
(Altman & Bland 2005). All statistical analyses were performed using “Statistical Package for

Social Sciences” (SPSS Inc., Chicago, IL, USA).
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Chapter 4. Results

4.1. Anthropometric Measurements

All participants completed the exercise protocol described above. Anthropometric data of all

participants is presented in Table 2. Differing numbers of athletes participated at each of the time

points (April, n=23; June, n=10; and October, n=18).

Table 2. Anthropometric data of all participants.

Physical All participants Female Male CMV- CMV+
Characteristics (n=25) (n=12) (n=13) (n=16) (n=9)
Age (years) 19.7+£0.8 19.5+£0.9 19.9+0.5 19.6 £0.6 199+1.0
Body mass (kg) 73.4+9.9 672+93 79.6 £5.8 712+9.5 77.8+9.7
Height (cm) 1779+ 8.9 1712+17.3 184.1+4.9 176.1 £9.3 181.2+7.6
BMI (kg/m?) 23.1+1.7 229422 234=+1.1 229+2.0 23.5+1.0
MV - 36% 17% 54% - -
seropositivity

Data presented as (mean + SD).

4.2. Effect of Time on T-Cell Proportions at Rest

Results for the effect of time on resting T-cell proportions are presented in Table 3. The effect of

time on early-differentiated CD4+, late-differentiated CD4+, early-differentiated CD8+, and late-
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differentiated CD8+ T-cell proportions at rest (pre exercise) is presented in Figures 5, 6, 7, and 8,
respectively.

Resting early-differentiated CD4+ T-cell proportions increased from 86.8 % + 1.6 % in
April to 91.0 % + 0.8 % in October (p=0.025). Proportions of resting late-differentiated CD4+ T-
cells decreased from 3.7 % + 0.7 % in April to 1.4 % = 0.3 % in October (p=0.001). Proportions
of early-differentiated CD8+ T-cells decreased from April to June, increased from June to
October (Figure 7), however, these changes were not statistically significant. Conversely,
proportions of late-differentiated CD8+ T-cells increased from April to June and decreased from
June to October. These values, too, were not statistically significant. Proportions of late-
differentiated CD8+ T-cells decreased from 15.2 % =+ 2.6 % in April to 8.6 % =+ 2.4 % in October

(p=0.006).
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Table 3. Proportions of pre-exercise T-cell subsets — early-differentiated CD4+, late-
differentiated CD4+, early-differentiated CD8+, and late-differentiated CD8+ T-cell proportions
— at each time point.

Time point Ist time point 2nd time point
T-cell subset Cell phenotype comparison pre-exercise cell  pre-exercise cell p-value
(1st vs 2nd) frequency (%) frequency (%)
early- differentiated CD3+/CD4+/ April vs June
bt Tocolle D37 /KLRGL - 10) 88.63 + 1.4 88.39 +2.1 0.919
June vs October 88.39 +2.1 90.50 + 0.9 0.262
(n=10)
October vs April g 95, g 86.78 + 1.6 0.025
(n=17)
late-differentiated CD3+/CD4+/ April vs June
CD4+T-cells  CDSTHKLRGI+ (n=10) 37008 43622 0766
June vs October 456+22 1.72+0.6 0.155
(n=10)
October vs April 14003 3.72+0.7 0.001
(n=17)
early- differentiated CD3+/CD8+/ April vs June
D3t Tocolle D57 KLRGL - 10) 66.37 £4.9 61.02+4.5 0.070
June vs October 61.02 + 4.5 65.02+53 0.267
(n=10)
October vs April (9 654 4.0 66.97 3.2 0.405
(n=17)
late-differentiated CD3+/CD8+/ April vs June
CD8+ T-cells ~ CD57+/KLRGI+ (n=10) 16.90=4.1 18.53£4.3 0.455
June vs October 18.53 + 4.4 11.13+3.7 0.059
(n=10)
October vs April 857424 15.16 £ 2.6 0.006
(n=17)

Values presented are means £ SEM. All p-values reported. Statistically significant differences
between pre-exercise cell proportions between time points are indicated by boldface text.
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Figure 5. Effect of time on resting early-differentiated CD4+ T-cell
proportions. Values presented are mean + SE.
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Figure 6. Effect of time on resting late-differentiated CD4+ T-cell
proportions. Values presented are mean + SE.
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Figure 7. Effect of time on resting early-differentiated CD8+ T-cell
proportions. Values presented are mean + SE.
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Figure 8. Effect of time on resting late-differentiated CD8+ T-cell
proportions. Values presented are mean + SE.
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4.3. Effect of Time on T-Cell Proportions Post Exercise

Results for the effect of time on post-exercise T-cell proportions are presented in Table 4. The
effect of time on early-differentiated CD4+, late-differentiated CD4+, early-differentiated CD8+,
and late-differentiated CD8+ T-cell proportions post exercise is presented in Figures 9, 10, 11,
and 12, respectively.

Proportions of post-exercise early-differentiated CD4+ T-cells increased slightly from
April to June and June to October (p=0.093). Similarly, proportions of this cell type were
marginally elevated from April to October (p=0.079), too (Figure 9). Late-differentiated CD4+
proportions decreased from 8.0 % + 3.4 % in June to 3.7 % + 2.2 % in October (p=0.017) and
increased from 2.7 % + 1.4 % in April to 6.8 % £ 1.6 % in October (p<0.001). Proportions of
post-exercise early-differentiated CD8+ T-cells decreased from April (53.2 % =+ 6.3 %) to June
(8.0 % = 3.4 %) (p=0.006) and increased from June (43.3 % + 5.6 %) to October (52.1 % + 6.4
%) (p=0.034). Finally, post-exercise late-differentiated CD8+ T-cells increased from 25.7 % =+
5.4 % in June to 17.7 % £ 5.1 % in October (p=0.043). Proportions of this cell type were higher

in October (22.6 % + 3.7 %) compared to those in April (15.7 % + 3.8 %) (p=0.008).

32



Table 4. Proportions of post-exercise T-cell subsets — early-differentiated CD4+, late-
differentiated CD4+, early-differentiated CD8+, and late-differentiated CD8+ T-cell proportions
— at each time point.

2nd time point

Time point Ist time point ost-exercise
T-cell subset Cell phenotype comparison post-exercise cell P p-value
o cell frequency
(1st vs 2nd) frequency (%) o
(%)
early- differentiated CD3+/CD4+/ April vs June
bt Tocolle D37 /KLRGL (- 10) 83.20+2.8 84.55+3.3 0.959
June vs October 84.55+323 87.68 +2.6 0.093
(n=10)
October vs April 88.17+ 1.6 83.44 +2.0 0.079
(n=16)
late-differentiated CD3+/CD4+/ April vs June
CD4+T-cells ~ CD37+/KLRGI+ (n=10) 7.98£2.3 8.03%3.4 0.878
June vs October 8.03+3.4 3.65+22 0.017
(n=10)
October vs April 265+ 1.4 681+1.6 <0.001
(n=16)
early- differentiated CD3+/CD8+/ April vs June
D3t Tocolle D37 /KLRGL (- 10) 5321463 4329+5.6 0.006
June vs October 4329+56 52,06+ 6.4 0.034
(n=10)
October vs April 54.03 4.8 51.61+4.4 0.386
(n=16)
late-differentiated CD3+/CD8+/ April vs June
CD§+ T-cells ~ CDSTHKLRGI+ (n=10) 24.3525.1 2368+34 0588
June vs October 25.68 + 5.4 17.70 = 5.1 0.043
(n=10)
October vs April 15.70 + 3.8 22.58 £3.7 0.008
(n=16)

Values presented are means £ SEM. All p-values reported. Statistically significant differences

between post-exercise cell proportions between time points are indicated by boldface text.
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Figure 9. Effect of time on post-exercise early-differentiated CD4+ T-cell
proportions. Values presented are mean + SE.
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Figure 10. Effect of time on post-exercise late-differentiated CD4+ T-cell
proportions. Values presented are mean + SE.
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Figure 11. Effect of time on post-exercise early-differentiated CD8+ T-
cell proportions. Values presented are mean + SE.
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Figure 12. Effect of time on post-exercise late-differentiated CD8+ T-cell
proportions. Values presented are mean + SE.
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4.4. Effect of Exercise on T-Cell Proportions

Results for the effect of exercise (pre- vs. post-exercise) at each time point are presented in Table
5. Pre- vs. post-exercise mean values, A (post-exercise proportion minus pre-exercise
proportion), and % change (from pre-exercise to post-exercise) are also presented in Table 5.
Figures 13, 14, 15, and 16 correspond to early-differentiated CD4+, late-differentiated CD4+,
early-differentiated CD8+, and late-differentiated CD8+ T-cell proportions, respectively.

A statistically-significant reduction in early-differentiated CD4+ T-cells was found for
the April (p=0.001) June (p=0.017), and October (p=0.071) time points (Figure 13) as a result of
exercise. For late-differentiated CD4+ T-cells, exercise resulted in a statistically-significant
increase for April (p=0.001) and June (p=0.005). Exercise resulted in a statistically-significant
decrease in early-differentiated CD8+ T-cell proportions at all three time points (p<0.001, Figure
15). Finally, exercise resulted an increase in late-differentiated CD8+ T-cell proportions at the

April (p<0.001), June (p=0.006), and October (p<0.001) time points (Figure 16).
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Table 5. Proportions of T-cell subsets — early-differentiated CD4+, late-differentiated CD4+,
early-differentiated CD8+, and late-differentiated CD8+ T-cell proportions — in response to

exercise.
Pre- Post-
Time exercise exercise A i
T-cell subset  Cell phenotype . cell cell post% - % change P
point value
frequency  frequency pre%
(%) (%)
early-
differentiated GO EDHT )l 8631417 8212+25  -467+12  -572+16  <0.001
CD57-/KLRGI-
CD4+ T-cells
June  8839+2.1 8455433 384+1.6  46+20  0.017
October 90.98+0.7 88.57+15 -241+12  -2.69+413  0.070
late- CD3+/CD4+/
differentiated April 425408 810+19  409+1.1 111.77£325  0.001
CD57+/KLRG1+
CD4+ T-cells
June 456422 8.03+34 34717  10942+£250  0.005
October 1.34+03 246+12  1.12£09  5729+263 0221
early-
differentiated GO TEDS Akl 6667427 4982436 -1534+16 2535+32  <0.001
CD57-/KLRGI-
CD8+ T-cells
June  61.02+45 4329456 -17.73+22  -31.30+45  <0.001
October 69.63+3.7 5481+45 -1482+2.1 2292436  <0.001
late- CD3+/CD8+/
differentiated April  1649+22 2554+34 871+17  5475+79  <0.001
CD57+/KLRG1+
CD8+ T-cells
June  18.53+43 2568454 7.05+2.0  4451+151  <0.001
October 835423 1492434 657418 2728+1355 <0.001

Values are presented as mean + SE. All p-values reported. Statistically significant differences
between pre- and post-exercise cell proportion averages are indicated by boldface text.
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Figure 13. The effect of exercise on early-differentiated CD4+ T-cell
proportions. Values presented are mean + SE. Statistically significant
differences between resting (pre-exercise) and post-exercise values are
indicated by corresponding p-values.
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Figure 14. The effect of exercise on late-differentiated CD4+ T-cell
proportions. Values presented are mean + SE. Statistically significant
differences between resting (pre-exercise) and post-exercise values are
indicated by corresponding p-values.
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Figure 15. The effect of exercise on early-differentiated CD8+ T-cell
proportions. Values presented are mean + SE. Statistically significant
differences between resting (pre-exercise) and post-exercise values are
indicated by corresponding p-values.
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Figure 16. The effect of exercise on late-differentiated CD8+ T-cell
proportions. Values presented are mean + SE. Statistically significant
differences between resting (pre-exercise) and post-exercise values are
indicated by corresponding p-values.
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4.5. Correlations Between Measures of Stress and T-Cell Subsets

Tables 6, 7, and 8 present the Spearman’s rank-order correlation coefficients and p-values
determined for correlations between objective or subjective measures of stress and proportions
and % change of T-cell subsets at the April, June, and October time points, respectively.
Statistically significant (p<0.05) Spearman’s rank-order correlation coefficients are indicated by
boldface text (Tables 6-8).

At the April time point (Table 6), resting serum cortisol concentration correlated
positively with resting early-differentiated CD8+ T-cells and % change of late-differentiated
CD8+ T-cells. PSQI questionnaire data exhibited a positive correlation with % change of early-
differentiated CD4+ T-cells and an equal but negative correlation with % change of late-
differentiated CD4+ T-cells. Finally, DALDA questionnaire responses correlated positively with

resting late-differentiated CD4+ and CD8+ T-cells.

Table 6. Spearman’s rank-order correlation coefficients for subjective and objective measures of
stress and resting and exercise-induced immune cell distributions for the April time point.

M ¢ Resting Resting Resting Resting | % change | % change | % change | % change
esatsure OV | early-diff. | late-diff. | early-diff. | late-diff. | early-diff. | late-diff. | early-diff. | late-diff.
ress CD4+ CD4+ CD8+ CD8+ CD4+ CD4+ CD8+ CD8+
Cs(fftlllsmol r=0329 | r=-0.230 | r=0.431 | r=-0.300 | r=-0.304 | r=0434 | r=0.232 | r=0.479
Conemntiation | P=0-106 | p=0.196 | p=0.048 | p=0.129 | p=0.136 | p=0.053 | p=0.203 | p=0.036
PSQI r=-0207 | r=0.221 | r=0.146 | r=0.069 | r=-0.496 | r=0.495 | r=-0.180 | r=0.213
p=0.172 | p=0.155 | p=0.253 | p=0.377 | p=0.010 | p=0.010 | p=0.212 | p=0.171
WURSS r=-0.021 | r=0.100 | r=-0.183 | r=0.173 | r=-0.083 | r=0.147 | r=0.049 | r=0.029
p=0.463 | p=0.325 | p=0.201 | p=0.215 | p=0356 | p=0.257 | p=0.414 | p=0.449
Tired r=-0.170 | r=0.072 | r=-0311 | r=0.243 | r=-0.203 | r=0.100 | r=-0.212 | r=0.093
p=0.219 | p=0.372 | p=0.075 | p=0.132 | p=0.182 | p=0.329 | p=0.172 | p=0.340
DALDA r=-0334 | r=0.420 | r=-0.285 | r=0.391 | r=-0.302 | r=0.200 | r=-0.188 | r=-0.077
p=0.060 | p=0.023 | p=0.094 | p=0.033 | p=0.086 | p=0.186 | p=0.201 | p=0.367

Statistically significant (p<0.05) Spearman’s rank-order correlation coefficients are indicated by
boldface text.
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At the June time point (Table 7), resting serum cortisol concentration correlated
positively with proportions resting early-differentiated CD4+ T-cells and negatively with late-
differentiated CD4+ T-cells and % change of late-differentiated CD8+ T-cells. WURSS
questionnaire responses showed a negative correlation with resting and % change of early-
differentiated CD8+ T-cells. Finally, DALDA responses correlated negatively with resting

proportions and % change of late-differentiated CD8+ T-cells.

Table 7. Spearman’s rank-order correlation coefficients for subjective and objective measures of
stress and resting and exercise-induced immune cell distributions for the June time point.

Measure of Resting Resting Resting Resting | % change | % change | % change | % change
es tsu ©O0 | carly-diff. | late-diff. | early-diff. | late-diff. | early-diff. | late-diff. | early-diff. | late-diff.
ress CD4+ CD4+ CD8+ CD8+ CD4+ CD4+ CD8+ CD8+

Cs(fftlllsmol r=0.685 | r=-0.745 | r=-0.152 | r=0.006 | r=0.200 | r=0.261 | r=0.042 | r=-0.564
Conemntiation | P=0-014 | p=0.007 | p=0338 | p=0493 | p=0290 | p=0.234 | p=0454 | p=0.045
PSQI r=-0377 | r=0.280 | r=-0.140 | r=0.235 | r=-0.103 | r=-0.286 | r=-0.243 | r=-0.134
p=0.142 | p=0.217 | p=0350 | p=0.257 | p=0388 | p=0.212 | p=0.249 | p=0.356

WURSS r=-0.243 | r=0.061 | r=-0.565 | =0.280 | r=-0.304 | r=0.413 | r=-0.644 | r=-0.182
p=0.249 | p=0.434 | p=0.044 | p=0.216 | p=0.197 | p=0.118 | p=0.022 | p=0.307

Tired r=0.142 | r=0271 | r=-0271 | r=0.519 | r=-0.455 | r=0.055 | r=-0.332 | r=-0.135
p=0.384 | p=0.225 | p=0.225 | p=0.062 | p=0.093 | p=0.440 | p=0.174 | p=0.355

DALDA r=0326 | r=-0.433 | r=0.151 | r=-0.563 | r=0.470 | r=-0.013 | r=0.263 | r=-0.634
p=0.179 | p=0.106 | p=0.339 | p=0.045 | p=0.085 | p=0.486 | p=0.231 | p=0.025

Statistically significant (p<0.05) Spearman’s rank-order correlation coefficients are indicated by
boldface text.

At the October time point (Table 8), serum cortisol concentration correlated negatively
with proportions of resting early-differentiated CD4+ T-cells and positively with % change of
early-differentiated CD4+ T-cells. WURSS questionnaire responses correlated positively with
resting proportions of late-differentiated CD4+ and CD8+ T-cell proportions and correlated

negatively with proportions of resting early-differentiated CD8+ T-cells. Finally, questionnaire
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responses indicating participant tiredness correlated negatively with % change of late-

differentiated CD8+ T-cells.

Table 8. Spearman’s rank-order correlation for subjective and objective measures of stress and
resting and exercise-induced immune cell distributions for the October time point.

Measure of Resting Resting Resting Resting | % change | % change | % change | % change
es tsu ©O0 | carly-diff. | late-diff. | early-diff. | late-diff. | early-diff. | late-diff. | early-diff. | late-diff.
ress CD4+ CD4+ CD8+ CD8+ CD4+ CD4+ CD8+ CD8+

Cs(fftlllsmol r=-0.486 | r=-0.103 | =-0.297 | =0.259 | r=0.545 | r=-0.142 | r=0.288 | r=-0.403
Conomntiation | P=0-028 | p=0351 | p=0.132 | p=0.166 | p=0.015 | p=0.300 | p=0.139 | p=0.061
PSQI r=-0.134 | r=0.107 | r=0.255 | r=-0224 | r=-0.334 | r=-0.140 | r=0.007 | r=0.112
p=0.297 | p=0.337 | p=0.154 | p=0.186 | p=0.088 | p=0.289 | p=0.488 | p=0.329

WURSS r=0.031 | r=0.422 | r=-0.431 | r=0.404 | r=-0.130 | r=-0.236 | r=-0.224 | r=-0.194
p=0.452 | p=0.041 | p=0.037 | p=0.048 | p=0304 | p=0.173 | p=0.186 | p=0.221

Tired r=-0.177 | r=0341 | r=-0.185 | r=0.227 | r=-0.026 | r=0.011 | r=0.191 | r=-0.494
p=0.241 | p=0.083 | p=0.231 | p=0.182 | p=0.459 | p=0.482 | p=0.224 | p=0.019

DALDA r=0.236 | r=0.181 | r=-0.137 | r=0.183 | r=0.320 | r=-0.218 | r=-0.121 | r=-0.246
p=0.173 | p=0.236 | p=0.294 | p=0.234 | p=0.097 | p=0.192 | p=0.316 | p=0.163

Statistically significant (p<0.05) Spearman’s rank-order correlation coefficients are indicated by

boldface text.

4.6. Effect of CMYV on T-Cell Proportions at Rest and with Exercise

Results from statistical analyses assessing a main effect of Time and interaction effects of CMV,
Time * CMV, and Time * CMV * Cortisol are presented in Table 9; boldface text indicates
statistical significance (p<0.1). Graphical data corresponding to p-values for CMV as a
moderator, presented in Table 9, column 5, is shown in Figures 17-24. CMV seronegative
(CMV-) and CMV seropositive (CMV+) grouping is indicated in Figures 17 ,18, 19, and 20
which correspond to resting early-differentiated CD4+, late-differentiated CD4+, early-

differentiated CD8+, and late-differentiated CD8+ T-cell proportions, respectively. Figures 21,
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22, 23, and 24 correspond to post-exercise early-differentiated CD4+, late-differentiated CD4+,
early-differentiated CD8+, and late-differentiated CD8+ T-cell proportions, respectively.

A statistically-significant main effect of Time was detected for all T-cell subsets with
exception of resting and post-exercise proportions of early-differentiated CD4+ T-cells (Table 9).
Additionally, a significant main effect for Time was determined for mobilization of all T-cell
subsets except late-differentiated CD4+ T-cells.

An interaction effect of CMV was found for resting proportions of early- (p=0.007) and
late-differentiated (p<<0.001) CD4+ and early- (p=0.045) and late-differentiated (p=0.038) CD8+
T-cells. Additionally, a CMV interaction effect was determined for post-exercise proportions of
early- (p<0.001) and late-differentiated (p<<0.001) CD4+ and late-differentiated (p=0.033) CD8+
T-cells. Finally, a significant interaction effect of CMV was determined for mobilization of
early-differentiated CD4+ T-cells (p<0.001) with exercise.

A Time * CMYV interaction was detected for the following T-cell subsets: post-exercise
proportions of early-differentiated CD4+ (p=0.017) and late-differentiated CD8+ (p=0.020) T-
cells, and mobilization of early-differentiated CD4+ (p=0.074) T-cells. A statistically-significant
interaction of Time * CMV * Cortisol was found for all T-cell subsets except for resting early-

and late-differentiated CD&8+ T-cells and mobilization of late-differentiated CD8+ T-cells.
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Table 9. Effect of time, CMV, Time * CMV interaction, and Time * CMV * Cortisol interaction
on pre-exercise T-cell proportions, post-exercise T-cell proportions, and exercise-induced T-cell

mobilization.
p-value for
Relation to T-cell subset p-value for  p-value for  p-value for  parameter=
Exerci (dependent Cell phenotype  parameter= parameter=  parameter=T Time *
ereise variable) Time CMV+  ime* CMV+ CMV+ *
Cortisol
early-
precxercise  differentiated  SOVEDRY 0361 0.007 0.180 0.071
CD4+ T-cells
late-differentiated CD3+/CD4+/
CD4+T-cells ~ CD57+/KLRGl+ 0040 <0.001 0.148 0.023
early-
differentiated cg?;jglfgl— 0.090 0.045 0.903 0.275
CD8+ T-cells
late-differentiated CD3+/CD8+/
CD8+ T-cells  CD57+/KLRGl+ 0022 0.038 0.445 0.521
early-
postexercise  differentiated SOV EDA 0,303 <0.001 0.017 0.001
CD4+ T-cells
late-differentiated CD3+/CD4+/
CD4+T-cells ~ CD57+/KLRGl+ 0018 <0.001 0.359 0.001
early-
differentiated SO EDSY <0001 0.139 0.989 0.063
CD8+ T-cells
late-differentiated CD3+/CD8+/
CD8+ T-cells ~ CD57+/KLRGl+ 0003 0.033 0.020 0.001
% change
((post- diff:f;}tli_ated CD3+/CD4+/ 0.003 <0.001 0.074 <0.001
pre)/pre*100 CD57-/KLRG1- ) ) ) )
CD4+ T-cells
as % change)
late-differentiated CD3+/CD4+/
CD4+T-cells ~ CD57+KLRGl+ 068 0.830 0.723 0.078
early-
differentiated SO 7EDSY 0,004 0.306 0.884 0.018
CD8+ T-cells
late-differentiated CD3+/CD8+/
CD8+ T-cells ~ CD57+KLRGl+  0-006 0.158 0.141 0.129

Statistically significant effects (p<0.1) indicated by boldface text.
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Figure 17. Proportions (%) of resting early-differentiated CD4+
(CD4+/CD57-/KLRG1-) T-cells with time (1=April, 2=June,
3=October) as main effect and CMV as covariate (p=0.007). Data
corresponds to p-values presented in Table 9, column 5.
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Figure 18. Proportions (%) of resting late-differentiated CD4+
(CD4+/CD57+/KLRGI1+) T-cells with time (1=April, 2=June,
3=October) as main effect and CMV as covariate (p<0.001). Data
corresponds to p-values presented in Table 9, column 5. (Note: Data
were log-transformed prior to analysis.)
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Figure 19. Proportions (%) of resting early-differentiated CD8+
(CD8+/CD57-/KLRG1-) T-cells with time (I1=April, 2=June,
3=October) as main effect and CMV as covariate (p=0.045). Data
corresponds to p-values presented in Table 9, column 5.
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Figure 20. Proportions (%) of resting late-differentiated CD8+
(CD8+/CD57+/KLRGI1+) T-cells with time (1=April, 2=June,
3=October) as main effect and CMV as covariate (p=0.038). Data
corresponds to p-values presented in Table 9, column 5. (Note: Data
were log-transformed prior to analysis.)
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Figure 21. Proportions (%) of post-exercise early-differentiated
CD4+ (CD4+/CD57-/KLRG1-) T-cells with time (1=April, 2=June,
3=October) as main effect and CMV as covariate (p<0.001). Data
corresponds to p-values presented in Table 9, column 5. (Note: Data
were log-transformed prior to analysis.)
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Figure 22. Proportions (%) of post-exercise late-differentiated CD4+
(CD4+/CD57+/KLRGI1+) T-cells with time (1=April, 2=June,
3=October) as main effect and CMV as covariate (p<0.001). Data
corresponds to p-values presented in Table 9, column 5. (Note: Data
were log-transformed prior to analysis.)
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Figure 23. Proportions (%) of post-exercise early-differentiated
CD8+ (CD8+/CD57-/KLRG1-) T-cells with time (1=April, 2=June,
3=October) as main effect and CMV as covariate. Data corresponds
to p-values presented in Table 9, column 5.
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Figure 24. Proportions (%) of post-exercise late-differentiated CD8+
(CD8+/CD57+/KLRGI1+) T-cells with time (1=April, 2=June,
3=October) as main effect and CMV as covariate (p=0.033). Data
corresponds to p-values presented in Table 9, column 5.
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Chapter 5. Discussion

The first aim of this project was to explore the impact of psychological and training-induced
stressors on the immune function of NCAA-level collegiate swimmers. Data was collected in
athletes at rest to examine subjective and objective measures of stress throughout the competition
season. Previous studies demonstrated chronic job stress was associated with a reduced
CD4+:CD8+ T-cell ratio and higher percentage of senescent T-cells (Bosch et al. 2009), so it
was hypothesized that higher resting serum cortisol concentrations would be associated with
subjective measures of stress along with greater proportions of late-differentiated and
dysfunctional senescent T-cells.

The second aim of this project was to examine the impact of acute exercise bouts on the
immune response in collegiate swimmers throughout the competition season. It was
hypothesized that degree and composition of lymphocytosis induced by acute exercise would be
affected by resting serum cortisol concentration and overall athlete well-being.

Finally, CMV infection status was determined. ~58% of Americans are infected by CMV
(Dollard et al. 2011; Staras et al. 2006), however, nearly all studies that have examined the
immune effects of CMV have done so in older adult populations. This study was a unique
opportunity to examine CMV in collegiate athletes. Further, stress has been shown to increase
CMV viral titers in infected individuals via latent viral reactivation (Rector et al. 2014). Just as
herpes simplex virus reactivation has been shown to result from psychological stress (Padgett et
al. 1998), stress-triggered viral reactivation has been demonstrated in CMV seropositive
individuals, too. Rector et al. (2014) found mental health variables (anxiety, depression, sleep

problems, etc.) increased CMV-IgG titers in a dose-responsive manner. Therefore, this present
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study examined the impact of chronic stress concomitant with CMV infection status on resting

lymphocyte distribution and exercise-induced immune responses.

5.1. Aim 1.A: Impact of Subjective & Objective Measures of Stress

The first specific aim of this experiment was to determine the impact of psychological and
training-induced stressors on the immune function in this population of NCAA-level collegiate
swimmers. Questionnaire responses correlated with immune cell parameters, however, these
correlations were inconsistent across time points (Tables 6-9).

Cortisol, too, did correlate with resting proportions of some T-cell subsets and % change
from pre to post exercise albeit inconsistently across time points (Tables 6-9). Similarly, neither
serum cortisol concentration nor the Wisconsin Upper Respiratory Symptoms Survey, WURSS,
correlated to any immune cell parameter across all time points. Barrett et al. (2005) examined a
condensed version of the original WURSS-44 assessment referred to as WURSS-21. The authors
claim the construct validity of WURSS-21 validated by its high responsiveness, reliability, and
importance to patients. The present study, however, found no evidence to support the construct
validity of WURSS-21. Correlations between WURSS-21 responses did not correlate well,
frequently, or regularly between each time point. Barrett et al. (2005) report high Pearson’s
correlation coefficients between responses from WURSS-21 and responses from other, well-
established surveys designed to assess URTI illness severity. These findings suggest that
WURSS-21 may not have strong construct validity. Therefore, questionnaires may be an
ineffective tool for coaches and training staff to monitor the well-being and response to stressors

in athletes.
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Additionally, these findings suggest that resting serum cortisol concentration alone may
not be a sufficient indicator of T-cell mobilization with exercise. This study did not present
cortisol changes that occurred as a result of exercise. However, these findings suggest that
regardless of baseline levels of stress, increases in catecholamines and cortisol due to exercise
produce an immune response as expected. This distinction between resting serum cortisol
concentration and the exercise-induced change in magnitude of cortisol may be important to
consider for future studies.

This idea aligns with findings and conclusions from other studies (Schwab et al. 2005;
Dhabhar et al. 2012). In addition, Anane et al. (2009) examined specific lymphocyte
mobilization in response to three different stress tasks including a psychological public speaking
stress test, acute exercise, and pharmacological infusion of a B-agonist (isoproterenol). yo T-
cells, CD8+ T-cells, and NK cells were mobilized in a dose-dependent manner during all three
tasks. This mobilization of T-lymphocytes results from stimulation by catecholamines and
cortisol (McCarthy & Dale 1988). Future studies should aim to examine the impact of the
magnitude of the cortisol in the context of a given stress response. That is, as a result of acute
exercise, how does the % change of cortisol affect the ingress of immune cells into peripheral
circulation? Future studies should attempt to elucidate the relationship between serum cortisol
concentration at rest and the magnitude of the cortisol response to an acute stressor and the

resulting immune response.

5.2. Aim 1.B: Changes in T-Cell Subsets Over Time

Proportions of resting T-cell subsets did differ over time (Table 3 & Table 9). This finding is

consistent with the idea that the immune cell repertoire changes over time (Brown et al. 2014;
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Minuzzi et al. 2018; Teixeira et al. 2014). Apropos of this current study, differences in
proportions of all T-cell subsets varied between the April and October time point (Table 3).

This finding can be explained by different training volume and periodization at the time
of data collection. In April, data collection occurred just after the end of competition season,
while the October data collection occurred during high or increasing training volume. Other
studies have demonstrated the effect of training status on mobilization of early-differentiated and
late-differentiated T-cells. Brown et al. (2014) found that training status was associated with
increased mobilization of senescent T-cells. Here, they found acute exercise to mobilize
senescent CD4+ & CD8+ T-cells in trained adults (n=16) to a greater extent than in untrained
adults (n=16). Similarly, Minuzzi et al. (2018) found trained masters athletes (53.5 + 8.9 yrs) had
lower proportions of senescent CD4+ and senescent CD8+ T-cells compared to untrained
controls (53.7 £ 6.0 yrs). Together, the findings by Brown et al. (2014) and (Minuzzi et al. 2018)
suggest training status modulates T-cell proportions. Findings from the present study support
these findings and, further, suggest that composition of the T-cell repertoire in trained collegiate

athletes may be sensitive enough to reflect even slight changes in training status.

5.3. Aim 2: Impact of Exercise on T-Cell Proportions over Time

In this study, acute exercise mobilized all early- and late-differentiated T-cell subsets (p<0.10) at
each time point with exception of late-differentiated CD4+ T-cells at the October time point
(p=0.221, Table 5). Acute aerobic exercise preferentially mobilized late-differentiated CD4+ and
CD8+ T-cells compared to early-differentiated CD4+ and CD8+ T-cells (Figures 13-16). This
finding is consistent with previous studies (Simpson et al. 2007; Campbell et al. 2009). Two

explanations for this preferential mobilization of late-differentiated T-cells have been proposed.
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First, mobilization of late-differentiated T-cells may allow “younger” naive T-cells to
occupy that space previously occupied by late-differentiated T-cells, possibly of a senescent
phenotype. After acute exercise, when senescent T-cells are mobilized into peripheral tissues
from systemic circulation, they are be exposed to greater amounts of catecholamines, cortisol,
and reactive oxygen species which may facilitate their clearance (Campbell et al. 2009; Kriiger et
al. 2009). Second, late-differentiated T-cells are highly-cytotoxic with effector memory function
(Hamann et al. 1997).

Alternatively, preferential mobilization of these cells may occur for the purpose of
protection against pathogens that the body may become exposed to during exercise, such as a
predator bite, injury, etc. (Turner and Brum 2017; Franceschi et al. 2000; Simpson et al. 2007).
These preferential mobilization of late-differentiated T-cells may represent changes beneficial
for maintenance of the immune cell repertoire and proactive measures against injury or exposure

to novel pathogens.

5.4. Aim 3: Impact of CMYV on Immune Cell Proportions

A moderating effect was determined for CMV serostatus within this population of collegiate
swimmers. CMV was determined to have a moderating effect on proportions of all resting T-cell
subsets and all post-exercise T-cell subsets with exception of early-differentiated CD8+ T-cells
(Table 9). Specifically, in this study, CMV+ participants exhibited lower proportions of resting
early-differentiated CD4+ and CD8+ T-cells and higher proportions of resting late-differentiated
CD4+ and CD8+ T-cells compared to those in CMV— participants (Figures 17-20). This finding
suggests CMV infection modulates the immune cell repertoire and within otherwise healthy

individuals. These findings are consistent with other studies, however such studies examined
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only elderly individuals early all studies demonstrated this in individuals (Pourgheysari et al.
2007; La Rosa and Diamond 2012; Pawelec 2012; Khan et al. 2002). The findings from this
present study are novel in that they demonstrate the impact of CMV on the immune cell
repertoire in a population young, immunocompetent individuals.

These findings are consistent with those determined by Brodin et al. (2015) who
examined monozygous twin pairs with concordant or discordant for CMV infection status.
Brodin et al. found CMV discordant monozygous twins exhibited diminished correlations of
immune cell frequencies. This finding, Brodin et al. note, was true for effector CD8+ T-cells and
v6 T-cells. Other studies, too, support to theory that CMV infection results in the accumulation
of late-differentiated T-cells, including those of the senescent phenotype, with age (Khan et al.
2002; Koch et al. 2007). This accumulation of late-differentiated T-cells, especially those of the
senescent phenotype, with increasing age is supported throughout the pool of literature, however,
few studies have examined the effects of CMV infection in young, immunocompetent
populations.

Turner et al. (2010) examined the effects of CMV infection on the exercise-induced
mobilization of CD8+ T-cells in a population of older young adults (mean age 35, SD + 14 yrs).
Here, Turner and colleagues found magnitude of mobilization of CD8+ T-cells to be twice as
large in CMV+ participants compared to CMV— participants. However, this study did not find a
difference in CD4+ T-cell mobilization between CMV+ and CM V- participants. While Turner
and colleagues (2010) demonstrated the effects of CMV infection on exercise-induced
mobilization of CD8+ T-cells, the mean age of 35 + 14 years of the participants is greater than
that of the present study.

The time elapsed since initial CMV infection, degree of CMV reactivation, and

chronological age may contribute to changes in immune cell repertoire. Two interactions were
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determined, which also may contribute to changes of T-cell subsets seen over time in this
population of collegiate swimmers.

A Time * CMV interaction was determined for 3 of 16 of the immune cell parameters
examined in this study (Table 9). This finding suggests CMV infection may modulate changes in
immune cell distribution to a greater extent compared to CMV seronegative individuals.

Finally, a Time * CMV * Cortisol interaction was determined for 9 of the 16 immune cell
parameters examined in this study (Table 9). Interestingly, no consistent interaction was
determined for Cortisol alone. These findings may suggest cortisol may have a stronger
modulating effect on immune cell parameters in CMV seropositive individuals. This finding is in
some ways similar to those of a previous study (Mehta et al. 2000). In this study, Mehta and
colleagues (2000) examined CMV titers in urine samples of astronauts before (baseline), 10 days
prior to, and 3 days after spaceflight. CMV antibody titers increased from baseline to 10 days
prior to spaceflight (p<0.001) and again from levels 10 days prior to after spaceflight (p<0.001).
While Mehta et al. (2000) did not examine lymphocyte proportions in their study, these findings
are valuable to the current study, because they demonstrate the ability of CMV antibody titers to

change over time in response to stressors.
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Chapter 6. Conclusions

The objective of Aim 1.A was to explore the impact of psychological and training-induced
stressors on the immune function of NCAA-level collegiate swimmers. Serum cortisol
concentration correlated with various questionnaire responses rarely and irregularly.
Questionnaires may be an ineffective too for coaches and training staff to monitor the well-being
of athletes.

Additionally, this study examined resting proportions of immune cells over 7 months of
training and competition in a population of collegiate swimmers (Aim 1.B). Resting proportions
of several T-cell subtypes varied significantly over time. Differences in resting proportions of 3
of 4 T-cell subtypes examined in this study were found between April and October time points.
These differences between time points may represent a change, and possibly an improvement, in
training status. This claim is supported by the decrease in proportions of resting late-
differentiated CD4+ and CD8+ T-cells from the April time point to the October time point.
Similarly, Minuzzi et al. (2018) found trained masters athletes had lower proportions of
senescent CD4+ and senescent CD8+ T-cells when compared to untrained counterparts.
Similarities between this finding from the present study and those from previous studies support
the claim that exercise training can favorably impact the immune cell repertoire.

The objective of Aim 2 was to examine the effect of acute exercise on immune responses
in collegiate swimmers throughout the competition season. Within this population of collegiate
swimmers, acute aerobic exercise mobilized immune cells in a manner similar to that which has
been well documented in the current pool of literature (Campbell et al. 2009; Turner et al. 2010;
Simpson et al. 2007). In this study, late-differentiated CD4+ and CD8+ T-cells were mobilized

preferentially into peripheral circulation. Conversely, acute aerobic exercise resulted in reduction
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of proportions of early-differentiated CD4+ and CD8+ T-cells. As discussed in previous
sections, this preferential mobilization of late-differentiated T-cells, including those of the
senescent phenotype, may occur as a preemptive protective action and/or to make room for naive
T-cells within the immunological space (Turner and Brum 2017; Franceschi et al. 2000; Simpson
et al. 2007). Thus, these findings from the present study support the idea that regular exercise is
beneficial for maintenance of immune profile homeostasis.

Finally, Aim 3 sought to examine the impact of CMV infection on proportions of resting
early- and late-differentiated T-cells and its effect on exercise-induced immune cell changes in
peripheral blood. Because chronic stressors contribute to suppression of immune function in
healthy individuals (Segerstrom and Miller 2004), those infected with CMV should be aware that
their immunity may become compromised as a result.

This study added to the current pool of literature regarding CMV and its effects on
proportions of immune cells. In this study, CMV was found to moderate changes of the immune
cell repertoire in a population of young, immunocompetent swimmers. Here, CMV infection
contributed to greater reduction in proportions of early-differentiated CD4+ and CD8+ T-cells
and increase in proportions of late-differentiated CD4+ and CD8+ T-cells compared to CMV
seronegative individuals. These findings could be interpreted as CMV infection elicit changes on
the immune cell repertoire by causing an increase in proportions of late-differentiated T-cells,
some of which may possess the senescent phenotype and its accompanying dysfunctions.
Additionally, CMV infection causes a reduction in the proportion of early-differentiated T-cells,
possibly blunting such an individual’s ability to defend against novel pathogens. While the
findings of this study do not suggest clinically-relevant immunocompromise in CMV-infected
individuals within this population of collegiate swimmers, an abundance of evidence in the

literature pool suggests a strong link between CMV infection and its immunosuppressive effects
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that can lead to poor health outcomes (Varani and Landini 2011). This novel finding suggests
CMYV may begin exerting changes on immune cell parameters before immunosuppression occurs
with aging.

These findings highlight CMV-induced immune cell repertoire changes in a young,
immunocompetent population many years before CMV-associated immunosuppression seen with
increasing age. CMV reactivation has been found to be associated with sepsis and other
inflammatory states (von Miiller and Mertens 2008; Aiello et al. 2008) and can occur in periods
of immunosuppression and immune activation, such as chronic stress or inflammation (Cook and
Trgovcich 2011). Therefore, young CMV-infected individuals, especially collegiate athletes,
may become vulnerable to viral reactivation following periods of chronic psychological stress.
For collegiate athletes, an episode of latent CMV reactivation may impede their ability to
perform activities they deem important to their daily life (i.e. training, academics, etc.).
Therefore, athletes, in particular, might consider consulting their physician to determine their
CMV infection status. Knowledge of their CMV infection status could allow athletes to make
lifestyle and training modifications that will prevent illness. Broadly, this study highlights the
importance for athletes to develop healthy coping strategies to manage psychological stress that

will optimize well-being, immune health, and athletic performance.

58



References

Aiello, A.E., Haan, M.N., Pierce, C.M., Simanek, A.M., Liang, J., 2008. Persistent infection,
inflammation, and functional impairment in older Latinos. J. Gerontol. A Biol. Sci. Med.
Sci. 63, 610-618.

Altman, D.G., Bland, J.M., 2005. Standard deviations and standard errors. BMJ 331, 903.

Anane, L.H., Edwards, K.M., Burns, V.E., Drayson, M.T., Riddell, N.E., van Zanten, J.J.C.S.V.,
Wallace, G.R., Mills, P.J., Bosch, J.A., 2009. Mobilization of gammadelta T lymphocytes
in response to psychological stress, exercise, and beta-agonist infusion. Brain Behav.
Immun. 23, 823-829.

Bardi, G., Niggli, V., Loetscher, P., 2003. Rho kinase is required for CCR7-mediated
polarization and chemotaxis of T lymphocytes. FEBS Lett. 542, 79-83.

Barrett, B., Brown, R., Mundt, M., Safdar, N., Dye, L., Maberry, R., Alt, J., 2005. The
Wisconsin Upper Respiratory Symptom Survey is responsive, reliable, and valid. J. Clin.
Epidemiol. 58, 609—617.

Barron, E., Lara, J., White, M., Mathers, J.C., 2015. Blood-borne biomarkers of mortality risk:
systematic review of cohort studies. PLoS One 10, e0127550.

Baum, A., Revenson, T.A., Singer, J.E., 2012. Handbook of Health Psychology. Psychology
Press.

Bennett, W.D., Zeman, K.L., Jarabek, A.M., 2003. Nasal contribution to breathing with exercise:
effect of race and gender. J. Appl. Physiol. 95, 497-503.

Benschop, R.J., Rodriguez-Feuerhahn, M., Schedlowski, M., 1996. Catecholamine-induced
leukocytosis: early observations, current research, and future directions. Brain Behav.
Immun. 10, 77-91.

Bigley, A.B., Rezvani, K., Chew, C., Sekine, T., Pistillo, M., Crucian, B., Bollard, C.M.,
Simpson, R.J., 2014. Acute exercise preferentially redeploys NK-cells with a highly-
differentiated phenotype and augments cytotoxicity against lymphoma and multiple
myeloma target cells. Brain Behav. Immun. 39, 160-171.

Boren, E., Gershwin, M.E., 2004. Inflamm-aging: autoimmunity, and the immune-risk
phenotype. Autoimmun. Rev. 3, 401-406.

Bosch, J.A., Fischer, J.E., Fischer, J.C., 2009. Psychologically adverse work conditions are
associated with CD8+ T cell differentiation indicative of immunesenescence. Brain
Behav. Immun. 23, 527-534.

Brenchley, J.M., Karandikar, N.J., Betts, M.R., Ambrozak, D.R., Hill, B.J., Crotty, L.E.,
Casazza, J.P., Kuruppu, J., Migueles, S.A., Connors, M., Roederer, M., Douek, D.C.,
Koup, R.A., 2003. Expression of CD57 defines replicative senescence and antigen-
induced apoptotic death of CD8+ T cells. Blood 101, 2711-2720.

59



Brodin, P., Jojic, V., Gao, T., Bhattacharya, S., Angel, C.J.L., Furman, D., Shen-Orr, S., Dekker,
C.L., Swan, G.E., Butte, A.J., Maecker, H.T., Davis, M.M., 2015. Variation in the human
immune system is largely driven by non-heritable influences. Cell 160, 37-47.

Brown, F.F., Bigley, A.B., Sherry, C., Neal, C.M., Witard, O.C., Simpson, R.J., Galloway,
S.D.R., 2014. Training status and sex influence on senescent T-lymphocyte redistribution
in response to acute maximal exercise. Brain Behav. Immun. 39, 152—-159.

Buysse, D.J., Reynolds, C.F., 3rd, Monk, T.H., Berman, S.R., Kupfer, D.J., 1989. The Pittsburgh
Sleep Quality Index: a new instrument for psychiatric practice and research. Psychiatry
Res. 28, 193-213.

Campbell, J.P., Riddell, N.E., Burns, V.E., Turner, M., van Zanten, J.J.C.S.V., Drayson, M.T.,
Bosch, J.A., 2009. Acute exercise mobilises CD8+ T lymphocytes exhibiting an effector-
memory phenotype. Brain Behav. Immun. 23, 767-775.

Chong, LK., Aicheler, R.J., Llewellyn-Lacey, S., Tomasec, P., Brennan, P., Wang, E.C.Y.,
2008. Proliferation and interleukin 5 production by CD8hi CD57+ T cells. Eur. J.
Immunol. 38, 995-1000.

Chou, J.P., Effros, R.B., 2013. T cell replicative senescence in human aging. Curr. Pharm. Des.
19, 1680-1698.

Clow, A., Hucklebridge, F., 2001. The impact of psychological stress on immune function in the
athletic population. Exerc. Immunol. Rev. 7, 5-17.

Cook, C.H., Trgovcich, J., 2011. Cytomegalovirus reactivation in critically ill immunocompetent
hosts: a decade of progress and remaining challenges. Antiviral Res. 90, 151-159.

Coppé, J.-P., Desprez, P.-Y., Krtolica, A., Campisi, J., 2010. The senescence-associated
secretory phenotype: the dark side of tumor suppression. Annu. Rev. Pathol. 5, 99—-118.

D’amico, M.A., Ghinassi, B., Izzicupo, P., Manzoli, L., Di Baldassarre, A., 2014. Biological
function and clinical relevance of chromogranin A and derived peptides. Endocr Connect
3, R45-54.

Deeks, S.G., 2011. HIV infection, inflammation, immunosenescence, and aging. Annu. Rev.
Med. 62, 141-155.

De Martinis, M., Franceschi, C., Monti, D., Ginaldi, L., 2005. Inflamm-ageing and lifelong
antigenic load as major determinants of ageing rate and longevity. FEBS Lett. 579, 2035—
2039.

de Punder, K., Pruimboom, L., 2015. Stress induces endotoxemia and low-grade inflammation
by increasing barrier permeability. Front. Immunol. 6, 223.

Desai, D.M., Sap, J., Silvennoinen, O., Schlessinger, J., Weiss, A., 1994. The catalytic activity of
the CD45 membrane-proximal phosphatase domain is required for TCR signaling and
regulation. EMBO J. 13, 4002—4010.

60



Dhabhar, F.S., Malarkey, W.B., Neri, E., McEwen, B.S., 2012. Stress-induced redistribution of
immune cells--from barracks to boulevards to battlefields: a tale of three hormones--Curt
Richter Award winner. Psychoneuroendocrinology 37, 1345—-1368.

Dhabhar, F.S., McEwen, B.S., 1997. Acute stress enhances while chronic stress suppresses cell-
mediated immunity in vivo: a potential role for leukocyte trafficking. Brain Behav.
Immun. 11, 286-306.

Dollard, S.C., Staras, S.A.S., Amin, M.M., Schmid, D.S., Cannon, M.J., 2011. National
prevalence estimates for cytomegalovirus IgM and IgG avidity and association between
high IgM antibody titer and low IgG avidity. Clin. Vaccine Immunol. 18, 1895-1899.

Epel, E.S., 2009. Psychological and metabolic stress: a recipe for accelerated cellular aging?
Hormones 8, 7-22.

Feng, C., Wang, H., Lu, N., Chen, T., He, H., Lu, Y., Tu, X.M., 2014. Log-transformation and its
implications for data analysis. Shanghai Arch Psychiatry 26, 105-109.

Franceschi, C., Bonafé, M., Valensin, S., 2000. Human immunosenescence: the prevailing of
innate immunity, the failing of clonotypic immunity, and the filling of immunological
space. Vaccine 18, 1717-1720.

Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F., Sevini, F., Panourgia, M.P., Invidia,
L., Celani, L., Scurti, M., Cevenini, E., Castellani, G.C., Salvioli, S., 2007. Inflammaging
and anti-inflammaging: a systemic perspective on aging and longevity emerged from
studies in humans. Mech. Ageing Dev. 128, 92-105.

Freitas, C.G., Aoki, M.S., Arruda, A.F.S., Nakamura, F.Y., Moreira, A., 2013. Training load,
stress tolerance and upper respiratory tract infection in basketball players. Rev. bras.
cineantropom. desempenho hum. 15, 49-59.

Frick, L.R., Arcos, M.L.B., Rapanelli, M., Zappia, M.P., Brocco, M., Mongini, C., Genaro,
A.M., Cremaschi, G.A., 2009. Chronic restraint stress impairs T-cell immunity and
promotes tumor progression in mice. Stress 12, 134—143.

Gallagher, P.F., Fazekas de St Groth, B., Miller, J.F., 1989. CD4 and CD8 molecules can
physically associate with the same T-cell receptor. Proc. Natl. Acad. Sci. U. S. A. 86,
10044-10048.

Gleeson, M., Bishop, N.C., Stensel, D.J., Lindley, M.R., Mastana, S.S., Nimmo, M.A., 2011.
The anti-inflammatory effects of exercise: mechanisms and implications for the
prevention and treatment of disease. Nat. Rev. Immunol. 11, 607-615.

Gleeson, M., Bishop, N., Walsh, N., 2013. Exercise Immunology. Routledge.

Goto, M., 2008. Inflammaging (inflammation + aging): A driving force for human aging based
on an evolutionarily antagonistic pleiotropy theory? Biosci. Trends 2, 218-230.

Graham, J.E., Christian, L.M., Kiecolt-Glaser, J.K., 2006. Stress, age, and immune function:
toward a lifespan approach. J. Behav. Med. 29, 389-400.

61



Hamann, D., Baars, P.A., Rep, M.H., Hooibrink, B., Kerkhof-Garde, S.R., Klein, M.R., van Lier,
R.A., 1997. Phenotypic and functional separation of memory and effector human CD8+ T
cells. J. Exp. Med. 186, 1407-1418.

Hayflick, L., Moorhead, P.S., 1961. The serial cultivation of human diploid cell strains. Exp.
Cell Res. 25, 585-621.

Henson, S.M., Franzese, O., Macaulay, R., Libri, V., Azevedo, R.I., Kiani-Alikhan, S., Plunkett,
F.J., Masters, J.E., Jackson, S., Griffiths, S.J., Pircher, H.-P., Soares, M.V.D., Akbar,
A.N., 2009. KLRGI1 signaling induces defective Akt (ser473) phosphorylation and
proliferative dysfunction of highly differentiated CD8+ T cells. Blood 113, 6619—6628.

Hermiston, M.L., Xu, Z., Weiss, A., 2003. CD45: a critical regulator of signaling thresholds in
immune cells. Annu. Rev. Immunol. 21, 107-137.

Ibegbu, C.C., Xu, Y.-X., Harris, W., Maggio, D., Miller, J.D., Kourtis, A.P., 2005. Expression of
killer cell lectin-like receptor G1 on antigen-specific human CD8+ T lymphocytes during
active, latent, and resolved infection and its relation with CD57. J. Immunol. 174, 6088—
6094.

Janeway, C.A., Jr, Medzhitov, R., 2002. Innate immune recognition. Annu. Rev. Immunol. 20,
197-216.

Janeway, C.A., Jr, Travers, P., Walport, M., Shlomchik, M.J., 2001. Immunological memory.
Garland Science.

Kaiser, A., Donnadieu, E., Abastado, J.-P., Trautmann, A., Nardin, A., 2005. CC chemokine
ligand 19 secreted by mature dendritic cells increases naive T cell scanning behavior and
their response to rare cognate antigen. J. Immunol. 175, 2349-2356.

Khan, N., Shariff, N., Cobbold, M., Bruton, R., Ainsworth, J.A., Sinclair, A.J., Nayak, L., Moss,
P.A.H., 2002. Cytomegalovirus seropositivity drives the CD8 T cell repertoire toward
greater clonality in healthy elderly individuals. J. Immunol. 169, 1984-1992.

Kiecolt-Glaser, J.K., Glaser, R., Gravenstein, S., Malarkey, W.B., Sheridan, J., 1996. Chronic
stress alters the immune response to influenza virus vaccine in older adults. Proc. Natl.
Acad. Sci. U. S. A. 93, 3043-3047.

Kiecolt-Glaser, J.K., McGuire, L., Robles, T.F., Glaser, R., 2002. Psychoneuroimmunology:
psychological influences on immune function and health. J. Consult. Clin. Psychol. 70,
537-547.

Koch, S., Larbi, A., Ozcelik, D., Solana, R., Gouttefangeas, C., Attig, S., Wikby, A., Strindhall,
J., Franceschi, C., Pawelec, G., 2007. Cytomegalovirus infection: a driving force in
human T cell immunosenescence. Ann. N. Y. Acad. Sci. 1114, 23-35.

Koretzky, G.A., 2010. Multiple roles of CD4 and CDS8 in T cell activation. J. Immunol. 185,
2643-2644.

62



Krabbe, K.S., Pedersen, M., Bruunsgaard, H., 2004. Inflammatory mediators in the elderly. Exp.
Gerontol. 39, 687-699.

Kriiger, K., Frost, S., Most, E., Vdolker, K., Pallauf, J., Mooren, F.C., 2009. Exercise affects
tissue lymphocyte apoptosis via redox-sensitive and Fas-dependent signaling pathways.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, R1518-27.

Larbi, A., Fulop, T., 2014. From “truly naive” to “exhausted senescent” T cells: when markers
predict functionality. Cytometry A 85, 25-35.

La Rosa, C., Diamond, D.J., 2012. The immune response to human CMV. Future Virol. 7, 279—
293.

Lee, Y.W., Shin, K.W., Paik, [.-Y., Jung, W.M., Cho, S.-Y., Choi, S.T., Kim, H.D., Kim, J.Y.,
2012. Immunological impact of Tackwondo competitions. Int. J. Sports Med. 33, 58—66.

Lencel, P., Magne, D., 2011. Inflammaging: the driving force in osteoporosis? Med. Hypotheses
76,317-321.

Mackinnon, L.T., Hooper, S.L., Jones, S., Gordon, R.D., Bachmann, A.W., 1997. Hormonal,
immunological, and hematological responses to intensified training in elite swimmers.
Med. Sci. Sports Exerc. 29, 1637-1645.

Majzoub, J.A., 2006. Corticotropin-releasing hormone physiology. Eur. J. Endocrinol. 155, S71—
S76.

Malm, C., 2006. Susceptibility to infections in elite athletes: the S-curve. Scand. J. Med. Sci.
Sports 16, 4-6.

Matthews, C.E., Ockene, 1.S., Freedson, P.S., Rosal, M.C., Merriam, P.A., Hebert, J.R., 2002.
Moderate to vigorous physical activity and risk of upper-respiratory tract infection. Med.
Sci. Sports Exerc. 34, 1242—1248.

McCarthy, D.A., Dale, M.M., 1988. The leucocytosis of exercise. A review and model. Sports
Med. 6, 333-363.

McElhaney, J.E., Meneilly, G.S., Lechelt, K.E., Bleackley, R.C., 1994. Split-virus influenza
vaccines: do they provide adequate immunity in the elderly? J. Gerontol. 49, M37-43.

Medzhitov, R., Janeway, C.A., Jr, 2002. Decoding the patterns of self and nonself by the innate
immune system. Science 296, 298-300.

Mehta, S.K., Stowe, R.P., Feiveson, A.H., Tyring, S.K., Pierson, D.L., 2000. Reactivation and
shedding of cytomegalovirus in astronauts during spaceflight. J. Infect. Dis. 182, 1761—
1764.

Merino, J., Martinez-Gonzalez, M.A., Rubio, M., Inogés, S., Sdnchez-Ibarrola, A., Subira, M.L.,
1998. Progressive decrease of CD8high+ CD28+ CDS57- cells with ageing. Clin. Exp.
Immunol. 112, 48-51.

63



Miller, A.H., Maletic, V., Raison, C.L., 2009. Inflammation and its discontents: the role of
cytokines in the pathophysiology of major depression. Biol. Psychiatry 65, 732—-741.

Minuzzi, L.G., Rama, L., Chupel, M.U., Rosado, F., Dos Santos, J.V., Simpson, R., Martinho,
A., Paiva, A., Teixeira, A.M., 2018. Effects of lifelong training on senescence and
mobilization of T lymphocytes in response to acute exercise. Exerc. Immunol. Rev. 24,
72-84.

Miyazaki, H., Oh-ishi, S., Ookawara, T., Kizaki, T., Toshinai, K., Ha, S., Haga, S., Ji, L.L.,
Ohno, H., 2001. Strenuous endurance training in humans reduces oxidative stress
following exhausting exercise. Eur. J. Appl. Physiol. 84, 1-6.

Mollayeva, T., Thurairajah, P., Burton, K., Mollayeva, S., Shapiro, C.M., Colantonio, A., 2016.
The Pittsburgh sleep quality index as a screening tool for sleep dysfunction in clinical and
non-clinical samples: A systematic review and meta-analysis. Sleep Med. Rev. 25, 52—
73.

Monteiro, M., Evaristo, C.S., Legrand, A. s., Nicoletti, A., Rocha, B., 2007. Cartography of gene
expression in CD8 single cells: novel CCR7 subsets suggest differentiation independent
of CD45RA expression. Blood 109.

Miiller, L., Pawelec, G., 2014. Aging and immunity — Impact of behavioral intervention. Brain
Behav. Immun. 39, 8-22.

Ndumbi, P., Gilbert, L., Tsoukas, C.M., 2015. Comprehensive evaluation of the immune risk
phenotype in successfully treated HIV-infected individuals. PLoS One 10, e0117039.

Nguyen, H., Weng, N.-P., 2010. IL-21 preferentially enhances IL-15-mediated homeostatic
proliferation of human CD28+ CD8 memory T cells throughout the adult age span. J.
Leukoc. Biol. 87, 43-49.

Nieman, D.C., Johanssen, L.M., Lee, J.W., Arabatzis, K., 1990. Infectious episodes in runners
before and after the Los Angeles Marathon. J. Sports Med. Phys. Fitness 30, 316-328.

Nunes, C., Wong, R., Mason, M., Fegan, C., Man, S., Pepper, C., 2012. Expansion of a
CDS8(+)PD-1(+) replicative senescence phenotype in early stage CLL patients is
associated with inverted CD4:CD8 ratios and disease progression. Clin. Cancer Res. 18,
678—-687.

Orjalo, A.V., Bhaumik, D., Gengler, B.K., Scott, G.K., Campisi, J., 2009. Cell surface-bound IL-
lalpha is an upstream regulator of the senescence-associated IL-6/IL-8 cytokine network.
Proc. Natl. Acad. Sci. U. S. A. 106, 17031-17036.

Ostan, R., Bucci, L., Capri, M., Salvioli, S., Scurti, M., Pini, E., Monti, D., Franceschi, C., 2008.
Immunosenescence and immunogenetics of human longevity. Neuroimmunomodulation
15, 224-240.

64



Padgett, D.A., Sheridan, J.F., Dorne, J., Berntson, G.G., Candelora, J., Glaser, R., 1998. Social
stress and the reactivation of latent herpes simplex virus type 1. Proc. Natl. Acad. Sci. U.
S. A.95,7231-7235.

Palmer, B.E., Blyveis, N., Fontenot, A.P., Wilson, C.C., 2005. Functional and phenotypic
characterization of CD57+CD4+ T cells and their association with HIV-1-induced T cell
dysfunction. J. Immunol. 175, 8415-8423.

Pawelec, G., 2012. Hallmarks of human “immunosenescence”: adaptation or dysregulation?
Immun. Ageing 9, 15.

Pawelec, G., Adibzadeh, M., Pohla, H., Schaudt, K., 1995. Immunosenescence: ageing of the
immune system. Immunol. Today 16, 420-422.

Pawelec, G., Ferguson, F.G., Wikby, A., 2001. The SENIEUR protocol after 16 years. Mech.
Ageing Dev. 122, 132-134.

Pedersen, B.K., Nieman, D.C., 1998. Exercise immunology: integration and regulation.
Immunol. Today 19, 204-206.

Peters, S., Ziemainz, H., 2014. Measuring Subjective Well-Being in Exercise Interventions.
Asian Journal of Exercise & Sports Science 11.

Poland, G.A., Ovsyannikova, 1.G., Kennedy, R.B., Lambert, N.D., Kirkland, J.L., 2014. A
systems biology approach to the effect of aging, immunosenescence and vaccine
response. Curr. Opin. Immunol. 29, 62—68.

Pourgheysari, B., Khan, N., Best, D., Bruton, R., Nayak, L., Moss, P.A.-H., 2007. The
cytomegalovirus-specific CD4+ T-cell response expands with age and markedly alters the
CD4+ T-cell repertoire. J. Virol. 81, 7759-7765.

Rector, J.L., Dowd, J.B., Loerbroks, A., Burns, V.E., Moss, P.A., Jarczok, M.N., Stalder, T.,
Hoffman, K., Fischer, J.E., Bosch, J.A., 2014. Consistent associations between measures

of psychological stress and CMV antibody levels in a large occupational sample. Brain
Behav. Immun. 38, 133-141.

Reinke, S., Geissler, S., Taylor, W.R., Schmidt-Bleek, K., Juelke, K., Schwachmeyer, V., Dahne,
M., Hartwig, T., Akyliz, L., Meisel, C., Unterwalder, N., Singh, N.B., Reinke, P., Haas,
N.P., Volk, H.-D., Duda, G.N., 2013. Terminally differentiated CD8" T cells negatively
affect bone regeneration in humans. Sci. Transl. Med. 5, 177ra36.

Rushall, B.S., 1990. A tool for measuring stress tolerance in elite athletes. J. Appl. Sport
Psychol. 2, 51-66.

Sallusto, F., Geginat, J., Lanzavecchia, A., 2004. Central memory and effector memory T cell
subsets: function, generation, and maintenance. Annu. Rev. Immunol. 22, 745-763.

Sanders, V.M., Straub, R.H., 2002. Norepinephrine, the beta-adrenergic receptor, and immunity.
Brain Behav. Immun. 16, 290-332.

65



Schwab, C.L., Fan, R., Zheng, Q., Myers, L.P., Hébert, P., Pruett, S.B., 2005. Modeling and
predicting stress-induced immunosuppression in mice using blood parameters. Toxicol.
Sci. 83, 101-113.

Segerstrom, S.C., Miller, G.E., 2004. Psychological stress and the human immune system: a
meta-analytic study of 30 years of inquiry. Psychol. Bull. 130, 601-630.

Simpson, R.J., 2011. Aging, persistent viral infections, and immunosenescence: can exercise
“make space”? Exerc. Sport Sci. Rev. 39, 23-33.

Simpson, R.J., Florida-James, G.D., Cosgrove, C., Whyte, G.P., Macrae, S., Pircher, H., Guy, K.,
2007. High-intensity exercise elicits the mobilization of senescent T lymphocytes into the
peripheral blood compartment in human subjects. J. Appl. Physiol. 103, 396—401.

Spaulding, C., Guo, W., Effros, R.B., 1999. Resistance to apoptosis in human CD8+ T cells that
reach replicative senescence after multiple rounds of antigen-specific proliferation. Exp.
Gerontol. 34, 633-644.

Spence, L., Brown, W.J., Pyne, D.B., Nissen, M.D., Sloots, T.P., McCormack, J.G., Locke, A.S.,
Fricker, P.A., 2007. Incidence, etiology, and symptomatology of upper respiratory illness
in elite athletes. Med. Sci. Sports Exerc. 39, 577-586.

Staras, S.A.S., Dollard, S.C., Radford, K.W., Flanders, W.D., Pass, R.F., Cannon, M.J., 2006.
Seroprevalence of cytomegalovirus infection in the United States, 1988-1994. Clin.
Infect. Dis. 43, 1143-1151.

Strindhall, J., Skog, M., Ernerudh, J., Bengner, M., Lofgren, S., Matussek, A., Nilsson, B.O.,
Wikby, A., 2013. The inverted CD4/CDS ratio and associated parameters in 66-year-old
individuals: the Swedish HEXA immune study. Age 35, 985-991.

Stubbe, M., Vanderheyde, N., Goldman, M., Marchant, A., 2006. Antigen-specific central
memory CD4+ T lymphocytes produce multiple cytokines and proliferate in vivo in
humans. J. Immunol. 177, 8185-8190.

Tarazona, R., DelaRosa, O., Alonso, C., Ostos, B., Espejo, J., Pefa, J., Solana, R., 2000.
Increased expression of NK cell markers on T lymphocytes in aging and chronic
activation of the immune system reflects the accumulation of effector/senescent T cells.
Mech. Ageing Dev. 121, 77-88.

Teixeira, A.M., Rama, L., Carvalho, H.M., Borges, G., Carvalheiro, T., Gleeson, M., Alves, F.,
Trindade, H., Paiva, A., 2014. Changes in naive and memory T-cells in elite swimmers
during a winter training season. Brain Behav. Immun. 39, 186-193.

Thayer, R.E., 1986. Activation-Deactivation Adjective Check List: Current Overview and
Structural Analysis. Psychol. Rep. 58, 607-614.

Thompson, C.B., Lindsten, T., Ledbetter, J.A., Kunkel, S.L., Young, H.A., Emerson, S.G.,
Leiden, J.M., June, C.H., 1989. CD28 activation pathway regulates the production of

66



multiple T-cell-derived lymphokines/cytokines. Proc. Natl. Acad. Sci. U. S. A. 86, 1333—
1337.

Tian, R., Hou, G., Li, D., Yuan, T.-F., 2014. A possible change process of inflammatory
cytokines in the prolonged chronic stress and its ultimate implications for health.
ScientificWorldJournal 2014, 780616.

Turner, J.E., Aldred, S., Witard, O.C., Drayson, M.T., Moss, P.M., Bosch, J.A., 2010. Latent
cytomegalovirus infection amplifies CD8 T-lymphocyte mobilisation and egress in
response to exercise. Brain Behav. Immun. 24, 1362—-1370.

Turner, J.E., Brum, P.C., 2017. Does Regular Exercise Counter T Cell Immunosenescence
Reducing the Risk of Developing Cancer and Promoting Successful Treatment of
Malignancies? Oxid. Med. Cell. Longev. 2017, 4234765.

Tu, W., Rao, S., 2016. Mechanisms Underlying T Cell Immunosenescence: Aging and
Cytomegalovirus Infection. Front. Microbiol. 7, 2111.

Varani, S., Landini, M.P., 2011. Cytomegalovirus-induced immunopathology and its clinical
consequences. Herpesviridae 2, 6.

Vitlic, A., Lord, J.M., Phillips, A.C., 2014. Stress, ageing and their influence on functional,
cellular and molecular aspects of the immune system. Age 36, 9631.

Vivar, N., Thang, P.H., Atlas, A., Chiodi, F., Rethi, B., 2008. Potential role of CD8+CD28- T
lymphocytes in immune activation during HIV-1 infection. AIDS 22, 1083—1086.

Voehringer, D., Blaser, C., Brawand, P., Raulet, D.H., Hanke, T., Pircher, H., 2001. Viral
infections induce abundant numbers of senescent CD8 T cells. J. Immunol. 167, 4838—
4843,

Voehringer, D., Koschella, M., Pircher, H., 2002. Lack of proliferative capacity of human
effector and memory T cells expressing killer cell lectinlike receptor G1 (KLRG1). Blood
100, 3698-3702.

von Miiller, L., Mertens, T., 2008. Human cytomegalovirus infection and antiviral immunity in
septic patients without canonical immunosuppression. Med. Microbiol. Immunol. 197,
75-82.

Walsh, N.P., Gleeson, M., Shephard, R.J., Gleeson, M., Woods, J.A., Bishop, N.C., Fleshner, M.,
Green, C., Pedersen, B.K., Hoffman-Goetz, L., Rogers, C.J., Northoff, H., Abbasi, A.,
Simon, P., 2011. Position statement. Part one: Immune function and exercise. Exerc.
Immunol. Rev. 17, 6-63.

Wikby, A., Johansson, B., Olsson, J., Lofgren, S., Nilsson, B.O., Ferguson, F., 2002. Expansions
of peripheral blood CD8 T-lymphocyte subpopulations and an association with

cytomegalovirus seropositivity in the elderly: the Swedish NONA immune study. Exp.
Gerontol. 37, 445-453.

67



Wikby, A., Maxson, P., Olsson, J., Johansson, B., Ferguson, F.G., 1998. Changes in CD8 and
CD4 lymphocyte subsets, T cell proliferation responses and non-survival in the very old:
the Swedish longitudinal OCTO-immune study. Mech. Ageing Dev. 102, 187-198.

Xiong, S., Xu, W., 2014. 10.06 - Human Immune System. In: Brahme, A. (Ed.), Comprehensive
Biomedical Physics. Elsevier, Oxford, pp. 91-114.

Xu, W., Larbi, A., 2017. Markers of T Cell Senescence in Humans. Int. J. Mol. Sci. 18.

68



Appendix. Supplemental Data

Individual participant pre- and post-exercise cell proportions are presented in Figures A.1-A.3,
A4-A6, A7T-A9, and A.10-A.12 which correspond to early-differentiated CD4+, late-
differentiated CD4+, early-differentiated CD8+, and late-differentiated CD8+ T-cell proportions,
respectively. These data are provided for reference. These graphs are meant to serve as a

reference for comparison between individual participants.
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Figure A.l. Individual participant pre- and post-exercise early-
differentiated CD4+ T-cell proportions for the April time point.
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Early-Differentiated CD4+ T-cells (June)
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Figure A.2. Individual participant pre- and post-exercise early-
differentiated CD4+ T-cell proportions for the June time point.
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Figure A.3. Individual participant pre- and post-exercise early-
differentiated CD4+ T-cell proportions for the October time point.
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Late-Differentiated CD4+ T-cells (April)

100 m SwW1
SW2
SW3
Sw4
SW5
SW6é
sw7
sws
sSwWo
SW10
SW 11
SW12
SW13
SW14
— SW15
SW 16
SW17
sSwW18
SW19
SW 20
SW 21
SW 22
m Sw23
Exercise Relation Time SW 25

75

50

Cell Frequency (in %)
EEEEER

25 —es

HEEDN

o _— = |

pre post

o

Figure A.4. Individual participant pre- and post-exercise late-
differentiated CD4+ T-cell proportions for the April time point.
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Figure A.S. Individual participant pre- and post-exercise late-
differentiated CD4+ T-cell proportions for the June time point.
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Figure A.6. Individual participant pre- and post-exercise
differentiated CD4+ T-cell proportions for the October time point.
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Figure A.7. Individual participant pre- and post-exercise early-
differentiated CD8+ T-cell proportions for the April time point.
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Early-Differentiated CD8+ T-cells (June)
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Figure A.8. Individual participant pre- and post-exercise early-
differentiated CD8+ T-cell proportions for the June time point.
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Figure A.9. Individual participant pre- and post-exercise early-
differentiated CD8+ T-cell proportions for the October time point.
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Late-Differentiated CD8+ T-cells (April)
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Figure A.10. Individual participant pre- and post-exercise late-
differentiated CD8+ T-cell proportions for the April time point.
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Figure A.11. Individual participant pre- and post-exercise late-
differentiated CD8+ T-cell proportions for the June time point.
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Late-Differentiated CD8+ T-cells (October)
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Figure A.12. Individual participant pre- and post-exercise late-
differentiated CD8+ T-cell proportions for the October time point.
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