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SUMMARY OF FINDINGS

The broad aims of this thesis were to investigate the influence of vitamin D
supplementation on URT]I burden in military recruits (Chapter 3), to examine the influence
of psychosocial and behavioural factors on URT] risk in marathon runners (Chapter 4), and
to investigate the influence of psychological stress and anxiety on the mucosal immune
response to exercise, in both a controlled, lab-based setting and a field-based marathon

(Chapter 5).

Firstly, we found that vitamin D sufficiency lowered URTI burden in military recruits
during Army training (Chapter 3). Specifically, in 1,644 military recruits, we found that
vitamin D sufficient recruits were less likely to have a clinician-diagnosed URTI during
training, compared to those with serum 25(OH)D <50 nmol-L? (Study 1). Then, in a
randomised-control-trial (RCT), including 249 men, we found that vitamin D
supplementation by oral Dz or simulated sunlight, which achieved vitamin D sufficiency in
almost all, reduced URTI burden regardless of supplementation type: 21% lower URTI peak
severity and 36% fewer days with URTI (Study 2). And that individuals beginning
supplementation with 25(OH)D <50 nmol-L* benefitted from greater reductions in URTI
burden: 33% shorter URTI duration. However, we did not find any influence of vitamin D

supplementation on mucosal immunity.

In Chapter 4, a prospective, cohort study of 305 marathon runners, we examined the
influence of psychosocial factors and sleep on URTI prevalence. We found that runners were
more likely to report a URTI during the two weeks before or after a marathon if they reported
higher psychological stress, anxiety or neuroticism, early life adverse experience, or lower
perceived sleep quality. Runners with early life adverse experience were over two times more

likely to report a URTI during the two weeks before the marathon (OR: 2.33) and runners



with poorer perceived sleep quality were two times more likely to report a URTI during the

two weeks after the marathon (OR: 0.48).

In the final empirical chapter, we examined the influence of psychological stress and
anxiety on the mucosal immune response to a moderate, lab-based bout of exercise (Study 1)
and a field-based marathon (Study 2; Chapter 5). We found that perceived psychological
stress, trait anxiety and state anxiety influenced the mucosal immune response to exercise. In
men, perceived psychological stress, trait anxiety and state anxiety were negatively correlated
with the mucosal immune response to exercise. In response to a controlled, moderate bout of
exercise, in individuals with predominantly low-moderate psychological stress and anxiety,
men with lower psychological stress and anxiety experienced an increase in saliva SIgA SR,
whereas those with moderate stress and anxiety saw little change. Then, in a field-based
marathon, when including individuals reporting high stress and anxiety, men with higher
perceived psychological stress and trait anxiety had a greater reduction in mucosal immunity
in response to a marathon. These findings support the recommendation that exercise
physiologists should account for psychological stress and anxiety when examining the
immune response to exercise. Taken together, Chapters 4 and 5 indicate a key role of
psychological factors in immunity in exercising individuals. Specifically, individuals with
higher psychological stress and anxiety appear to be at greater risk of URTI and experience

greater reduction in mucosal immunity following exercise.
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THESIS FORMAT

This thesis contains a general introduction (Chapter 1), which gives a brief overview
of the current literature and aims of the thesis. The literature review section (Chapter 2) then
outlines, in more depth, the background and main research aims. Three experimental
chapters, comprised of five research studies, form the main focus of the thesis. The first
investigates the influence of vitamin D on URTI burden and mucosal immunity (Chapter 3).
The second explores the influence of psychosocial factors and sleep on URTI in marathon
runners (Chapter 4). The third experimental chapter examines the influence of psychological
stress and anxiety on the mucosal immune response to exercise (Chapter 5). The empirical
chapters are largely presented as standalone research papers and as such are formatted for
specific journals. Chapter 3 is in preparation for submission to the journal Medicine and
Sport and Exercise Sciences, and Chapter 4 is in preparation for submission to the journal
British Journal of Sports Medicine, and have therefore been formatted according to the
journals’ formatting requirements. At times there is some necessary repetition between
chapters, although any repetition has been minimised. This approach is in accordance with
the research training policy of the School of Sport, Health and Exercise Sciences, Bangor
University. Finally, the general discussion (Chapter 6) summarises the main findings of the
thesis and aims to critically analyse these in relation to the broader literature, as well as
recognising limitations and suggesting areas for future research. Bold type is used to refer to

chapters or sections within this thesis.
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CHAPTER ONE

General Introduction

Iliness in athletes can lead to lost training time, reduced volume and intensity of
training, increased injury risk, and reduced success at competition (Palmer-Green et al., 2013;
Hellard et al., 2015; Svendsen et al., 2016; Timpka et al., 2017). Athletes, military recruits,
and those taking part in heavy training, have been reported to experience increased risk of
minor illnesses, in particular upper respiratory tract infection (URTI) (Peters and Bateman,
1983; Nieman et al., 1990; Walsh et al., 2011b). Indeed, a reduction in mucosal immunity
during heavy training and following prolonged exercise have been implicated in increased
URTI risk (Nieman et al., 2006; Neville et al., 2008). Early marathon studies reported an
increased risk of URTI following marathons, with those who had faster race times and higher
training loads being at greater risk of URTI (Peters and Bateman, 1983; Nieman et al., 1990).

Nutritional deficiencies have often been implicated in immune reduction, and many
athletes take nutritional supplements with the aim of reducing the risk of infection (Maughan
et al., 2018). Indeed, vitamin D, a sunlight-dependent secosteroid, has been suggested to play
a role in immune function, following the discovery of vitamin D receptors in almost all
immune cells (Baeke et al., 2010). Government recommendation for vitamin D sufficiency is
25(OH)D >50 nmol/L (Institute of Medicine, 2011; European Food Safety Authority, 2016).
During the winter months more than half of athletes and military personnel have insufficient
vitamin D status, with as many as 35% being considered vitamin D deficient (He et al.,
2016a). Lower vitamin D status has been associated with respiratory infection incidence in
several cross-sectional and cohort studies (Ginde et al., 2009; Sabetta et al., 2010; Monlezun
et al., 2015). Furthermore, a recent meta-analysis found that vitamin D supplementation
reduced URTI risk, particularly in those beginning with poorer vitamin D status (Martineau et

1



al., 2017). However, in a new contemporary approach, it has been highlighted that in young,
otherwise healthy, athletes, immune tolerance (the ability to dampen defence yet control
infection at a non-damaging level) rather than immune resistance (the ability to destroy
microbes) may be a more beneficial focus (Walsh, 2019). Indeed, vitamin D supplementation
was found to reduce the likelihood of losing training days during military training (Laaksi et
al., 2010).

Exercise immunology research has recently recognised the role of prior infection,
sleep disruption, environmental extremes, long-haul travel, and psychological stress and
anxiety in URTI risk in athletes, alongside physical strain (Ekblom et al., 2006; Svendsen et
al., 2016; Drew et al., 2017; Drew et al., 2018; Walsh, 2018). Despite the well-known
influence of psychological stress on immunity, and numerous review articles proposing the
likely role of these factors in athletic/exercising populations, psychological stress has largely
been overlooked in exercise immunology. This omission is surprising given that
psychological and physical challenges share pathways and effector limbs for the body’s
response. Indeed, recent work has shown that psychological stress plays a role in the in vivo
immune response to exercise (Edwards et al., 2018). Sleep duration and efficiency have also
been implicated in increase URTI risk, similarly acting largely through activation of the HPA
and SAM axes (Walsh, 2018; Besedovsky et al., 2019). Additionally, early life adverse
experiences have received recent attention in immunology literature (Elwenspoek et al.,
2017). Providing initial evidence, the offspring of parents who were separated and not
speaking to one another had reduced resistance to the common cold, compared to those
whose parents were intact, or separated but still communicating (Murphy et al., 2017).
Athletes are likely to encounter numerous stressors that can influence immune health, such as

psychological stress and anxiety, and sleep disruption, alongside physical strain. However,



little empirical evidence exists that examines the role of these factors in URTI risk in

athletic/exercising populations.

Therefore, the broad aims of this thesis were to investigate the influence of vitamin D
supplementation on URTI burden, to examine the influence of psychosocial factors and sleep
on URTI prevalence in marathon runners, and to investigate the influence of psychological

stress and anxiety on the mucosal immune response to exercise.



CHAPTER TWO

Literature Review

2.1 Sport and Exercise Immunology

Athletes and those taking part in heavy training are reported to experience more minor
ilinesses, in particular upper respiratory tract infection (URTI) (Peters and Bateman, 1983,
Nieman et al., 1990; Walsh et al., 2011b). IlIness, such as respiratory tract or gastrointestinal
infection, in athletes can lead to lost training time, reduced volume and intensity of training,
increased risk of injury, and reduced success at competition. Indeed, a study examining 322
Great Britain Olympic athletes showed that ~70% of illnesses recorded resulted in time lost
from training, and the remaining illnesses resulted in reduced volume or intensity of training
(Palmer-Green et al., 2013). Further, athletes reporting illness symptoms causing anxiety
were five times more likely to sustain an in-championship injury (Timpka et al., 2017).
Perhaps of greater importance to athletes, those with fewer and shorter illnesses are more
likely to compete at a higher level and be successful in major sporting competition (Hellard et
al., 2015; Svendsen et al., 2016). For example, cross-country skiers who had shorter URT]Is
were more successful in major cross-country skiing championships (Svendsen et al., 2016).
Indeed, athletes reporting less sick days per year were able to complete more training hours
(Martensson et al., 2014). Furthermore, swimmers competing at international level reported
fewer upper respiratory tract and pulmonary infections compared to those competing at
national level (Hellard et al., 2015). The impact of respiratory infection is not limited to
athletic populations, but also has significant implications in the general population. Indeed,
141.4 million workings days were lost because of illness or injury in the UK in 2018, with
minor illnesses such as colds and coughs being the most commonly cited reason for days lost,

making up 27.2% of all days lost (38.5 million days) (Office for National Statistics, 2019).



Upper respiratory tract infections, such as common colds, are often characterised by
coughing, nasal congestion and discharge, sneezing, malaise, and sore throat. Although
virology and bacteriology analysis would allow pathological confirmations of URTIs, this is
often not feasible, as it is both expensive and time consuming. As such, two key methods of
assessing self-reported URTI have emerged; the Wisconsin Upper Respiratory Symptom
Survey (WURSS) (Barrett et al., 2002) and the Jackson common cold questionnaire (Jackson
et al., 1958). The Jackson common cold questionnaire was chosen for this thesis as it was
validated by participants who were nasally inoculated with common cold pathogens, whereas
the WURSS validation used semi-structured interviews to determine the prevalence of
symptoms, and did not use nasal inoculation or pathology confirmation. Furthermore, while
the Jackson common cold questionnaire contains only 8 symptom items, the WURSS
contained 44 symptom items, thereby significantly increasing participant burden (Jackson et
al., 1958; Barrett et al., 2002). Indeed, pathology confirmation of URTI was previously
confirmed in 82% of participants reporting URT]I using the Jackson common cold

questionnaire (Hanstock et al., 2016).

Acute endurance exercise is reported to induce immune suppression and increase
susceptibility to URTI (Walsh et al., 2011b). A positive association between prolonged
endurance running and URTI was first shown in ultramarathon runners, of whom 33% had an
infection after an ultramarathon, compared to only 15% of age-matched household controls in
the same period (Peters and Bateman, 1983). In the week following the LA marathon, 13% of
runners were ill compared to only 2% of runners who signed up but did not run the marathon
(Nieman et al., 1990). In contrast to these earlier studies, later work showed that there was no
difference in the proportion of runners with a URT] in the three weeks before or after a
marathon (17% vs. 19%, respectively). However, runners were more likely to have a URTI

following the marathon if they reported a URT]I in the three weeks before the marathon,



suggesting that factors other than physical strain may play an important role in infection

susceptibility under exercising conditions (Ekblom et al., 2006).

Training load and the volume of physical activity (PA) also play a role in immune
modulation and URT] susceptibility. Rather than being detrimental for immune health,
moderate PA is protective against URTI compared to sedentary behaviour (Matthews et al.,
2002). Furthermore, runners with greater training load have been shown to be at increased
risk of URTI (Nieman et al., 1990). Taken together, these findings led to the proposal of the
J-shaped curve (Figure 2.1), which suggests that moderate PA may lower URT] risk, while a
high amount of exercise may increase URTI risk, compared to moderate PA (Nieman, 1994).
A number of studies have provided empirical support for this hypothesis. For example,
Spence and colleagues showed that, over a four month period, moderately active individuals
had fewer URT] episodes than sedentary individuals, and that athletes reported a greater
number of URTIs, compared to moderately active individuals (Spence et al., 2007). Further,
men and women engaging in > 7 h/week of endurance exercise reported more URTI episodes
than those engaging in 3-6 h/week (Gleeson et al., 2013). Further corroborating these
findings, professional swimmers monitored over a four year period were 50-70% more likely

to have illness during intensive training periods (Hellard et al., 2015).
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Figure 2.1: J-shaped curve. The relationship between physical activity (PA) load and URTI

risk. Redrawn from (Nieman, 1994).

In 2006, the S-shaped curve was proposed, as an extension of the J-shaped curve, in
order to explain differences in URTI risk in elite and non-elite athletes (Malm, 2006). The S-
shaped curve suggests that elite athletes may be at reduced risk of infection compared to
those undertaking similarly high training loads at a non-elite level (Figure 2.2). A number of
explanations have been proposed as to why elite athletes may have fewer infections. These
include: an underlying genetic predisposition to better resist or tolerate infection; better
tolerance of training load increase; and better hygiene, infection avoidance, diet, sleep and
stress management (Hellard et al., 2015; Walsh, 2018). Furthermore, elite athletes are more
likely to receive funding, they therefore may not have the increased stress of managing a full
time job alongside their training and competition schedule (Walsh, 2018). Indeed, by losing

less training time due to illness, athletes are able to progress to an elite level.
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Figure 2.2: S-shaped curve. The relationship between physical activity (PA), and non-elite

or elite athlete status, on URT] risk. Adapted from (Malm, 2006).

2.2 Exercise and the human immune system

2.2.1 Overview of the human immune system

The human immune system can be broadly split into two categories, the innate (non-
specific) and the adaptive (specific) systems, which interact to function as an effective
immune defence. The innate immune system is the first line of defence against infection.
Innate immunity does not strengthen upon repeated exposure and has less specific pathogen
recognition. The innate branch of the immune system includes both soluble factors, such as

complement proteins, interferon o/p and anti-microbial peptides (AMPs), and cells, such as



neutrophils, dendritic cells, macrophages, natural killer (NK) cells and immunoglobulins (Ig).
The adaptive system is slower to deploy in response to an infection but has a more specialised
response. The adaptive system, which involves T and B cell activity, prevents colonisation of
pathogens and destroys invading microorganisms. The innate and adaptive immune systems
work in tandem to protect the body; the innate system helps to develop a specific immune
response through antigen presentation to the adaptive immune system, enabling pathogen

recognition and exclusion (Walsh et al., 2011b).

2.2.2 Overview of the human mucosal immune system

The mucosal surfaces of the gut, urogenital tract, oral cavity and respiratory system
are protected by the Common Mucosal Immune System, which is the site of infection or route
of access for the majority of viruses and bacteria that cause human disease (Walsh et al.,
2011b). Mucosal surfaces are the first line of defence against invading pathogens. Secretory
IgA (SIgA) is the most abundant Ig and the main effector of mucosal immunity. Mucosal
plasma cells secrete SIgA in a polymeric form, consisting of dimeric IgA molecules joined by
a polypeptide J chain and bound to the secretory component, an epithelial derived protein
(Brandtzaeg, 1981; Gleeson and Pyne, 2000). Immunoglobulin A provides an effective
defence against microbial pathogens by preventing pathogen adherence and penetration of the
mucosal epithelium, neutralising viruses within epithelial cells, and excretion of locally
formed immune complexes across mucosal epithelial cells to the luminal surfaces (Lamm,
1998). Secretory IgA works in tandem with alpha-amylase, lactoferrin, lysozyme, and to a
lesser extent, SIgM and 1gG (Gleeson and Pyne, 2000). The current gold standard for
measuring mucosal immune markers is through unstimulated saliva samples, however, tear
fluid has also received recent attention as a biomarker of mucosal immunity (Hanstock et al.,

2016).



2.2.3 Exercise and mucosal immunity

Lowered levels of SIgA, or a decrease from normal SIgA, is associated with increased
risk of URTI. Runners who reported a URT] in the two weeks after a 160 km race had a 53%
greater reduction in salivary SIgA SR pre to post marathon, compared to those not reporting a
URTI (Nieman et al., 2006). Furthermore, lower saliva SIgA was related to increased URTI
incidence in elite America’s Cup Yacht racers, monitored during 50 weeks of training.
Although absolute saliva SIgA concentration was highly variable between individuals and
was not related to URTI, when saliva SIgA concentration was relativized to each individuals’
mean across the season, athletes had lower relative SIgA concentrations in the week before a
URTI; on average a 30% reduction in relative SIgA from healthy values increased the risk of
URTI (Figure 2.3), and SIgA concentration was 28% lower during URT]I (Neville et al.,
2008). Furthermore, when examining the influence of endurance training on mucosal
immunity, lower salivary SIgA concentration was related to an increase in the number of sick
days during the subsequent training block (r = -0.76) (lhalainen et al., 2016). Tear SIgA has
also been shown to have some utility in predicting URTI incidence; tear SIgA concentration
was lower the week before and during URTI. Indeed, when tear SIgA SR was <5.5 mg/min
participants were at 9x increased risk of URTI, and when tear SIgA SR decreased by more
than 30%, participants were at a 6x greater risk of URTI in the following week. Interestingly,

salivary SIgA was not predictive of URT] in this study (Hanstock et al., 2016).
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Figure 2.3: SIgA concentration before (pre), during, and after (post) upper respiratory
infection (URI) (N = 102). Data are mean + SEM of individual relative SIgA (% of no URI
mean values). *URI significantly lower than —4 wks, +1 wk, and +2 wks, P < 0.005; ** -1

wk significantly lower than +2 wks, P < 0.005. Redrawn from (Neville et al., 2008).

Prolonged bouts of exercise have classically been shown to lead to a decrease in
mucosal immune function, often referred to as the “Open Window Theory” (Nieman, 1994).
This transient decreased in mucosal immune markers following exercise has generally been
reported to last for one to two hours following an acute exercise bout, before returning to
baseline levels (Gleeson and Pyne, 2000; Walsh et al., 2011b). However, research in this area
has provided conflicting findings, with a number of studies showing a decrease in mucosal
immune markers (Tomasi et al., 1982; Tharp and Barnes, 1990; Steerenberg et al., 1997;
Nieman et al., 2002; Walsh et al., 2002; Fahlman and Engels, 2005; Nieman et al., 2006;
Usui et al., 2011; Gillum et al., 2013; Gill et al., 2014) and others showing no change

following exercise (McDowell et al., 1991; Walsh et al., 1999; Bishop et al., 2000; Laing et
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al., 2005; Bishop et al., 2006; Allgrove et al., 2008; Davison et al., 2009; Costa et al., 2012;
Killer et al., 2015; Leicht et al., 2018; Dulson, 2019). These conflicting results can likely be
attributed to a number of factors including varied exercise intensity and duration, differences
between lab and field studies, and the likely influence of other factors such as nutrition, sleep

and psychological stress, which will be reviewed in further detail in section 2.3 and onwards.

A relationship has also been reported between SIgA and training load. The majority of
studies show that levels of SIgA are not different in athletes compared to non-athletes, except
when athletes are engaging in heavy training. For example, it was found that athletes had
lower salivary SIgA both pre and post exercise following 7 month of training, compared to
recreationally active controls (Gleeson et al., 1995b). American footballers also had lower
SIgA SR during a training season when compared to physically active controls (Fahlman and
Engels, 2005). Furthermore, lower relative salivary SIgA was related to higher training load
in America’s Cup sailors (Neville et al., 2008). Recently, higher training load was related to
lower SIgA SR in elite para-triathletes, despite no relationship between SIgA and URS.
Indeed, training load explained 13% of the variance in SIgA SR (Stephenson et al., 2019).
Further, a relationship between military training and a reduction in mucosal immunity has
been shown (Carins and Booth, 2002; Tiollier et al., 2005; Whitham et al., 2006). However,
it is likely that these reductions are due to multiple factors, such as sleep, hydration, nutrition,
and stress, rather than being purely a consequence of physical load. For example, military
recruits often experience dietary restriction, stress, and hypohydration. Indeed, mucosal
immunity in military recruits under strenuous physical training was associated with dietary
restriction, consumption of alcohol, body mass loss, URTI and negative emotions (Carins and
Booth, 2002). Shorter periods of training (< 4 weeks) do not appear to have negative effects

on saliva SIgA SR (Tanner and Day, 2017).
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2.3 Upper respiratory tract infection susceptibility in athletic and non-

athletic populations

Historically, exercise immunology has predominantly focused on the role of physical
strain on immune function. However, a study showing no increase in URTI symptoms
following a marathon led to a shift in thinking. Indeed, this study showed that pre-race URTI
symptoms increase the risk of URT] after the endurance event (Ekblom et al., 2006).
Importantly, athletes and military personnel experience multiple stressors during their
everyday lives, around sporting competitions, and through their work environment. Athletes
travelling to competitions are likely to experience circadian rhythm disruptions, sleep
disruptions, and changes in psychological stress and nutrition, alongside high physical stress.
Indeed, military recruits experience sleep disruption, hypohydration, nutritional deficiencies
and increased psychological stress, whilst undertaking heavy physical exercise (Walsh,
2018). Long haul travel, competition participation, low energy availability, depression
symptoms, higher perceived stress and shorter sleep duration have since been identified as
risk factors of illness in athletes and military personnel (Schwellnus et al., 2012; Svendsen et
al., 2016; Drew et al., 2017; Wentz et al., 2018). Given the abundance of research regarding
psychological stress, sleep, and other risk factors of URTI susceptibility in non-athletic
populations, it is surprising that so far these factors have often been overlooked by exercise

immunologists.

Physical, psychological and behavioural stressors influence the immune system
through similar mechanisms, largely through activation of the sympathetic-adrenal-medullary
(SAM) and hypothalamic-pituitary-adrenocortical (HPA) axes (Figure 2.4). Specifically, both
physical and psychological stressors are associated with increases in sympathetic nervous

system activation, leading to the release of catecholamines. Depending upon the duration and
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intensity of the stressor, the HPA axis is also activated leading to an increase in
glucocorticoids (Perna et al., 1997). Indeed, hormones released from the SAM and HPA axes
under acute stress play an important role in immune function, allowing the immune system to
prepare for immune challenges that may be imposed by the stressor. Acute stress can lead to
immune-enhancement including changes in dendritic cells, neutrophils, macrophages, SIgA
transport, and lymphocyte trafficking and function. Following an acute stressor, some
immune markers, such as leukocytes, will often fall below baseline, due to redeployment to
tissues such as mucosal linings, skin, lungs, liver and lymph nodes, in preparation for
immune challenges that may be imposed by the stressors. Immune markers will then return to
baseline levels in the hours following (Walsh et al., 2011a; Dhabhar, 2014). The time taken
to return to baseline levels, as well as the direction and magnitude of the immune response, is
likely dictate by a combination of stressors, such as physical, psychological and behaviour
factors (Dhabhar, 2014; Campbell and Turner, 2018; Walsh, 2018; Simpson et al., 2020). In
contrast, chronic stress has been shown to suppress or dysregulate immune function and
exacerbate pathological immune response. As well as the HPA and SAM axes, anterior
pituitary hormones (e.g., growth hormone (GH) and prolactin), which have known immune-
regulatory effects, may be released in response to a stressor. Furthermore, direct sympathetic
innervation of immune system organs may occur in response to a stressor, which indicates
autonomic nervous system involvement in the immune response to a challenge (Walsh,
2018). Indeed, there are commonalities in the way that physical and psychological stressors
influence immunity, moderate levels of physical and psychological stress can upregulate
immunity, whereas chronic periods of psychological stress and prolonged exercise or heavy
periods of exercise training down regulate immunity (Walsh et al., 2011b; Dhabhar, 2014). It

is clear that psychological and physical stressors play a key role in immune function, acting
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through similar pathways, and therefore should not be considered in isolation (Perna et al.,

1997).
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Figure 2.4: Common pathways for the immune response to physical and psychological
challenges. Stressors, such as physical strain, psychological stress, and sleep disruption, are
characteristically met by a series of coordinated hormonal responses controlled by the central
nervous system. The central control station resides within the hypothalamus, with the
hypothalamic—pituitary—adrenal (HPA) axis and sympathetic—adrenal-medullary (SAM) axis
providing the effector limbs by which the brain influences the body’s response to challenge
by controlling the production of adrenal hormones known to modulate immune function. The

HPA axis regulates the production of the glucocorticoid, cortisol by the adrenal cortex and
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the SAM axis regulates the production of catecholamines (epinephrine and norepinephrine)
by the adrenal medulla. Aside from these dominant axes, anterior pituitary hormones with
known immune-regulatory effects, such as growth hormone (GH) and prolactin, may also be
released in response to challenge. Sympathetic nerve innervation of organs of the immune
system (e.g. primary lymphoid tissue) also indicates an autonomic nervous system

involvement in the immune response to challenge. Redrawn from (Walsh, 2018).

2.4 The role of nutrition in upper respiratory tract infection susceptibility

Given the interest of exercise immunology on the influence of physical strain on
immune function, it is unsurprising that research has also explored the role of nutrition in
immunity. The immune system requires an adequate supply of energy to function, including
from glucose, amino acids and fatty acids. Accordingly, low energy availability is a risk
factor for infection (Walsh, 2019). Olympic athletes with low energy availability, reported by
questionnaire, were more likely to have an illness (Drew et al., 2017). Furthermore,
carbohydrates, proteins and fatty acids have all been implicated in immune function, but with
little convincing evidence that additional supplementation is beneficial for immune health in
athletic populations (Bermon et al., 2017). A number of micronutrients are also important for
maintaining proper immune function; iron, zinc, vitamin D, vitamin E, B6 and B12 play an
important role in immune function (Gleeson et al., 2004a). Furthermore, a number of
micronutrients have been proposed to reduce the burden of infection in athletes; vitamin D,
probiotics, polyphenols, omega-3 PUFAs and Vitamin E (Walsh, 2019). Indeed,

micronutrient supplementation is highly prevalent amongst athletes (Maughan et al., 2018).
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2.4.1 Vitamin D

Vitamin D refers to a group of fat-soluble secosteroids, which are responsible for
enhancing intestinal absorption of calcium, iron, magnesium, phosphate and zinc (Holick,
2007). Historically, vitamin D was primarily associated with bone health. However, the
discovery of vitamin D receptors (VDRs) in almost all immune cells has prompted research
into the role of vitamin D in immune function (Baeke et al., 2010). An association has been
shown between seasonal-sunlight and URTI; when vitamin D status is at its lowest, URTI

incidence is at its highest (Figure 2.5) (Berry et al., 2011). Serum 25(OH)D is the gold

standard measurement of vitamin D status (Holick, 2009). Government recommendation for

vitamin D sufficiency is 25(OH)D >50 nmol-L ™ and individuals with 25(OH)D <30 nmol-L*

are considered vitamin D deficient (Institute of Medicine, 2011; European Food Safety

Authority, 2016). Vitamin D deficiency is highly prevalent during wintertime at latitudes

>35°, when sunlight is at its annual nadir. Indeed, during wintertime at higher latitudes, such

as in the UK, more than half of athletes and military personnel are considered to be below
vitamin D sufficiency and as many as 35% could be considered vitamin D deficient (He et

al., 2016a).
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Figure 2.5: Vitamin D status (25(OH)D nmol-L™?) and respiratory infection (%) across

months of the year. Redrawn from (Berry et al., 2011).

Vitamin D influences both innate and adaptive immune function, with implications
for host defence (Hewison, 2012). Endogenously synthesised vitamin D3 derived from
sunlight UVB exposure of the skin and dietary D, and D3 are hydroxylated in the liver to
25(0OH)D (calcidiol or calcifediol). In a second hydroxylation, 25(OH)D is converted in the
kidney to the biologically active form, 1,25(0OH).D. In target cells, after first binding with
VDRs, and subsequently with vitamin D response elements in the nucleus, 1,25(0OH).D
exerts its function by acting as a modulator for over 900 genes (Kongsbak et al., 2013).
Indeed, 1,25(0OH).D is a vital mediator of innate immune responses, enhancing the
antimicrobial properties of immune cells such as monocytes and macrophages through the
induction of antimicrobial proteins (Bikle, 2009; Chun et al., 2014). In contrast, many of the
reported actions of vitamin D on adaptive immunity are considered anti-inflammatory or

‘tolerogenic’ in nature (e.g. inhibition of interleukin-2 and interferon-gamma) (Krishnan and
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Feldman, 2011; Walsh, 2019). Immune tolerance is described as the ability to dampen
defence yet control infection at a non-damaging level (Ayres and Schneider, 2012), which
has since been proposed as a key focus of nutritional intervention for immune function in
athletes (Walsh, 2019). As such, by limiting excessive inflammation, achieving vitamin D
sufficiency in those with low serum 25(OH)D, might reduce the duration and severity of
URTI bouts (Thomas et al., 2016; Walsh, 2019). However, few studies have examined the
influence of vitamin D supplementation on URT]I burden, such as duration and severity of

respiratory illness.

There are numerous cross-sectional studies showing an inverse relationship between
vitamin D status and URT]I incidence. In the National Health and Nutrition Examination
Survey (18,883 US citizens), serum 25(OH)D was inversely related to URT]I; individuals
with 25(OH)D <25 nmol-L™* were 1.36 times more likely to have a URTI compared to those
with 25(OH)D >75 nmol-L™* (Ginde et al., 2009). Furthermore, individuals with 25(OH)D
>94 nmol-L had a two-fold reduction in respiratory tract infection and fewer days with
illness compared to individuals with 25(OH)D <94 nmol-L* (Sabetta et al., 2010). Indeed,
another large study of US citizens found that those with 25(OH)D <75 nmol-L* were 58%
more likely to have an acute respiratory infection compared to those with 25(OH)D >75
nmol-L* (Monlezun et al., 2015). While it is clear that vitamin D status is playing a role in
URTI risk, there is ambiguity over the vitamin D status that provides optimal protection from
URTI infection. However, the European Food Safety Authority (EFSA) and the Institute of
Medicine (IOM) currently recommend vitamin D sufficiency for all population groups to be
serum 25(OH)D >50 nmol-L™ (Institute of Medicine, 2011; European Food Safety Authority,

2016).
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To date, there have been six meta-analyses investigating the influence of vitamin D
supplementation on URTI incidence, yet results are somewhat contrasting. Indeed, three out
of six of these meta-analyses showed no benefit (Charan et al., 2012; Murdoch et al., 2012;
Bergman et al., 2013; Mao and Huang, 2013; Vuichard Gysin et al., 2016; Martineau et al.,
2017). However, these variable effects can likely be attributed to the heterogeneity of study
participants, and the fact that many study participants were vitamin D sufficient at the onset
of supplementation. Vitamin D supplementation reduced the risk of acute respiratory
infection in all when examined in a meta-analysis of RCTs (OR (95% CI): 0.88 (0.81 —
0.96)). Specifically, vitamin D supplementation was protective in those receiving daily or
weekly vitamin D without additional bolus doses (OR (95% CI): 0.81 (0.72 — 0.91)), but not
in those receiving one or more bolus doses (OR (95% Cl): 0.97 (0.86 — 1.10). Only a few
studies have examined the influence of vitamin D supplementation on URT] risk and mucosal
immunity in athletes and military personnel. Finnish military personnel supplemented with
vitamin D were less likely to be absent from duty due to respiratory tract infection compared
to a control group of recruits (Laaksi et al., 2010). Furthermore, athletes supplemented with
5000 1U of vitamin D daily for 14 weeks had increases in saliva SIgA and cathelicidin
secretion rates (He et al., 2016b), although participants in this study began with a median
vitamin D status above vitamin D sufficiency and were supplemented with doses much
higher than the tolerable upper limit (<4000 1U-day™?), as recommended by EFSA.
Additionally, military recruits supplemented with 1000 U D3 per day for 12 weeks had
subtle increases in saliva SIgA SR (Scott et al., 2019). Adding to recent suggestions that
supplementation should only be considered in those who are most in need (Maughan et al.,
2018), a meta-analysis also found that individuals who began supplementation with 25(OH)D

<25 nmol-L* had stronger protective benefits compared to those who had baseline 25(OH)D

>25 nmol-L (Martineau et al., 2017).
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Vitamin D supplementation studies have largely focussed on dietary vitamin D
supplementation, although 90% of our annual vitamin D comes from skin sunlight exposure
(Hart et al., 2011; He et al., 2016a). Indeed, it has been shown that the majority of vitamin D
can be achieved through short lasting skin exposures during the summer months between
latitudes of 30 to 60°N (Rhodes et al., 2010). However, it currently remains unknown
whether there are additional benefits for immune function of vitamin D supplementation by
UVB exposure, over and above those achieved through oral D3 supplementation. UVB
exposure may be beneficial for immune health, over and above improving vitamin D status,
for a number of proposed reasons. UVB exposure produces nitric oxide (NO) locally at the
skin surface, which has been associated with cardiovascular health benefits, via the reduction
of systemic blood pressure, as well as improving neurotransmission, immune defence,
regulation of apoptosis and cell motility (Juzeniene and Moan, 2012; He et al., 2016a).
Further, UVB exposure may benefit immune health through mood enhancement and stress

reduction (He et al., 2016a).
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2.5 The role of sleep in upper respiratory tract infection susceptibility

Sleep is essential for both mental and physical health. Sleep inadequacies can be
characterised by shorter sleep duration (<7 hours per night) and poorer sleep quality/
efficiency, for example sleep fragmentation, long sleep-onset latency, and poorer perceptions
of sleep (Walsh et al., 2020). Poorer sleep efficiency and shorter sleep duration have been
shown to lead to lowered resistance to common cold (Cohen et al., 2009; Prather et al.,
2015). Indeed, sleep has been reported to influence numbers and subsets of leukocytes,
cytokine levels, concentrations of antibodies and complement factors, as well as functional
aspects like cell cytotoxicity, largely through activation of the HPA axis and sympathetic
nervous system (Walsh, 2018; Besedovsky et al., 2019). Indeed, numerous studies have
reported associations between poorer sleep and infection incidence. In a cohort study of
healthy adolescents, individuals with shorter sleep duration had more frequent acute illnesses,
and reporting less sleep during the previous week was associated with increased illness
prevalence (Orzech et al., 2014). In a large, cohort study of over 22,000 Americans, shorter
sleep duration (<5 h per night) increased risk of infections, and risk of head or chest colds,
when examined separately, compared to individuals sleeping 7-8 h per night. Furthermore,
effects remained after accounting for age, sex, race/ethnicity, educational attainment,
household income, marital status, smoking status, physical activity, body mass index (BMI),
and survey year (Prather and Leung, 2016). In contrast, one recent study found no association
between sleep and risk of respiratory infection, although this was a slightly smaller study
with 2,038 men and women, who were asked about ordinary weekday sleep duration and

quality on only a single occasion (Ghilotti et al., 2018).

Athletes have been found to have poorer sleep efficiency compared to non-athletes
(81% vs. 89%, elite athletes vs. non-athletes, respectively) (Leeder et al., 2012). Indeed, on

average, athletes had sleep efficiency that can be considered abnormal (<85%) (Cohen et al.,
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2009). Athletes get well below the recommended 8 h of sleep per night (averaging 6.8 + 1.1 h
per night), and sleep is largely influenced by training schedule, evening games, and
competition (Sargent et al., 2014; Lastella et al., 2015a; Lastella et al., 2015b; Sargent and
Roach, 2016). Furthermore, overreached endurance athletes have been found to have
disturbed sleep and increased illness (Hausswirth et al., 2014). Importantly, poorer sleep also
has negative effects on both endurance and sprint performance (Oliver et al., 2009; Skein et

al., 2011).

Given that athletes are likely to have increased sleep disturbance, surprisingly little
research has examined the influence of sleep on infection risk. Australian football athletes
with reduced sleep quantity had increased incidence of illness within the next seven days
(Fitzgerald et al., 2019). Furthermore, military recruits sleeping less than 6 h per night were
four times more likely to have a URTI whilst undergoing arduous military training, and
subsequently lost more training days due to URTI, compared to recruits sleeping 7-9 h per
night (Wentz et al., 2018). Indeed, sleep disruption has been shown to influence lymphocyte
redeployment following an acute bout of exercise (Ingram et al., 2015). Although reductions
in mucosal immunity have been shown to precede URTI, two studies examining the influence
of acute sleep deprivation on the mucosal immune response to exercise have failed to show a
link between sleep and mucosal immunity (Ricardo et al., 2009; Gillum et al., 2015).
However, one study of these studies included only eight participants, including four women,
for whom they did not account for menstrual phase, and did not measure SIgA, one of the
most abundant mucosal immune markers (Gillum et al., 2015). Clearly more research on the
influence of sleep on infection risk and immunity in athletic and exercising populations is

required.
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2.6 The role of psychological stress in upper respiratory tract infection

susceptibility

Psychological stress has been described as a constellation of events, consisting of a
stimulus (stressor), that precipitates a reaction in the brain (stress perception), that activates
physiological fight-or-flight systems in the body (stress response) (Dhabhar, 2014). Anxiety
is the reaction to stress characterised by feelings of apprehension, dread, tension, nervousness
and worry (Spielberger, 1983). Psychological stress is broadly categorised as either acute or
chronic. Acute stress lasts minutes to hours and generally involves the “fight or flight
response” first coined in 1932 by Walter B. Cannon (Cannon, 1932). Selection bias caused
the “fight-or-flight” response to evolve; individuals responding to environmental threats or
stressors were more likely to survive. Although the stressors that humans encounter may have
changed, the physiological response to a perceived stressor remains. Multiple physiological
systems are activated to prepare the immune system for any acute challenges that are imposed
by a stressor, which may lead to short term immune-enhancement. Chronic stress generally
lasts several hours per day for weeks or months and can lead to deleterious effects for URTI
risk, due to dysregulation in cortisol circadian rhythm and chronic inflammation (Dhabhar
and McEwen, 1997). Chronic stressors are largely associated with global immunosuppression
and have been found to decrease almost all functional immune measures (Segerstrom and

Miller, 2004).

Psychological stress influences the immune system in similar ways to physical stress,
through activation of the HPA and SAM axes. Psychological stress leads to increases in
norepinephrine and epinephrine through sympathetic activation, and increases in
corticotrophin releasing hormone, adrenocorticotropin and cortisol following activation of the

HPA axis (Perna et al., 1997). Indeed, similar to exercise stress, acute psychological stress
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largely acts through activation of the sympathetic nervous systems, which leads to immune
enhancement of innate immune measures. The immune boosting effects of acute stress are
largely attributed to mobilisation and redistribution of immune cells (Dhabhar and McEwen,
1997). Acute stress also leads to increased salivary protein exocytosis and IgA transocytosis
(Bosch et al., 2002). Chronic stress has negative effects on almost all function measures of
the immune system, both innate and acquired branches (Segerstrom and Miller, 2004).
Indeed, chronic stress leads to a depression in the secretion of SIgA into saliva due to
activation of the HPA axis, which exerts inhibitory effects on IgA synthesis and/or
transcytosis (Walsh et al., 2011b). Chronic stress also has longer lasting effects by
contributing to the course of chronic diseases involving excessive non-specific inflammation,
such as cardiovascular disease, type 2 diabetes mellitus, multiple sclerosis and rheumatoid
arthritis. Chronic stress is therefore linked to increased risk of morbidity and mortality
(Segerstrom and Miller, 2004). Individuals have different perceptions, processing and
appraisal of stressors, and vary in coping mechanisms, which can have significant effects on
the kinetics, peak levels and the duration of circulating stress hormones, leading to
individualised responses to the same stressor. Indeed, the magnitude and duration of stress-
induced increase in stress hormones can have effects on immune cell distribution and

function that lead to deleterious effects.

In the general population, psychological stress has been shown to play a role in URTI
risk. Indeed, a meta-analysis of 27 prospective studies confirmed that psychological stress is
associated with increased upper respiratory infection susceptibility (Pedersen et al., 2010).
Furthermore, the effect sizes for the association between stress and infection did not vary
significantly according to how respiratory infections were assessed, the type of stress
assessed, or whether the studies examined natural exposure or experimental exposure to
pathogens (Pedersen et al., 2010). Following common cold exposure, the rates of both
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respiratory infection and clinical colds increased in a dose-response manner with increases in
the degree of psychological stress (Cohen et al., 1991). Additionally, adults reporting higher
life event stress were more likely to have an infectious episode (Cobb and Steptoe, 1996). In
a large study of the Dutch working population, individuals who had high psychological job
demands were 20% more likely to have a common cold compared to those with low
psychological job demands (Mohren et al., 2001). Psychological stress has also been shown
to influence vaccination response. Indeed, the chronic stress associated with caregiving for a
spouse with progressive dementia was associated with a down-regulation of the immune
response to flu virus vaccination (Kiecolt-Glaser et al., 1996). Further adding to the evidence
that stress-induced suppression of immune function may have clinical significance,
individuals higher in negative affect had a lower antibody response to hepatitis B vaccination

(Marsland et al., 2001).

Mucosal immunity is also influenced by both chronic and acute psychological stress.
Mucosal immunity is generally seen to increase in response to an acute stressor before
returning to baseline levels within the following hours. For example, a number of studies
have shown these effects using examination stress as the experimental model. Indeed,
salivary SIgA concentration increased immediately post examination in nursing students
compared to pre exam, and then returned to pre levels two hours after the exam (Takatsuji et
al., 2008). In other studies, students also had higher SIgA SR before an exam compared to
salivary SIgA SR measured two and six weeks later (Bosch et al., 1998). Exam stress has
also been used to examine the effects of more chronic psychological stress, with salivary
lysozyme found to be lower during a high stress period (immediately before an exam) when
compared to a low stress period (after the completion of all exams) (Perera et al., 1997). In
addition, studies examining chronic stress on mucosal immunity in caregivers show that
individuals who experience chronic stress are likely to have lowered IgA SR (Phillips et al.,
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2006; Gallagher et al., 2008). Further, it has been suggested that chronic stress may influence
the immune response to an acute stressor. Indeed, personality traits associated with high
levels of chronic stress, such as neuroticism, are associated with smaller cortisol and
cardiovascular reactions to an acute stressor, indicating diminished stress reactivity (Bibbey

etal., 2013).

Given the vast amount of research confirming a link between psychological stress and
URTI risk in non-athletic populations, it is surprising that very few exercise immunologists
have reported or accounted for psychological stress in their studies. Furthermore, despite
numerous review articles proposing the likely important role of psychological stress on
immune function in exercising individuals (Gleeson et al., 1995a; Clow and Hucklebridge,
2001; Gleeson et al., 2004b; Keaney et al., 2018; Walsh, 2018), there is little empirical
evidence supporting this position. However, providing initial evidence, a recent study found
that an individual’s state anxiety and perceived psychological stress prior to an exercise bout
played an important role in determining the strength of the in vivo immune response after
exercise (Edwards et al., 2018). Furthermore, in an observational study of athletes nine
months out from the Olympics, individuals with depression symptoms and higher perceived
stress were more likely to report an illness. Unfortunately, it appears measures of
psychological stress paralleled illness reporting, making it difficult to discern causality.
Furthermore, only 16 illnesses were recorded in athletes (Drew et al., 2017). Interestingly, in
a follow-on from this study, which examined illness in athletes three months before the
Olympics, poor mental health was not associated with illness incidence. The authors in this
study propose that this may be due to survival bias, as those individuals with poorer mental
health may not have made it through the selection process to the three-month pre-Olympic
period, which aligns with the S-shaped curve of infection (Malm, 2006; Drew et al., 2018).
Importantly for athletes, pre-championship illnesses causing anxiety are associated with a
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five times increased likelihood of sustaining an in-championship illness (Timpka et al.,
2017). Given the shared biological mechanisms of psychological and physical stress, and
recent research suggesting a link between illness and psychological stress and anxiety in
athletic populations, it is important we strive to understand and explore the role of

psychological stress in URTI susceptibility and mucosal immunity.

2.7 The role of early life adverse experiences in upper respiratory tract

infection susceptibility

Early life adversity (ELA) is an overarching term for a multitude of early life adverse
experiences, for example physical and emotional neglect, low socioeconomic conditions,
family conflict, and peer victimisation (Fagundes et al., 2013a; Elwenspoek et al., 2017).
ELA has recently been recognised as having the potential to exert immune dysregulation that
persists across the lifespan (Elwenspoek et al., 2017). ELA prevalence is astonishingly high,
with a recent study reporting that 39% of the global population have likely been exposed to
one or more childhood adversity (Kessler et al., 2010). ELA impacts both the innate and
acquired branches of the immune system, and has therefore been implicated in URTI
susceptibility. The key factors that are thought to play a role in ELAs’ influence on immune
dysregulation into adulthood are increased circulatory inflammation, impaired cellular
immunity, accelerated immunoscenescence, blunted physiological responses and increased

risky health behaviours (Figure 2.6) (Elwenspoek et al., 2017).
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Figure 2.6: Proposed mechanisms for the influence of early life adversity on immune

dysregulation and subsequent increased URT] susceptibility in adulthood.

Early life adversity increases circulatory inflammation and reduces the ability to
dampen inflammation (Fagundes et al., 2013a). Indeed, this overactive and unresolved
inflammation leads to chronic low-grade inflammation, which is associated with the
pathogenesis of a number of chronic diseases. Individuals who have experienced adverse
childhood experiences have higher levels of inflammation, including higher white blood cell
count (Surtees et al., 2003), circulating pro-inflammatory cytokine levels and C-reactive
protein (CRP) (Baumeister et al., 2016). ELA also influences adulthood immune function
through accelerated immunosenescence, which leads to characteristics seen in the aged

immune system, such as increased susceptibility to infection and chronic diseases, such as
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cardiovascular disease and type two diabetes mellitus, low-grade inflammation, and
decreased NK cell cytotoxicity (Elwenspoek et al., 2017). Indeed, numerous studies have
found an association between ELA and shortened telomere length (Kananen et al., 2010;
Tyrka et al., 2010; Kiecolt-Glaser et al., 2011; Surtees et al., 2011; Puterman et al., 2016;
Tyrka et al., 2016). Individuals with a history of ELA have also been shown to have
attenuated stress reactivity; the HPA and SAM axes are less responsive to acute stress
(Lovallo et al., 2012; Lovallo, 2013; Schwaiger et al., 2016). Furthermore, individuals with
adverse childhood experiences may engage in more risky health behaviours such as smoking,
obesity, alcohol abuse, drug abuse, and sexual risk behaviour, which may mediate the
relationship between ELA and disease susceptibility (Surtees et al., 2003; Ramiro et al.,
2010). Indeed, individuals with a blunted stress response have more social and behavioural
problems (Ouellet-Morin et al., 2011) and increased adiposity (Carroll et al., 2008). Finally,
individuals with early life adverse experiences have been shown to have impaired immunity.
Breast cancer survivors who experienced more childhood adversities had higher Epstein-Barr
virus (EBV) and cytomegalovirus (CMV) antibody titers than those with fewer childhood
adversities, indicating poorer cellular immune system control of the latent virus’ (Fagundes et
al., 2013b). Individuals with a history of sexual or physical abuse had lower salivary SIgA
levels (Waldron et al., 2016). Interestingly, individuals who have experienced ELA may have
more pronounced psychological changes when they encounter life stressors in adulthood.
Women with a history of childhood sexual abuse were more likely to suffer from depression
after a stressful life event in adulthood (Dougherty et al., 2004). Furthermore, adults who
were abused as children, or had a lower socioeconomic background, were more likely to
perceive ambiguous situations as more threatening (Miller et al., 2011). Indeed, individuals

who have adverse childhood experiences may have fewer social and psychological resources
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to manage stress, making encountering stress during adulthood more impactful on immune

function (Fagundes et al., 2011).

Currently, there is little empirical research linking ELA to URTI. However, a recent
study provides initial evidence, showing that the offspring of parents who were separated and
never spoke were more susceptible to common cold, compared to those whose parents were
intact, or separated but still communicated (Murphy et al., 2017). However, the role of early

life adversity in URT] susceptibility and immune function in athletes is yet to be explored.

2.8 Thesis aims

A wide variety of factors influence human immune health, but empirical research
examining the influence of these factors in athletes is lacking. With this information in mind,
the objectives of this thesis were to investigate: 1) the influence of vitamin D on URTI
burden and mucosal immunity (Chapter 3); 2) the role of psychosocial factors and sleep on
URT]I risk in marathon runners (Chapter 4); 3) the influence of psychological stress and

anxiety on the mucosal immune response to exercise (Chapter 5).
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CHAPTER THREE

Vitamin D Supplementation by Sunlight or Oral D3 on Respiratory

Infection Burden

3.1 Abstract

Purpose: To determine the relationship between vitamin D status and upper respiratory tract
infection (URTI) in a prospective cohort study of active men and women across seasons
(Study 1). Then, in a randomized, placebo-controlled trial, to investigate the effects on URTI
and mucosal immunity of achieving vitamin D sufficiency (25(OH)D >50 nmol-L™?) by a
unique comparison of safe, simulated-sunlight or oral D3z supplementation in winter (Study
2). Methods: Study 1, involved 1,644 military recruits. In Study 2, 249 men received either
placebo, simulated-sunlight (1.3x standard erythemal dose, three-times-per-week for 4-weeks
and then once-per-week for 8-weeks) or oral vitamin D3 (1,000 1U-day™ for 4-weeks and then
400 IU-day* for 8-weeks). URTI was diagnosed by physician (Study 1) and Jackson common
cold questionnaire (Study 2). We measured serum 25(OH)D by LC-MS/MS and salivary
secretory immunoglobulin A (SIgA) and cathelicidin by ELISA. Results: In Study 1, vitamin
D sufficient participants were 40% less likely to suffer URT]I than participants with 25(OH)D
<50 nmol-L* (OR (95% CI) = 0.6 (0.4-0.9), P < 0.05); an association that remained after
accounting for season and smoking. Each URTI resulted in 3 £ 3 days lost from training.
Only 21% of recruits were vitamin D sufficient during winter. In Study 2, vitamin D
supplementation strategies achieved vitamin D sufficiency in almost all (>95%) and reduced
the URTI burden compared to placebo: 15% lower URTI peak severity and 36% fewer days
with URTI (P < 0.05). In recruits with low baseline 25(OH)D (<50 nmol-L™) vitamin D

supplementation also shortened URTI duration by 33% (P = 0.05). Supplementation did not
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affect SIgA or cathelicidin. Conclusion: Vitamin D sufficiency reduced URTI burden during

arduous training.

3.2 Introduction

Athletes and military personnel experience arduous training, psychological stress, and
nutritional inadequacy that may compromise host defense and increase their susceptibility to
respiratory illness such as the common cold, particularly during the autumn-winter (Walsh et
al., 2011b; Walsh, 2018). The immunomodulatory effects of vitamin D are also considered to
play a role in the seasonal stimulus for upper respiratory tract infections (URTI) (Ginde et al.,
2009; Walsh, 2019), which has fuelled considerable interest in the potential for prophylactic
benefits of vitamin D supplementation on URT]; stoked further by studies reporting vitamin
D sufficiency in less than half of all athletes and military personnel during the winter, when
skin exposure to sunlight ultraviolet-B (UVB) radiation is negligible (Thomas et al., 2016;
Carswell et al., 2018; Maughan et al., 2018). Vitamin D is widely accepted to influence both
innate and adaptive immunity with implications for host defense (Hewison, 2012; He et al.,
2016a). For example, 25(0OH)D is converted in the kidney to the biologically active form
1,25(0OH)2D, which enhances the innate immune response by the induction of antimicrobial
proteins like cathelicidin. Antimicrobial proteins help to prevent URTI as part of the first line
of defense. The actions of vitamin D on adaptive immunity may also be anti-inflammatory or
‘tolerogenic’ (Walsh, 2019). Immune tolerance is described as the ability to dampen defense
yet control infection at a non-damaging level and has been proposed as a new focus for
nutritional supplementation to reduce URTI burden (Ayres and Schneider, 2012). As such,
maintaining vitamin D sufficiency (serum 25(OH)D >50 nmol-L) may reduce URTI burden,

by preventing URTI (i.e. reducing URTI prevalence) or improving immune tolerance (i.e.
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reducing URTI duration, or severity) (Thomas et al., 2016; Maughan et al., 2018; Walsh,

2019).

Large cross-sectional and randomized, placebo-controlled supplementation studies in
the general population highlight that vitamin D shows promise in protecting against URTI
(Ginde et al., 2009; Bergman et al., 2013; Martineau et al., 2017). In contrast, cross-sectional
studies in young healthy and athletic populations present conflicting findings (Laaksi et al.,
2007; Halliday et al., 2011; He et al., 2013), which might be explained by small samples with
few URT], a limited range of vitamin D status due to single-season data collections, and a
lack of control for factors known to independently influence URTI (i.e. season and smoking).
The findings from randomized, placebo-controlled trials investigating the influence of
vitamin D supplementation on respiratory infection and immune responses in active persons
are extremely limited and also present a mixed picture (Laaksi et al., 2010; He et al., 2016b;
Jung et al., 2018; Scott et al., 2019), showing reduced URTI symptoms (Jung et al., 2018),
improved mucosal immunity (i.e. cathelicidin and IgA) (He et al., 2016b; Scott et al., 2019),
and less missed training days due to URTI (Laaksi et al., 2010), as well as, no effect on URTI
symptoms (Laaksi et al., 2010) or mucosal immunity (Jung et al., 2018; Scott et al., 2019).
The significant heterogeneity reported in these trials may stem from variations in participant
baseline vitamin D status and dosing regimens; these factors are considered to modify the
effect of vitamin D on immunity to respiratory pathogens (Martineau et al., 2017). The
participants in these studies (Laaksi et al., 2010; He et al., 2016b) were vitamin D sufficient
at baseline (Laaksi et al., 2010; He et al., 2016b), and studies gave greater than current IOM
and EFSA recommended oral vitamin D doses (He et al., 2016b; Jung et al., 2018); which
likely limits the need and potential benefit of vitamin D supplementation (Maughan et al.,
2018), and raises the risk of adverse outcomes (tolerable upper intake 4000 1U-d™Y),
respectively (Institute of Medicine, 2011; European Food Safety Authority, 2016). The
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answer to whether vitamin D supplementation has measurable and meaningful effects on
URTI in healthy and active populations is unclear but eagerly awaited, given the negative
impact of URT]I on training and performance (Thomas et al., 2016; Maughan et al., 2018;
Walsh, 2018). Vitamin D can be obtained from dietary sources but is primarily synthesized
by skin exposure to sunlight UVB radiation (He et al., 2016a). UV radiation has a range of
vitamin D-dependent and -independent effects on immunity (Hart et al., 2019). However,
whether there are additional benefits of safe sunlight exposure, compared to oral vitamin D

supplementation, is unknown.

With this information in mind, we first determined the relationship between vitamin D
status and URT]I prevalence in a large, prospective cohort study of young men and women
commencing military training across all seasons (Study 1). We hypothesized that fewer
vitamin D sufficient individuals would suffer URTI, compared to individuals who had serum
25(0H)D <50 nmol-L™. Then, in a randomized, placebo-controlled trial (Study 2), we
investigated the effects, on URTI burden (prevalence, duration, and severity) and mucosal
immunity, of achieving vitamin D sufficiency by either simulated sunlight, following
recommendations on safe, low-level sunlight exposure (Advisory Group on Non-ionising
Radiation, 2017), or oral D3 supplementation, in wintertime. In study 2, we also assessed
URT]I duration and severity to examine the potential beneficial tolerogenic effects of vitamin
D on URTI. Vitamin D sufficiency was targeted because maintaining serum 25(OH)D
concentration >50 nmol-L! has been recommended for multiple health outcomes by the
Institute of Medicine (IOM) and European Food Safety Authority (EFSA) and is achievable
using safe doses (Institute of Medicine, 2011; European Food Safety Authority, 2016). We
hypothesized that achieving vitamin D sufficiency during winter by vitamin D
supplementation would reduce URT]I burden, and improve mucosal immunity, compared to

placebo supplementation.
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3.3 Methods

These studies received ethics approval from the UK Ministry of Defence Research
Ethics Committee that was conducted following the Declaration of Helsinki (2013), and are

registered at www.clinicaltrials.org [NCT02416895, NCT03132103]. British Army recruit

volunteers participated in Study 1 and Study 2 after providing fully informed written consent
and passing a clinician-screened medical assessment. Men (Study 1 and Study 2) were
located at Infantry Training Centre Catterick, UK (latitude 54°N), and women (Study 1) were
located at Army Training Centre Pirbright, UK (latitude 51°N). All volunteers were studied
during 12 weeks of Basic Military Training that follows a syllabus of basic military skills
including physical training, weapon handling, map reading, and fieldcraft. The progressive,
structured, physical training program included: endurance training, circuit training, agility-

based gymnasium work, assault course practice, and marching with a load.
3.3.1 Study one
3.3.2 Participants and study design

1,644 men and women (n = 1,220 men: 95% white ethnicity, age 21 * 3 years; body
mass 75.3 + 9.9 kg, height 1.77 + 0.06 m, BMI 24.0 + 2.7 kg-m, 38% smokers, n = 424
women: 95% white ethnicity, age 22 + 3 years, body mass 64.8 + 8.2 kg, height 1.65 + 0.06
m, BMI 23.7 + 2.4 kg-m2, 24% smokers) participated in this prospective cohort study
between January 2014 and September 2015. Participants were included if they gave baseline

blood samples and URT]I data throughout military training.
3.3.3 Experimental procedures

We collected baseline measures from each participant during initial medical

assessment; including a venous blood sample for determination of serum 25(OH)D; height
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and body mass; ethnicity and smoking history by questionnaire (Figure 3.1). Medical records

were accessed to obtain data on physician-diagnosed URTI and lost training days due to

URTI. A lost training day denoted a recruit was unavailable for normal military training.
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Figure 3.1. A schematic of the prospective cohort study (Study 1) that investigated the
association between vitamin D status (serum 25(OH)D), upper respiratory tract infection
(URTI) and days lost from training, and a randomized controlled trial (Study 2) that
investigated the effects of vitamin D supplementation by solar-simulated radiation (SSR),
oral vitamin D3 (ORAL), or placebo (SSR-P or ORAL-P) on URTI and mucosal immune
function. Blood and saliva samples were collected at baseline (Study 1 and 2), week 5, and
the end of week 12 (Study 2). The syringe icon represents the blood sample; the head and

tube icon represents the saliva sample.
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3.3.4 Study two
3.3.5 Participants and study design

249 men (age 22 + 7 years, body mass 76.3 £ 10.8 kg, height 1.77 + 0.06 m, BMI
24.2 + 3.0 kg-m) volunteered and gave written informed consent to participate in a double-
blind, randomized, placebo-controlled trial, gave a baseline blood sample and were assigned
to one of four intervention groups (Figure 1). Participants were recruited at the start of 12
weeks of Basic Military Training during January and February of 2016 and 2017; when
ambient UVB is negligible at UK latitudes (50—60°N), and serum 25(OH)D is at its annual
nadir. Participants were excluded if they were >4 on the Fitzpatrick Skin Type Scale
(Fitzpatrick, 1988), used sunbeds, consumed supplements containing vitamin D, or had
travelled to a hot sunny climate in the previous three months. There was no difference
between treatment or control groups in demographics, anthropometrics, and serum total

25(0OH)D at baseline (Table 3.1).
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Table 3.1. Study 2 baseline participant demographics, anthropometrics and lifestyle
behaviors in solar simulated radiation (SSR), SSR placebo (SSR-P), oral vitamin Dz (ORAL)

and oral placebo (ORAL-P) supplemented groups.

SSR SSR-P ORAL ORAL-P
Demographics
Age (years) 21+3 22+3 21 +3 23+ 12
Ethnicity (Caucasian) 61 (98) 57 (97) 63 (100) 65 (100)
[n (%)]
Skin type (I, I, 111, IV)  4(7),16 (26), 4(7),16 (27), 5(8),18(29), 3(5),19(29),
[n (%)] 33(53),9 28 (48), 11 33(52),7 29 (45), 14
(15) (19) (11) (22)
Anthropometrics
Height (m) 1.78 £ 0.06 1.78 £ 0.06 1.77 £0.07 1.78 £ 0.06
Body mass (kg) 76 £ 11 77+£11 75+11 77+ 10
BMI (kg/m?) 243 243 24+3 24 £3
Lifestyle behaviors
Alcohol user [n (%)] 51 (82) 47 (80) 55 (87) 51 (78)
Smoker [n (%)] 23 (37) 25 (42) 26 (41) 21 (32)

Data are presented as mean + SD unless otherwise stated. There were no differences in

demographics, anthropometrics, or lifestyle behaviors between groups (P > 0.05).

3.3.6 Experimental procedures

Participants were randomized within platoons to one of four intervention groups: 1)
oral vitamin D3 supplementation (ORAL); 2) oral placebo supplementation (ORAL-P); 3)
solar simulated radiation (SSR); or, 4) solar simulated radiation placebo (SSR-P). We used

block randomization (by www.randomiser.org) to achieve equal distribution of intervention

groups within each platoon so any differences in training conditions between platoons did not
influence the outcomes of the study. The intervention strategy for the SSR and ORAL groups
was to restore and then maintain IOM and EFSA recommended vitamin D sufficiency (serum
25(0OH)D >50 nmol-L™). Participants completed a 4-week restoration phase, necessary

because serum 25(OH)D was at its annual wintertime nadir, followed by an 8-week
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maintenance phase. Height and body mass were measured during the routine initial medical
assessment. Participants filled in a Lifestyle Questionnaire that included information on
supplementation use, sunbed use, and outdoor sun exposure. A venous blood sample was
collected for the determination of serum vitamin D metabolites at baseline, week 5, and week
12. Participants were excluded from analysis if they did not achieve >80% compliance with
the intervention. Vitamin D from the diet was estimated in week 12 using a food frequency
questionnaire, and solar UVR exposure was measured in weeks 4 and 11 using polysulphone
badges, worn on the upper chest/anterior shoulder region on the outer clothes, as described
(Webb et al., 2010; Carswell et al., 2018). The change in absorbance of the badges due to
exposure was measured using a spectrophotometer and related to the erythemal effective
UVR (sunburning) through a standard polynomial relationship; data are expressed as standard
erythemal dose (SED) per day (Webb et al., 2010). Participant dietary vitamin D intake was
calculated excluding the oral D3 supplement participants received in the ORAL group. On

completion of the study, participants were asked to guess the intervention they had received.
3.3.7 Simulated sunlight intervention

Simulated sunlight was provided following guidelines on safe, low-level sunlight
exposure for vitamin D synthesis (Scientific Advisory Committee on Nutrition, 2016);
described previously to achieve serum 25(OH)D >50 nmol-L™ in the majority of white
skinned persons (Rhodes et al., 2010). Those assigned to the SSR intervention were exposed
three-times-a-week during the restoration phase to an experimenter-controlled constant UVR
dose using a whole body irradiation cabinet (Hapro Jade, Kapelle, The Netherlands) fitted
with Arimed B fluorescent tubes (Cosmedico, Stuttgart, Germany). The fluorescent tubes
emitted a UVR spectrum similar to sunlight (A: 290-400 nm; 95% UVA: 320-400 nm, 5%
UVB: 290-320 nm) that was characterized by a spectroradiometer (USB2000+, Ocean Optics

BV, Duiven, The Netherlands) radiometrically calibrated with traceability to UK national
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standards. During each exposure, participants received a 1.3x SED whilst wearing shorts and
a T-shirt to expose ~40% skin surface area. This dose is equivalent to ~15 minutes, midday
summer sun exposure six-times-per-week for a casually dressed individual in northern
England (latitude 53.5°N) (Rhodes et al., 2010). This dose can be related to exposure times at
other world locations (Webb et al., 2011). For example, the equivalent exposure times in
Philadelphia, Pennsylvania, USA (40°N), and Oslo, Norway (60°N) would be approximately
12 and 18 minutes, respectively. During the maintenance phase, we exposed SSR participants
to the same 1.3x SED dose only once-a-week: pilot investigations confirmed the required
dose to maintain sufficiency (serum 25(OH)D >50 nmol-L™?). A constant SSR dose was
maintained during the study by monitoring irradiance using a spectroradiometer (USB2000+,
Ocean Optics BV) and adjusting for any decrease in measured irradiance emitted by
increasing exposure time, as described (Rhodes et al., 2010) (mean duration of SSR
exposures was 222 + 23 s). We controlled the exposure time by using an electronic timer on
the irradiation cabinet. For the SSR-P participants the number of intervention exposures each
week and the exposure duration were the same as SSR except the irradiation cabinet
fluorescent tubes were covered with transparent UVR blocking film (DermaGard UV film,
SunGard, Woburn, Massachusetts, USA). A spectroradiometer confirmed the UVR blocking

film was effective at preventing transmission of 99.9% of UVR.
3.3.8 Oral vitamin D3

Participants receiving the ORAL intervention consumed a vitamin D3 capsule daily,
containing 1,000 U and 400 1U during the restoration and maintenance phases, respectively
(Pure Encapsulations, Sudbury, Massachusetts, USA). The restoration dose was based on
previous predictive modeling to achieve serum 25(OH)D >50 nmol-L* (Cashman et al.,
2008), and pilot investigations that showed it achieved similar serum 25(OH)D

concentrations to SSR; and was less than the tolerable upper intake recommended by the
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IOM and EFSA (Institute of Medicine, 2011; European Food Safety Authority, 2016). The
ORAL maintenance dose was also in agreement with recommendations (Institute of
Medicine, 2011; Scientific Advisory Committee on Nutrition, 2016). For 12 weeks, ORAL-P
participants consumed an identical-looking cellulose placebo capsule daily (Almac Group,
County Armagh, UK). Independent analysis found the vitamin D3 content of the 1,000 and
400 IU capsules to be 1,090 and 460 IU, respectively, and confirmed the placebo did not

contain vitamin D (NSF International Laboratories, Ann Arbor, Michigan, USA).

3.3.9 Blood collection and analysis

In studies 1 and 2, whole blood samples were collected by venipuncture from an
antecubital vein into plain vacutainer tubes (Becton Dickinson, Oxford, UK) and left to clot
for 1 hour. Subsequently, samples were centrifuged at 1500 g for 10 minutes at 4°C and the
serum aliquoted into universal tubes before being immediately frozen at -80°C for later
analysis. Total serum 25(OH)D was measured with high-pressure liquid chromatography-
tandem mass spectrometry (Tang et al., 2017). Analyses were performed in a Vitamin D
External Quality Assurance Scheme certified laboratory (Bioanalytical Facility, University of

East Anglia, Norwich, UK).

3.3.10 URTI diagnosis

As in Study 1, medical records were accessed to obtain data on physician-diagnosed
URT]I and lost training days due to URTI. However, in study 2 due to the smaller sample size
and consequently the anticipated smaller number of total URTI, we chose to monitor URTI
principally by self-reported daily symptoms of the common cold over the 12-week training
period (Study 2), using the Jackson common cold questionnaire (Jackson et al., 1958). A
strength of the Jackson common cold questionnaire compared to physician-diagnosed URTI

is that URTI duration and severity, as well as prevalence, can be assessed. Participants were
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asked to rate eight symptoms (sneezing, headache, feeling generally unwell, runny nose,
blocked nose, sore throat, cough, chilliness) on a 4-point Likert scale (Not at all =0, Mild =
1, Moderate = 2, Severe = 3). Data were included when participants completed >80% of their
daily Jackson questionnaires. A URTI was defined by a total symptom score of greater than
or equal to six each day for two or more consecutive days (Hanstock et al., 2016). For each
URTI we determined the duration with symptoms (URTI average duration) and the peak
severity of symptoms (URTI peak severity). We also calculated the total number of days with

a URTI during basic training for each participant (total days with URT]).
3.3.11 Saliva collection and analysis

In study 2, at baseline, week 5 and week 12 saliva samples were collected in the
evening, between 6:00 and 9:30 pm, at least 15 minutes postprandial. Saliva was collected for
5 min in a pre-weighed 30 ml tube using the passive dribble method. Samples were weighed
immediately after collection, centrifuged at 1500 g and 4°C for 10 minutes, aliquoted and
then stored at -80°C. Samples were analyzed by enzyme-linked immunosorbent assay for
secretory immunoglobulin-A (SIgA) and cathelicidin concentration (Salimetrics,
Pennsylvania, USA, and Hycult Biotech, Pennsylvania, USA). The mean intra-assay CV was
2.3% and 10.2%, respectively. Assuming the density to be 1.00 g-mL™? for saliva, the
secretion rate was calculated by multiplying the flow rate by concentration, as described

previously (Oliver et al., 2007).
3.3.12 Statistical analysis

For Study 1, we estimated a minimum required sample size of 1,286, using a type 1
error (one tailed) of 5%, a power of 80% and an anticipated odds ratio of 1.5, equivalent to a
small effect size. This was based on previous literature describing the difference in URTI

prevalence between individuals with low and high vitamin D status where 20% of individuals
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with high vitamin D status reported a URTI (Ginde et al., 2009), whilst also anticipating that
20% of individuals would have low vitamin D status across the whole year (Davies and
Shaw, 2011). We used logistic regression to compare vitamin D status (25(OH)D >50 vs <50
nmol-L* and >75 vs <30, >50—-<75 and <75 nmol-L™) with URTI prevalence during 12-
weeks military training, and the first three weeks of military training; 25(OH)D has a 2-3
week half-life (Holick, 2009). Sex and smoking were included as covariates as they are
known to influence URT] susceptibility. We used Chi-square tests to compare URTI
prevalence between vitamin D sufficient participants and those with serum 25(OH)D <50
nmol-L, and the proportion of vitamin D sufficient participants between seasons. We used
one-way ANOVA to compare vitamin D status (25(OH)D) between seasons. For study 2, we
estimated a minimum required sample size of 37 in each group, using the anticipated odds
ratio of 0.3 for URTI prevalence between vitamin D and placebo supplemented individuals
with low vitamin D status (Martineau et al., 2017), and that 60% would report a self-report
URTI during basic military training (Laaksi et al., 2007; Hanstock et al., 2016; Davison et
al., 2020), with a type 1 error (one-tailed) of 5%, and a power of 80%. We compared URTI
prevalence between vitamin D (SSR and ORAL) and placebo (SSR-P and ORAL-P)
supplementation groups using logistic regression. We used independent samples t-tests (2
groups (SSR and ORAL combined, SSR-P and ORAL-P) to compare vitamin D and placebo
supplementation effects on average URTI duration, total days with URTI, URTI peak
severity, saliva flow rate, SIgA, and cathelicidin. Serum 25(OH)D, total days with URTI,
URT]I duration, URT]I severity, saliva flow rate, SIgA, and cathelicidin were compared
between vitamin D strategies, and placebo groups, by mixed-model ANOVA ((4 groups
(SSR, ORAL, SSR-P, and ORAL-P) x 3-time points (baseline, week 5 and 12)). Sunlight
exposure and dietary vitamin D between SSR, ORAL, SSR-P, and ORAL-P groups were

compared by one-way ANOVA. Data points that were more than three-times the interquartile
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range were deemed as outliers and removed. Where data was not normally distributed it was
transformed using square-root calculation. Significance was set at P < 0.05. Statistical
analyses were performed using SPSS Version 25 (IBM Corp, NY, US). Cohen’s d effect
sizes (d) are presented to indicate the meaningfulness of group differences for URTI duration,
URT]I severity, and total days with URTI; whereby, values greater than 0.2, 0.5, and 0.8

represent small, medium and large effects, respectively (Cohen, 1988).

3.4 Results

3.4.1 Study one

3.4.2 Low proportion of wintertime vitamin D sufficiency in healthy young men and

women

Baseline serum 25(OH)D was lower in winter than all other seasons (P < 0.01, Figure
3.2A); when only 21% of participants were vitamin D sufficient (baseline serum 25(OH)D

>50 nmol-L*; Figure 3.2B).
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Figure 3.2. Seasonal variation in serum 25(OH)D (panel A), vitamin D sufficiency
prevalence (serum 25(OH)D >50 nmol-L?; panel B), and the URTI prevalence when serum
25(0H)D >50 nmol-L* or <50 nmol-L™ (panel C) in 1,644 men and women during 12-weeks
of military training. a, lower than summer P < 0.05. b, lower than autumn P < 0.05. c, lower
than spring P < 0.05, * lower than participants with serum 25(OH)D <50 nmol-L*, P < 0.05.

Panel A data are mean = SD. Panels B and C are percentages represented by vertical bars.
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3.4.3 Vitamin D sufficiency associated with reduced URTI prevalence

A total of 110 URTI episodes were recorded with 7% of participants having at least
one physician-diagnosed URT]I. On average, each URT] resulted in 3.4 + 3.3 lost training
days (4.0% of total training days). Only six recruits had two URTI episodes and no recruits
had more than two URT] episodes. Vitamin D sufficient participants at baseline were 40%
less likely to have a physician-diagnosed URTI, during 12 weeks of training, than
participants with baseline serum 25(0OH)D <50 nmol-L™ (6% vs 9%, respectively, OR (95%
Cl) = 0.6 (0.4-0.9), P < 0.05, Figure 3.2C). Moreover, vitamin D sufficient participants at
baseline were half as likely to have a URTI within the first three weeks of training than
participants with a baseline serum 25(OH)D <50 nmol-L* (2% vs 5%, OR (95% CI) = 0.5
(0.3-0.8), P < 0.05). This was during the period of training when approximately half of all
URTI episodes occurred (47%, 52 URTI episodes). The association between vitamin D status
and URTI prevalence remained when controlling for sex and smoking (P < 0.05). URTI
prevalence was not different between participants with a baseline serum 25(OH)D >75

nmol-L? and baseline serum 25(OH)D of <30, >50-<75, or <75 nmol-L (P > 0.05).
3.4.4 Study two

A flow diagram detailing the number of participants assessed, recruited, and excluded
from the analysis is provided in Figure 3.3. During the 12-week intervention, daily sunlight
exposure (0.35 + 0.56 SED-d*) and dietary vitamin D were not different between groups
(153 + 136 IU-d?, P > 0.05). Participants were sufficiently blinded to the intervention since
only 38% correctly guessed their allocated group, 27% were incorrect, and 34% said they did

not know whether they had received an active or placebo intervention.
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Assessed for eligibility, N = 318.

Excluded, N = 69.
—> Declined to participate, N = 58.
Did not meet inclusion criteria, N = 11.

Y

Week 1
Randomized to intervention group, N = 249.

Excluded from follow-up analysis, N = 107.
Excluded: N = 93 <80% intervention
compliance to week 5, N = 14 missing
blood sample.

Y

Week 12
N = 142 completedintervention.

URTI, N = 134.
Excluded: N = 8 missing URTI data.

SlgA, N = 110.
Excluded: N = 22 missing saliva samples, N = 10
outlier.

Cathelicidin, N = 81.
Excluded: N = 22 missing saliva samples, N = 29
insufficient saliva volume, N = 10 outlier.

Figure 3.3. Flow diagram of the randomized controlled trial (Study 2) investigating the
effects of vitamin D supplementation on upper respiratory tract infection (URTI) and mucosal
immune function. Flow diagram indicates the number of participants assessed, randomized,
and analyzed at week 12 for URTI, salivary secretory immunoglobulin A (SIgA), and

cathelicidin.

3.4.5 Winter simulated sunlight and oral vitamin D3 increased vitamin D sufficiency

At baseline, before wintertime vitamin D supplementation began, only one-quarter

(27%) of volunteers were vitamin D sufficient. Both SSR and ORAL supplementation
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strategies were successful to achieve vitamin D sufficiency in almost all (>95%); week 5 and
12 serum 25(0OH)D concentrations in the SSR and ORAL groups were higher than in the

respective placebo groups (P < 0.001, Figure 3.4).
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Figure 3.4. Serum 25(OH)D in men completing military training whilst receiving 12-weeks
of vitamin D supplementation (solar simulated radiation (SSR) or oral vitamin D3z (ORAL))
or a placebo (solar simulated radiation placebo (SSR-P) or oral placebo (ORAL-P)).
Combined vitamin D interventions (SSR and ORAL) vs combined placebo (SSR-P and
ORAL-P; panel A), ORAL vs ORAL-P (panel B), and SSR vs SSR-P (panel C). *, greater
than placebo, P < 0.05. t, greater than baseline, P < 0.05. 1, greater than week 5, P < 0.05.

Data are mean  SD.
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3.4.6 Winter vitamin D supplementation reduced URTI burden

A total of 93 Jackson-defined URTI episodes were recorded with 69% of participants
having at least one self-reported URTI. The URTI prevalence and duration were similar in
vitamin D and placebo supplementation groups (ORAL and SSR vs ORAL-P and SSR-P
71% vs 68%, Figure 3.5A, P > 0.05). However, winter vitamin D supplementation reduced
URTI burden compared to placebo: participants had 15% lower URT]I peak severity (P <
0.05; Figure 3.5B), and 36% fewer total days with a URTI (P < 0.05; Figure 3.5C).
Moreover, participants beginning supplementation with serum 25(OH)D <50 nmol-L had
33% shorter average URTI duration (P = 0.05; Figure 3.5D), 21% lower URTI peak severity
(P < 0.05; Figure 3.5E) and 43% fewer total days with URTI (P < 0.05; Figure 3.5F), when
receiving vitamin D rather than placebo supplementation. There was no difference in URTI
prevalence, duration, severity or total days with URTI between vitamin D supplementation
strategies, or between the different placebo groups (P > 0.05). Specifically, the ORAL and
SSR vitamin D supplementation strategies effect on URTI burden was similar (ORAL vs
SSR, URTI prevalence 70% vs 72%, total days with URTI 9.2 £ 8.4 vs 8.4 £ 6.7 days, URTI
average duration 6.9 £ 5.0 vs 6.5 £ 5.7 days, URTI peak severity 10.8 £ 3.0 vs 12.3 + 3.8 AU,
all P > 0.05). A physician-diagnosed URTI was recorded for 8% of recruits (10 participants),
which was comparable to 8% prevalence in the same seasonal period in Study 1, and resulted

in 3.3 £ 1.3 training days lost.

51



All participants

A
d=0.2
Placebo - 4'
Vitamin D
|IIIIII|IIIIII|IIIIII|
0 7 14 21

URTI duration (days)
B

Placebo

) T T T L) i '_| a

0 4 8 12 16 20 24

URTI peak severity
C
d=0.6
Placebo - —|
Vitamin D *

l—| b

0 7 14 21 28 35 84
Total days with URTI

Baseline 25(OH)D
<50 nmol-L™"

D
d=0.6
Placebo - 4'
Vitamin D +H*
I LU I T T T TTT I LU I
0 7 14 21

URTI duration (days)

E

Placebo

I T T T T i '_| a

8 12 16 20 24

URTI peak severity
F
d=0.8
Placebo 4'
Vitamin D *

|—| b

0 7 14 21 28 35 84
Total days with URTI

Figure 3.5. Upper respiratory tract infection duration (URTI; panel A & D), URTI peak

severity (panel B & E), and total days with URTI during military training (panel C & F), in

the vitamin D supplementation (SSR and ORAL) vs placebo supplementation groups (SSR-P

and ORAL-P) in all participants (left-hand column) and participants with a baseline 25(OH)D

<50 nmol-L* (N = 62; right-hand column). * and #, lower than placebo, P < 0.05 and P =

0.05, respectively. Data are mean + SD. d = Cohen’s d effect size. ® maximum possible peak

severity (24 arbitrary units (AU)), ® total number of days for military training (84 days).
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3.4.7 Vitamin D supplementation and mucosal immunity

Vitamin D supplementation and placebo groups were similar at baseline, and weeks 5
and 12 for saliva FR, SIgA concentration, SIgA SR, cathelicidin concentration, and

cathelicidin SR (P > 0.05; Table 3.2).
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Table 3.2. Influence of 12-weeks solar simulated radiation (SSR), placebo solar simulated
radiation (SSR-P), oral vitamin D3 (ORAL), and oral placebo (ORAL-P) on saliva flow rate
(FR), SIgA concentration, SIgA secretion rate (SR), and cathelicidin concentration and

cathelicidin SR.

SSR SSR-P ORAL ORAL-P
FR (ul-min™) Baseline 205 + 128 184 +181 260 + 214 241 £ 173
ABaseline to +5+ 124 +26 £ 160 -36 £ 159 -5+ 208
week 5
ABaseline to +69 + 125 +124 + 207 +24 + 243 +64 + 201
week 12 1
SIgA Baseline 0.14 £0.08 0.12 £ 0.06 0.13+£0.06 0.12+0.05
concentration ABaseline to +0.01 + 0.08 +0.04 £ 0.09 +0.02 + 0.09 +0.02 + 0.07
(mg-ml?) week 5
ABaseline to +0.00 + 0.05 +0.03 + 0.06 +0.03+0.1 +0.03 £ 0.09
week 12 1
SIgA SR Baseline 27 £ 17 18+ 11 26 £ 19 25+ 17
(ug-min?) ABaseline to -2+22 +12 + 16 +1+18 +1+20
week 5
ABaseline to +9+16 +25+31 +10+ 22 +14 + 24
week 12 T
Cathelicidin Baseline 14 £11 14+ 14 13+£13 12+11
concentration ~ ABaseline to -8+ 16 +6 £ 18 -2+10 -1+15
(ug-L week 5
ABaseline to 5+14 +1+19 -4+16 -1+17
week 12
Cathelicidin Baseline 3.25+3.04 1.69+1.91 2.42 £2.28 3.13+4.79
SR (ng-min?)  ABaseline to -0.82 + 3.82 +0.96 £ 1.81 -0.54+1.78 -1.35+4.25
week 5
ABaseline to -0.70 £ 4.10 +2.15+ 3.61 +0.14 £ 2.45 -0.64 +5.60

week 12

Main effect of time vs baseline, T P < 0.05. Main effect of time vs week 5, § P < 0.05. Data are mean

+ SD. Saliva SIgA (N = 110), and saliva cathelicidin (N = 81).
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3.5 Discussion

The principal finding of these two studies was that vitamin D sufficiency reduced the
burden of URTI in healthy young adults completing arduous training. In Study 1, in 1,644
young, healthy men and women, we demonstrated that vitamin D sufficient men and women
were 40% less likely to suffer a physician-diagnosed URTI during training than those with
serum 25(OH)D of <50 nmol-L™ (Figure 3.2). This finding can be considered robust as it was
observed after accounting for sex and smoking, which is a strength of Study 1 when
compared to previous research that has not controlled for factors known to independently
influence URT]I (Laaksi et al., 2007; Halliday et al., 2011; He et al., 2013). We also showed
the association between baseline vitamin D status and URTI was stronger during the first
three, rather than twelve, weeks of military training, which might be expected as 25(OH)D
has a two to three-week half-life (46). Study 1 extends previous vitamin D and URT]I
understanding in active populations by collecting data in a large sample, throughout all
seasons, and including a full range of serum 25(OH)D. The burden of URTI was evident in
Study 1 as each URTI resulted in 3 days of missed training. Given these findings, and that
only 21% of participants were vitamin D sufficient during winter, in Study 2 we examined
the effect of winter vitamin D supplementation on URTI prevalence and mucosal immunity.
To additionally examine the potential beneficial tolerogenic effects of vitamin D on URTI in
Study 2, we used the Jackson self-report URTI questionnaire to monitor URTI duration and

severity, as well as prevalence.

Study 2 was a double-blind, randomized, placebo-controlled trial, involving a unique
comparison of safe, simulated, casual skin sunlight exposure and oral vitamin D3
supplementation, specifically designed to achieve vitamin D sufficiency. We found that
vitamin D supplementation by simulated-sunlight and oral D3 were similarly effective to

achieve IOM and EFSA recommended vitamin D sufficiency in most persons (>95%, Figure
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3). Vitamin D supplementation did not reduce the self-reported URTI prevalence or benefit
mucosal immunity compared to the placebo (Table 2). However, in line with our hypothesis,
vitamin D supplementation reduced URTI burden compared to placebo, which broadly agrees
with the majority of the limited previous research in this area (Laaksi et al., 2010; Jung et al.,
2018), i.e. vitamin D supplementation reduced URTI symptoms (Jung et al., 2018), and
absence from duty due to respiratory infection (Laaksi et al., 2010). Indeed, in Study 2,
participants receiving vitamin D reported 15% lower URT]I peak severity and 36% fewer
days with URTI compared to placebo (Figure 3.5). These reductions in URTI burden can be
considered meaningful as effect sizes were medium to large. Study 2 findings are notable as
they highlight that vitamin D supplementation may reduce URT]I burden, rather than prevent
URTI. Indeed, vitamin D supplementation did not influence the innate mucosal antimicrobial
proteins SIgA and cathelicidin, which form an important part of the first line of defense that
prevents URTI. Instead, the benefits of vitamin D supplementation on URTI burden in Study
2 may be attributable to the known anti-inflammatory effects of vitamin D, which have been
shown to inhibit inflammatory cytokines and signalling pathways (Krishnan and Feldman,
2011). Future research investigating vitamin D supplementation effect on URTI tolerance and
circulating inflammatory cytokine is needed (Walsh, 2019). Based on the current study
findings it is reasonable to hypothesize that vitamin D may improve immune tolerance by
limiting inflammation in response to an infection (i.e. controlling infection at a non-damaging
level), which subsequently leads to a reduction in self-report severity and duration of the

URTI (Ayres and Schneider, 2012).

In Study 1 and 2, we confirmed URTI by different methods, which might be
considered a limitation. However, when considered carefully, the different methods provide a
fuller understanding of vitamin D’s effect on URTI, than when either study findings are
considered in isolation. Indeed, Study 1 and 2 findings are largely complementary, supporting
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the notion that vitamin D sufficiency, compared to a serum 25(OH)D <50 nmol-L, reduced
the burden of URT]I on the recruit, and military medical and training services (Figures 3.2 and
3.5). Specifically, improved URT] tolerance with vitamin D supplementation in Study 2
would be expected to translate to vitamin D sufficient individuals reporting less to medical
services, and consequently having fewer physician-diagnosed URT]I than those individuals
with 25(OH)D <50 nmol-L™, which is entirely consistent with the main finding of Study 1
(Figure 3.2): URTI prevalence was lower in vitamin D sufficient individuals than those with
25(0H)D <50 nmol-L™. The disparity in prevalence between Study 1 and 2 indicate that the
different URTI methods probably identify URTI at different ranges of severity (Study 1
physician URTI 7%, Study 2 physician URTI 8% vs 69% self-report URTI). The overall
lower URTI prevalence in Study 1 compared to Study 2 suggests a physician-diagnosed
URTI in Study 1 was only identified after symptoms became intolerable and the individual
sought medical help, whereas, in Study 2, daily self-report enabled a fuller range of mild to
severe URTI to be identified. That individuals tolerated a URTI in Study 1 before reporting to
medical services is also evident in the longer self-reported URTI duration in Study 2 than
training days lost to physician-diagnosed URT]I in Study 1 (8 + 8 vs 3 £ 3 days, respectively).
In summary, vitamin D sufficiency, compared with 25(OH)D <50 nmol-L", did not reduce
the prevalence of self-reported URTI but did lower self-reported URTI severity and days with
URT]I (Figure 3.5), which likely improved tolerance to URTI that consequently lead to
reduced physician-diagnosed URTI (Figure 3.2). A limitation of Study 1 and 2 is that we did
not assess the pathology of the URTI, which would help to confirm the presence of a
pathogen and URTI prevalence findings. However, previous research has shown that
pathogens were confirmed in 82% of URTI identified using the same daily self-report
Jackson common cold questionnaire method as in this study (Hanstock et al., 2016).

Replacing self-report with pathogen recognition would also create methodological
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limitations, for example, the assessment of URTI severity would not be possible. Therefore,

future research should consider a blended approach in the assessment of URTI.

Currently, there is no consensus for the optimal vitamin D threshold or dose for
immune health (He et al., 2016a). Participants beginning supplementation with serum
25(0OH)D <50 nmol-L* reported shorter URTI duration when receiving vitamin D compared
to placebo supplementation. Further evidence that participants with serum 25(OH)D <50
nmol-L* benefitted more from vitamin D supplementation than the entire sample is clear
when examining the effect sizes between vitamin D and placebo for URTI outcomes; small-
medium effect sizes for the entire sample, compared to medium and large effect sizes for
participants with serum 25(OH)D <50 nmol-L"* (Figure 3.5). Alongside other findings from
this research program that show benefits of vitamin D sufficiency on in vivo immunity (Kashi
et al., 2020), Study 1 and 2 findings support IOM and EFSA recommended vitamin D
threshold for bone and general health (25(OH)D >50 nmol-L?). Compared to IOM and EFSA
recommended vitamin D sufficiency, we revealed no additional protection from URT]I of
higher vitamin D status, including a previously proposed optimal threshold (serum 25(OH)D
>75 nmol-L1) (Holick et al., 2011). Although recent research, including from this research
program, questions a direct benefit of vitamin D on exercise performance (Carswell et al.,
2018), the current studies highlight that exercise performance may indirectly benefit from
maintaining vitamin D sufficiency by reducing lost training days to URT]I. Indeed, research
has found that athletes who have less URT]I are more likely to perform better in a sporting
competition (Svendsen et al., 2016). These findings are timely as the recent I0C and
American College of Sports Medicine nutrition and athletic performance position stands
highlight vitamin D insufficiency is widespread in athletes, and that vitamin D has the
potential to influence exercise performance and training (Thomas et al., 2016; Maughan et
al., 2018). Study 2 is the first to demonstrate the benefits of vitamin D supplementation, in

58



line with IOM and EFSA guidelines, on URTI in an active population. We have shown no
additional benefit of SSR compared to oral vitamin Dz supplementation on URTI, immune
function (this study and (Kashi et al., 2020)), or exercise performance (Carswell et al., 2018).
Therefore, we advise the 400 1U-d* oral vitamin D3 dose, from the maintenance phase of
Study 2, to maintain vitamin D sufficiency when UV exposure is inadequate: between early
autumn and late winter, and for those that live indoors for the majority of sunlight hours or
cover-up from the sun. This oral vitamin D3 supplementation approach corresponds with
current IOM and EFSA recommendations and, unlike simulated sunlight, there is no time
burden for an individual; no requirement for bulky irradiation cabinets; and oral vitamin D3

supplementation is effective regardless of sun-reactive skin type.
3.5.1 Conclusions

Vitamin D sufficiency reduced URT]I burden in military recruits during arduous
training. In Study 1, vitamin D sufficient recruits had fewer URTI than those with serum
25(0OH)D <50 nmol-L™. In Study 2, winter vitamin D supplementation, which achieved
vitamin D sufficiency in almost all, reduced URT]I peak severity and total days with URTI
compared to a placebo. To avoid the burden of URTI, including missed training days,
maintaining year-round vitamin D sufficiency is recommended for military personnel and

other active populations such as athletes that participate in arduous training.
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CHAPTER FOUR

Risk Factors for Upper Respiratory Tract Infection in Marathon Runners;

Stress, Anxiety, Early Life Adversity and Perceived Sleep Quality

4.1 Abstract

Objectives Upper respiratory tract infection (URT]I) in athletes increases the likelihood of
experiencing lost training time, reduced volume and intensity of training, injury, and reduced
success in competition. Recently, it has been suggested that sleep and psychosocial factors
likely play a substantive role in athlete URTI susceptibility. Here we examine the influence
of psychological stress, anxiety, neuroticism, early life adversity (ELA), and sleep on URTI
in marathon runners. Methods In a prospective, cohort, observational study, 305 marathon
runners self-reported daily URTI in the two-weeks before and after an arduous marathon,
during the common cold season in Wales, UK. Participants completed questionnaires
assessing trait anxiety, perceived psychological stress, state anxiety, neuroticism, perceived
life hassles, ELA, sleep duration, and perceived sleep quality. We used logistic and linear
regression to determine predictors of URTI. Results Runner URTI prevalence was similar
pre and post marathon (13.6 vs. 14.4%, respectively; N = 81 URTI bouts; P > 0.05). Runners
were at greater risk of URTI during the two weeks before or after a marathon if they reported
higher trait anxiety, greater perceived psychological stress, higher levels of neuroticism,
higher state anxiety, greater perceived life hassles, early life adverse experience, or lower
perceived sleep quality (P < 0.05). Runners who reported experiencing ELA were over two
times more likely to report a URTI in the two weeks before the marathon (OR 2.33; P <
0.05). Runners reporting lower perceived sleep quality were two times more likely to report

post-marathon URTI (OR: 0.48; P < 0.05). Effects remained after accounting for sex, age and
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prior illness. Conclusion Psychological stress, anxiety, ELA and poorer perceived sleep

quality are predictors of URTI in marathon runners.

4.2 Introduction

Iliness in athletes leads to lost training time, reduced volume and intensity of training,
increased injury risk, and reduced success at competition (Palmer-Green et al., 2013; Hellard
et al., 2015; Svendsen et al., 2016; Timpka et al., 2017). Historically, exercise immunology
research largely focused on infection risk following prolonged endurance exercise, in line
with the Open Window Theory, finding that greater training load and faster race time
increased URTI risk (Peters and Bateman, 1983; Nieman et al., 1990). However, following
research showing that pre-marathon infection was a key risk factor for post-marathon
infection (Ekblom et al., 2006), exercise immunologist proposed that factors, such as
psychological stress, anxiety, and sleep disruption, play a role in infection risk in athletic
populations (Campbell and Turner, 2018; Walsh, 2018; Simpson et al., 2020). Indeed,
physical exertion, psychological stress and sleep disturbances share mechanisms by which
they alter immunity and infection susceptibility, largely through activation of the HPA and

SAM axes (Perna et al., 1997; Walsh, 2018; Besedovsky et al., 2019).

Empirical research in athletes has recently provided initial evidence that factors other
than physical training increase respiratory infection susceptibility, such as long haul travel,
sleep disruption, and psychological stress and anxiety (Svendsen et al., 2016; Drew et al.,
2017; Wentz et al., 2018; Fitzgerald et al., 2019). Early life adversity (ELA) has also
received recent attention in immunology literature (Elwenspoek et al., 2017). ELA is an
overarching term for a multitude of early life adverse experiences occurring before the age of

18 years, including physical and emotional neglect, low socioeconomic conditions, family
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conflict, and peer victimisation (Fagundes et al., 2013a; Elwenspoek et al., 2017). Providing
initial evidence, children of parents who were separated and not speaking to one another had
reduced resistance to common cold exposure in adulthood, compared to individuals whose
parents were intact, or separated but still communicated (Murphy et al., 2017). IlIness timing
is particularly important for athletes; illness before competition reduces success in
competition, increases the chances of not competing, and increases the risk of in-competition
injury (Svendsen et al., 2016; Van Tonder et al., 2016; Timpka et al., 2017). Furthermore,
risk factors are likely to exert different effects on infection risk before and after competition.
As athletes experience increases in anxiety and sleep disturbances around sporting events
(Juliff et al., 2015; Ford et al., 2017), it is reasonable to hypothesise that measurement timing

will impact results.

Given the lack of empirical research into the influence of psychosocial factors and
sleep on infection prevalence in athletic populations, the aim of this study was to investigate
the role of psychological stress, anxiety, ELA, and sleep in URT]I susceptibility, in marathon
runners. Then, to understand whether these psychosocial or sleep variables had different
effects on URTI risk at different time points: in the lead up to or following a sporting event.
We hypothesised that runners with higher anxiety, greater psychological stress, who had

experienced ELA, or reported poorer sleep, would be more susceptible to URTI.

4.3 Methods

This study received local ethical approval and was conducted in accordance with the

Declaration of Helsinki (2013).

4.3.1 Participants and study design
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In this prospective, cohort, observational study, 336 marathon runners (N = 227 men:
age = 46 + 9 years, height = 177 + 13 cm, body mass = 78 + 11 kg, BMI = 24 + 3kg-m? N =
109 women: age = 43 £ 8 years, height = 166 + 6 cm, body mass =63 + 8 kg, BMI =23 + 3
kg-m) agreed to participate in the study and gave informed consent. Participants completed
questionnaires at baseline and during the two weeks before and after the Snowdonia
Marathon (www.snowdoniamarathon.co.uk), which took place in October 2017, in Wales,
UK. Participants completed questionnaires remotely, using Qualtrics online software
(Quialtrics, San Francisco, USA). This particular marathon is known to be arduous as it has a
total ascent of 939 m and is run on mixed terrain (road and trail). Average finish times were

4.4 + 0.8 h for men and 4.9 + 0.8 h for women respectively.
4.3.2 Upper respiratory tract infection incidence, duration and severity

Participants self-reported daily symptoms of the common cold during the two weeks
before and after the marathon, using the Jackson common cold questionnaire (Jackson et al.,
1958). They rated the severity of eight symptoms (sneezing, headache, feeling generally
unwell, runny nose, blocked nose, sore throat, cough, chilliness) on a 4-point Likert scale
(Not at all =0, Mild = 1, Moderate = 2, Severe = 3). Data were included when participants
completed >80% of their daily Jackson questionnaires. We defined a URTI episode by a total
symptom score >6 each day for two or more consecutive days (Hanstock et al., 2016). To be
categorised as a new URT] the participant had a minimum of five consecutive days with a
symptom score of zero before again reporting two or more consecutive days with a symptom
score >6. We calculated URTI duration and peak severity as the average URTI duration of all
URTI episodes and the highest severity score of any URTI episode, respectively. At
commencement of daily monitoring, participants were asked to nominate a household
member who was over 18 years of age and not running the 2017 Snowdonia Marathon.

Participants were asked to report the sex and age of a household member who was closest in
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age to them, to be used as a household control for the entirety of the study. A total of 226
household controls were nominated (25% men, age = 45 + 10 years). During biweekly
questionnaires participants were asked whether their nominated household control had a

common cold or the flu during the previous time period.

4.3.3 Predictor variables

Baseline questionnaires

At baseline, participants reported demographic information about their sex, age,
height and body mass. Participants also answered questionnaires that assessed their trait
anxiety, using the trait portion of the State-Trait Anxiety Inventory (STAI-T) (Spielberger,

1983) and neuroticism, using the Ten Item Personality Index (TIPI) (Gosling, 2003).

Questionnaires during the two weeks before and after the marathon

At the beginning of the monitoring period, participants reported their perceived
psychological stress, using the perceived stress scale (PSS) (Cohen et al., 1983) and whether
they felt they had a URTI during the previous month. During the two weeks before and after
the marathon, participants gave weekly information about their training distance. Participants
reported the time they went to sleep and awoke to allow calculation of sleep quantity and
rated their sleep quality on a 5-point Likert scale (1 = very poor, 5 = very good). We
calculated average sleep duration and perceived sleep quality when participants were healthy
(days with URTI removed). We assessed state anxiety using the state portion of the State
Trait Anxiety Inventory (STAI-S) (Spielberger, 1983) on the morning of the marathon.
Participants also reported the degree to which they had experienced any life hassles the day
before and on the day of the marathon (e.g. travel, accommodation, delays, etc.) ona 0 — 100
mm visual analogue scale (VAS). At the end of the monitoring period, participants again

rated their perceived psychological stress over the last month. Finally, participants answered
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a questionnaire regarding their ELA experiences before the age of 18, including questions
about family financial problems, food insecurity, homelessness, psychological abuse, peer
victimisation, physical neglect, emotional neglect, household mental illness, household
alcohol abuse, household crime, parental divorce, parental absence, death of a parent or
sibling and violent crime victimisation, as previously described (Mersky et al., 2017).
Unfortunately, due to ethical constraints, we could not include questions about physical

abuse, domestic violence or sexual abuse.

4.3.4 Statistical analysis

We used logistic regression to examine variables relating to URTI prevalence over the
whole period, and during pre and post marathon periods, separately. We ran analyses as
simple models without covariates and then with the inclusion of sex, age and prior illness, as
these variables have been shown to influence URT]I susceptibility (Ekblom et al., 2006; Drew
et al., 2017). To further illustrate our findings, chi-square analysis was used to compare URTI
prevalence between runners with ELA and those with no ELA, and between runners with
perceived sleep quality of <3.0, 3.0-3.6, and >3.7 (tertile split). We also used multiple linear
regression to examine the influence of trait anxiety, perceived psychological stress and
neuroticism on URTI duration and URTI peak severity. Chi-squared analysis compared the
proportion of runners and household controls with a URTI pre vs post marathon. Significance
was set at P < 0.05 and we performed all statistical analyses using SPSS Version 25 (IBM

Corp, NY, USA).

4.4 Results

4.4.1 Upper respiratory tract infections
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Seventy-eight runners (26%) reported at least one URT]I episode during the two weeks
before or after the marathon. Ten runners had two URTIs, two runners had three URT]s, and
all others reported only one URT]I during the four-week monitoring period. Only four runners
had a URT]I both pre and post marathon. Of those runners who reported a URTI, the average
duration was 6 £ 5 days and the average peak severity was 11 + 4 AU. The proportion of
runners reporting a URTI pre and post marathon was similar (P > 0.05; 39 vs. 42 bouts, 13.6
vs. 14.4%, respectively). The proportion of household controls reporting a URTI pre and post
marathon was also similar (P > 0.05; 23.7% vs. 20.4%, respectively). Average state anxiety
on the morning of the race was 40 + 11 AU, which is similar to pre competition levels
reported in collegiate athletes (Wilson et al., 2000) and higher than norms reported for
working adults of a similar age (Spielberger, 1983), indicating the significance of this

sporting event to participants.
4.4.2 Predictors of URT]I across the whole monitoring period

Higher trait anxiety, greater perceived psychological stress, higher levels of
neuroticism, and lower perceived sleep quality, were predictors of URTI in marathon runners
(P < 0.05; Table 4.1). Lower perceived sleep quality was the strongest predictor of URTI;
runners with lower perceived sleep quality were 64% more likely to report a URTI (P < 0.05;
Table 4.1). Effects remained after accounting for sex, age and prior illness (P < 0.05).
Furthermore, runners with higher trait anxiety and greater perceived psychological stress
reported longer URTI duration (P < 0.05, R? = 0.079 and 0.075, unstandardized B = 0.144
and 0.191, respectively). There was no effect of trait anxiety, perceived psychological stress
or neuroticism on URT]I peak severity, or of neuroticism on URT] duration (P > 0.05).

Training distance was not a predictor of URTI prevalence in marathon runners (P > 0.05).
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Table 4.1: Variables predicting upper respiratory tract infection (URTI) prevalence during

the two weeks before and after the marathon. * P < 0.05.

OR (95% CI)

Variable timing Predictor variable Simple model
Stable measure Neuroticism 1.22* (1.01-1.47)
Trait anxiety 1.04* (1.01-1.07)
Before monitoring Perceived psychological stress 1.04* (1.00-1.09)
. o Perceived psychological stress 1.05* (1.01-1.09)

During monitoring Perceived sleep qualit a

Pq y 0.61* (0.40-0.95)

2 odds ratio below 1 indicates that lower perceived sleep quality increases likelihood of

URT]I; Effects remained after account for sex, age and prior illness.

4.4.3 Predictors of pre and post marathon URT]I

When examining pre and post marathon periods separately, early life adverse
experience, higher trait anxiety, greater perceived psychological stress and higher levels of
neuroticism were predictors of pre-marathon URTI (P < 0.05; Table 4.2). Specifically,
runners who reported at least one early life adverse experience (58% of runners) were over
two times more likely to report a URTI in the two weeks before the marathon compared to
those who had not experienced any ELAs (P < 0.05; Table 4.2). Indeed, runners with early
life adverse experience had a higher prevalence of pre marathon URTI than those with no
early life adversity experience (P < 0.05; Figure 4.1). Greater perceived psychological stress,
higher levels of neuroticism and higher trait anxiety were predictors of runners reporting a
URTI during the pre-marathon period (P < 0.05; Table 4.2), but not the post marathon period
(P > 0.05). Pre-marathon effects remained after accounting for sex, age and prior illness (P <

0.05).
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Table 4.2: Variables predicting upper respiratory tract infection (URT]I) prevalence during

the two weeks before (pre) and after (post) the marathon. Early life adversity (ELA). * P <

0.05.
OR (95% CI)
URTI timing Variable timing Predictor variable Simple model
Neuroticism 1.35* (1.06-1.72)
Stable measure Trait anxiety 1.05%* (102—109)
ELA" 2.33* (1.05-5.18)
Pre marathon  Before monitoring Perceived 1.08* (1.02-1.13)
psychological stress
During monitoring Perceived 1.08* (1.02-1.14)

psychological stress
Two weeks before marathon Perceived sleep

0.55%" (0.36-0.89)

quality
Post marathon =
Two weeks after marathon ~ Perceived sleep 0.48*" (0.27-0.84)
quality
24h before marathon Hassles 1.02* (1.00-1.03)

& odds ratio below 1 indicates that lower perceived sleep quality increases likelihood of

URT]I; ® No ELA = 0; Effects remained after account for sex, age and prior illness
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Figure 4.1: Proportion of runners reporting an upper respiratory tract infection during the
two weeks before the marathon (pre) if they reported at least one early life adversity

compared to those reporting no early life adversities. * higher URTI prevalence compared to

no early life adversity, P < 0.05.

Lower perceived sleep quality, greater perceived life hassles and higher state anxiety
were predictors of post-marathon URTI (P < 0.05; Table 4.2). Although sleep quality was not
a predictor of pre-marathon URTI (P > 0.05), runners were over two times more likely to
report a post-marathon URT] if they reported lower perceived sleep quality during either the
two weeks before or after the marathon (P < 0.05; Table 4.2). Indeed, runners with perceived
sleep quality of <3.0 and 3.0-3.6 had a higher prevalence of URTI post marathon, compared
to runners with perceived sleep quality of >3.7 (P < 0.05; Figure 4.2). Furthermore, runners
who felt they had experienced greater life hassles in the 24 h before the race (e.g. disrupted
travel) were more likely to report a URTI in the post-marathon period (P < 0.05; Table 4.2).
Effects remained after accounting for sex, age and prior illness (P < 0.05). Interestingly, after

controlling for sex, age and prior illness, runners with higher state anxiety on the morning of
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the marathon were more likely to have a URTI post-marathon (P < 0.05; OR (95% ClI): 1.04

(1.00-1.07)).
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Figure 4.2: The influence of healthy sleep quality during the two weeks before the marathon
(pre; tertile split) on upper respiratory tract infection (URT]I) prevalence during the two
weeks after the marathon (post). * higher URTI prevalence compared to >3.7 group, P <

0.05.

4.5 Discussion

In this cohort, observational study of 305 marathon runners, we examined the
influence of psychological stress, anxiety, neuroticism, ELA, and sleep, on URTI in the lead
up to and following a marathon event, during the common cold season, in the UK. In line
with our hypothesis, we found that, after accounting for sex, age and prior illness, runners
were more likely to report a URTI if they reported higher trait anxiety, greater perceived
psychological stress, higher levels of neuroticism, early life adverse experience, or lower
perceived sleep quality. Moreover, in line with our hypothesis, measurement timing

influenced URTI risk; we found that runners who reported an ELA experience were over two
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times more likely to report a pre-marathon URT]I, and runners reporting lower perceived
sleep quality were two times more likely to report a post-marathon URT]I. Taken together,
these novel findings support the role of psychological stress, anxiety, ELA and sleep in

infection risk in athletic populations.

Marathon runners with higher trait anxiety or greater perceived psychological stress
were more likely to report URTI; effects were largely driven by the pre-marathon period.
Furthermore, runners with higher trait anxiety or greater perceived psychological stress
reported longer URTI duration. Runners with higher state anxiety on the morning of the race,
or who experienced life hassles in the 24 h before the marathon, were more likely to report a
URT]I in the post-marathon period. Our findings align with work showing that psychological
stress increased URTI incidence following common cold exposure in non-athletic populations
(Cohen et al., 1991; Cohen et al., 1995). Our research strengthens initial evidence showing
that athletes reporting higher perceived psychological stress and more depression symptoms
were more likely to report an illness (Drew et al., 2017) because we reported a larger number
of URTI (N =81 vs. 16), our measures were prospective, and trait anxiety and neuroticism,
which are stable characteristics (Spielberger, 1983; Costa et al., 1986), predicted URT]I
prevalence. We also found that individuals with higher neuroticism were more likely to report
a URTI, which aligns with previous work showing that higher neuroticism, or negative affect,
increases URTI symptoms (Cohen et al., 1993). Although it has previously been suggested
that individuals with higher neuroticism are likely to over-report symptoms (Cohen et al.,
1995; Johnson, 2003), in the current study, we found no relationship between neuroticism and
URT]I duration and severity. Given that illness prior to competition has been shown to reduce
success, and increase risk of injury and serious complication (Svendsen et al., 2016; Van

Tonder et al., 2016; Timpka et al., 2017), it is particularly important to note that higher trait
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anxiety, greater perceived psychological stress and higher levels of neuroticism were stronger

predictors of URT]I in the pre-marathon period.

Early life adversity was the strongest predictor of pre-marathon URTI; marathon
runners were 2.3 times more likely to have a URT] if they reported an adverse childhood
experience, which is suggested to cause immune dysregulation in adulthood (Fagundes et al.,
2013a; Elwenspoek et al., 2017). A number of mechanisms are proposed that may lead to
increased URTI risk in individuals with ELA, including elevated inflammatory responses, a
reduced ability to dampen this inflammation, accelerated immunoscenescence, and reduced
physiological stress reactivity (Fagundes et al., 2013a; Elwenspoek et al., 2017). Indeed, our
study is one of the first to show an empirical relationship between ELA and URT]I incidence.
Our findings add to initial evidence, which showed that the offspring of parents who were
separated and not speaking to one another had reduced resistance to the common cold as
adults (Murphy et al., 2017). Of interest, ELA predicted URTI incidence in runners only
during the two weeks before the marathon, when the stressor was impending. Although the
reason for the timing of this effect needs further investigation, we suggest that this effect may
be linked to individuals who have experienced ELA having lower emotional regulation
capabilities (Poole et al., 2017). Indeed, research has shown that challenging environments
(such as those that involve risk taking, competitive sport, or heavy exercise) provide
opportunities to experience clear and intense emotions, to master these intense emotions, and
to subsequently experience improved emotion regulation, feelings of agency, and mental
health in other life domains (Roberts and Woodman, 2015). Again, URTI in the pre-marathon
period is particularly impactful for athletes, given reports of reduced success in competition

following a URTI (Palmer-Green et al., 2013; Svendsen et al., 2016).

Lower perceived sleep quality, measured prospectively and when runners were

healthy (not reporting a URTI), was one of the strongest predictors of URTI in marathon
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runners, which was particularly evident in the post-marathon period, when runners with lower
perceived sleep quality, during the two weeks before or after the marathon, were over two
times more likely to report an URTI. Indeed, both acute and chronic sleep disturbance have
been shown to reduce immune cell number and function, and increase levels of cytokines and
markers of inflammation, which lead to reduced host immune defence (Besedovsky et al.,
2019). Our findings extend previous work in non-athletic populations; individuals with
poorer sleep efficiency were 5.5 times more likely to develop a cold following experimental
exposure (Cohen et al., 2009). Further, our findings suggest than an individual’s perception
of sleep plays a particular role in URTI risk, adding to research reporting that women who
perceived they had inadequate sleep were 1.5 times more likely to develop pneumonia (Patel
et al., 2012). In contrast to previous studies (Cohen et al., 2009; Prather et al., 2015), we did
not see an influence of sleep duration on URTI risk, which may be because we measured self-
reported sleep duration. Indeed, following common cold exposure, behaviourally-assessed
sleep duration was predictive of cold development, whereas self-reported sleep duration was

not predictive (Prather et al., 2015).

Although training load was not a significant predictor of URTI in marathon runners,
as in previous studies (Peters and Bateman, 1983; Nieman et al., 1990), it is worth noting that
we monitored training distance only in the two weeks before the marathon, which likely
included training volume tapering, and in the two weeks following the marathon, when
runners likely rested. Readers should also be aware that runners in this population had an
average age that is higher than a typical athletic population (men 46 + 9 years, women 43 + 8
years). Therefore, future work should examine the influence of psychosocial and sleep factors
on URTI risk in younger athletic and military populations. Due to the remote nature of the
data collection, and to ease participant burden, we did not acquire pathological confirmation

of URTI, which allowed for the recruitment of a large number of runners and enabled us to
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carry out sufficiently powered regression analyses. However, it is worth noting that our study
was conducted in the common cold season in the UK, when it would be expected that
symptoms are due to respiratory infection rather than allergy. Furthermore, a previous study
using the same monitoring method, at the same time of year, in the same region, showed that
82% of participants returned positive swab results for common cold viruses (Hanstock et al.,
2016). Finally, in a study of Olympic athletes taking part in the Winter Olympic Games,
aetiology of common cold was detected in 75% of athletes who experienced common cold
symptoms (Valtonen et al., 2019). However, future work should examine pathology
confirmed URT], or training time lost due to URTI, as recommended in the recent
International Olympic Committee (I0OC) consensus (International Olympic Committee et al.,

2020).

Our novel findings illustrate that psychological stress, anxiety, ELA and sleep are
important predictors of URT] risk in athletes. Given these findings, athletes with higher
psychological stress, anxiety or neuroticism, who have experienced ELA, or who have poorer
perceived sleep quality may benefit from being more vigilant in avoiding infection, for
example by avoiding sick people and ensuring good hygiene (Walsh, 2018). Furthermore, it
was interesting that runners who reported experiencing greater life hassles in the 24 h before
the marathon were more likely to have a URTI post-marathon. As such, athletes should take
steps to minimise disruptions, such as travelling well in advance of the event, allowing extra
time for travel delays, and researching where accommodation and registration are in advance
of the event, which aligns with previous recommendations (Svendsen et al., 2016). Athletes
may also wish to consider developing psychological stress management strategies. Indeed,
individuals with higher trait anxiety, greater perceived psychological stress, higher state
anxiety, or ELA experiences may particularly benefit from the use of such strategies.

Additionally, athletes with poor perceived sleep quality may also consider using strategies to
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improve sleep to reduce the risk of illness, such as optimising sleep hygiene routine by
reducing psychological strain and going ‘screen-free” an hour before bedtime (Walsh, 2018).
However, future work should investigate whether interventions, which manage psychological

stress and anxiety, or improve sleep, can reduce infection risk in athletes.

In conclusion, in a prospective, cohort study of 305 marathon runners, which used
daily illness monitoring, we found that runners were at greater risk of URTI during the two
weeks before or after a marathon if they reported higher psychological stress, anxiety, or
neuroticism, early life adverse experience, or lower perceived sleep quality. Runners who had
experienced early life adversity were over two times more likely to report a pre-marathon
URTI. Runners with poorer perceived sleep quality were two times more likely to report a
post-marathon URTI. Future work should investigate whether interventions to manage
psychological stress and anxiety, or improve sleep perception, can reduce URTI risk in

athletes and military personnel.
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CHAPTER FIVE

Psychological Stress and Anxiety Play an Important Role in the Mucosal

Immune Response to Exercise

5.1 Abstract

Objectives Psychological stress has recently been shown to play a role in the in vivo immune
response to exercise and increased infection risk in athletes. However, the role of
psychological stress in the mucosal immune response to exercise remains unknown. The aim
of the current study was to examine the influence of psychological stress and anxiety on the
mucosal immune response to exercise. Methods In Study 1, a repeated-measures, crossover
study, 45 recreationally active participants (51% male) gave unstimulated saliva samples
immediately before, immediately after and 30 minutes after one hour of treadmill running at
65% VO2peak and one hour of seated rest, at the same time of day, separated by at least 48 h.
Participants reported trait anxiety, perceived psychological stress during the month prior to,
and state anxiety immediately before the exercise bout. In Study 2, a cohort observation
study, 215 marathon runners (72% male) provided unstimulated saliva samples before and
after a marathon. Further, they completed measures of trait anxiety, perceived stress
(specifically in the two weeks before and two weeks after the marathon), and state anxiety on
the morning of the race. Saliva SIgA concentrations were assessed by ELISA. Mean intra-
assay CVs were 3.3 and 2.9% for Study 1 and 2, respectively. Results In Study 1, perceived
psychological stress, trait anxiety and state anxiety negatively correlated with saliva SIgA
secretion rate (SR) change pre to post exercise (P < 0.05; r =-0.68, -0.59, and -0.61,
respectively). Aligning with Study 1, men with higher trait anxiety and perceived stress had a

greater reduction in saliva SIgA SR pre to post marathon (P < 0.05; R? = 0.020 and 0.031;
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unstandardized B (SE) = -0.394 (0.225) and -0.769 (0.361), respectively; Study 2).
Psychological variables did not significantly influence the mucosal immune response to
exercise in women (P > 0.05). Conclusion Psychological stress and anxiety influence the

mucosal immune response to exercise in men.

5.2 Introduction

Exercise immunology has largely focused on the role of physical stress in immune
modulation. Athletes experience increased URT] risk following strenuous exercise and
during periods of heavy training, which has been linked to a transient suppression of immune
function (Peters and Bateman, 1983; Nieman et al., 1990; Walsh et al., 2011b; Hellard et al.,
2015). Indeed, a transient depression of mucosal immunity following a prolonged bout of
exercise has often been implicated in increased URTI susceptibility (Nieman, 1994; Walsh et
al., 2011b). However, the salivary SIgA response to acute exercise has yielded variable
results, which may be influenced by exercise mode, intensity and duration, as well as other
environmental, behavioural and psychosocial factors (Bishop and Gleeson, 2009; Walsh et
al., 2011b). Indeed, recent research has shown that several other factors play a role in
increased URTI risk in athletes, such as prior infection, nutritional inadequacy, inadequate
sleep, exposure to environmental extremes, and long haul travel (Ekblom et al., 2006;

Svendsen et al., 2016; Walsh, 2018; Wentz et al., 2018).

Psychological stress is well known to influence URT] susceptibility in non-exercising
populations (Cohen et al., 1991; Cohen, 1995). Psychological and physical stress share
mechanisms by which they alter immune function, primarily through the hypothalamic-
pituitary-adrenocortical (HPA) and sympathetic-adrenal-medullary (SAM) axes (Perna et al.,

1997; Kohut, 2019). Despite shared mechanisms between psychological and physical stress,
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and multiple review articles highlighting the likely role of psychological factors in athlete
URT]I susceptibility (Clow and Hucklebridge, 2001; Dhabhar, 2014; Walsh, 2018), few
empirical studies have examined the influence of psychological stress on the immune
response to exercise. Providing initial evidence, state anxiety and perceived psychological
stress measured before exercise were found to determine the strength of the in vivo immune
response to exercise (Edwards et al., 2018). Further, we found, in Chapter 4, that
psychological stress and anxiety increased URTI risk in marathon runners. However, the role

of psychological stress in the mucosal immune response to exercise remains unknown.

Sex differences are reported for the immune response to exercise and psychological
stress (Gillum et al., 2011; Gillum et al., 2014; He et al., 2014; Stephens et al., 2016; Birkett
et al., 2017). Although heterogeneity in the literature, caused by a lack of control over
menstrual cycle and contraceptive use, has led to mixed results. Salivary SIgA was found to
be higher in women compared to men in two studies (Gomez et al., 1993; Gillum et al.,
2014) but not different between men and women in another study (He et al., 2014). However,
the study reporting no difference made no account for menstrual phase (He et al., 2014).
Furthermore, women are more likely to report higher psychological stress and anxiety, and
appear to be more vulnerable to increased depression associated with inflammation than men
(Bekhbat and Neigh, 2018). However, well-controlled research examining sex differences in
the immune response to exercise and psychological stress is lacking. Indeed, the only
previous study to show an influence of psychological stress on the immune response to

exercise included only males (Edwards et al., 2018).

Therefore, the aim of the study was to examine the role of psychological stress and
anxiety on the mucosal immune response to exercise in men and women, in response to a

controlled, moderate, lab-based bout of exercise (Study 1) and a field-based marathon (Study
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2). We hypothesised that perceived psychological stress, trait anxiety, and state anxiety

would have a negative relationship with the mucosal immune response to exercise.

5.3 Methods

This study received local ethics approval and was conducted in accordance with the

Declaration of Helsinki (2013).
5.3.1 Study one
5.3.2 Participants and study design

In a repeated-measures, crossover study, 45 participants (N = 26 male: age =21+ 3
years, height = 179 + 7 cm, body mass = 76 + 9 kg, BMI = 24 + 3 kg:m, VOzpeak = 50 + 8
ml-kg-min, trait anxiety = 36 + 8 AU, N = 19 female: age = 23 + 3 years, height = 167 + 6
cm, body mass = 67 + 10 kg, BMI = 24 + 3 kg:m2, VOgzpeak = 40 + 5 ml-kg-min, trait anxiety
=42 + 11 AU) agreed to participant in the study and gave informed consent. Participants
were recreationally active (3-9 h of aerobic exercise per week), non-smokers, who did not
take prescription medication for the duration of the study or the preceding month. Participants
were asked to refrain from alcohol, caffeine, over-the-counter medication and heavy exercise
during the 24 h preceding all experimental trials and did not self-report URS in the 7 days
preceding experimental trials. Female participants self-reported length and current day of
menstrual cycle, participants who had irregular menstrual cycles, had cycles of <23 days or
>32 days in line with Cole et al. (2009), or had changed their contraception within the last six
months, were excluded. Ten females were normally menstruating and not using
contraceptives, four were using oral contraceptives (OC) and five were using the implant.
Exercise and seated rest trials were completed on the same day of two separate cycles for
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female participants who were non-contraceptive users. Menstrual phase was estimated
assuming follicular and luteal phases have a 50% split throughout the cycle for non-
contraceptive users. OC users completed trials during days 2-7, which was considered the
follicular phase (when not taking OC or taking sugar pill), or during days 9 — 28, which was
considered the luteal phase (when taking OC). Implant users were considered to be in the

follicular phase. Sixty-three percent of females completed their trials during the luteal phase.
5.3.3 Preliminary measures and familiarization

Anthropometric measures were recorded on arrival at the laboratory. After this,
VOzpeak Was estimated by means of a ramped exercise test on a treadmill (HP Cosmos
Mercury 4.0; Nussdorf-Traunstein, Germany). After 3 min of walking at 5 km-h™ with an
incline of 1%, speed increased at a rate of 1km-h-min™ to a max of 18 km-h*, after which the
incline increased at a rate of 1%-min* until volitional exhaustion. Pulmonary gas exchange
was measured breath-by-breath for the duration of the test (Cortex Metalyser 3B, Biophysik,
Leipzig, Germany), as described previously (Diment et al., 2015). Participants then rested for
30 min while completing questionnaires about their trait anxiety using the trait portion of the
State Trait Anxiety Inventory (STAI) (Spielberger, 1983). The running speed that elicited
65% VO2zpeak Was then determined and verified using the interpolation of the running speed —

VO, relationship. All subjects were familiarized with laboratory equipment.
5.3.4 Experimental procedures

Participants completed two experimental trials in a randomized, crossover design,
separated by at least 48 h. The exercise trial (EX) involved 1 h of continuous treadmill
running at 65% VO2peak in temperate conditions (20 + 1 °C, 47 + 8% RH), whereas the
control trial (REST) consisted of 1 h seated rest in a similar environment (20 + 1 °C, 44 £ 8%

RH). Participants arrived to the laboratory fasted, apart from two participants who arrived to
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the laboratory at 12:00 after being provided with a standardised meal (2201 kilojoules, 71g
carbohydrate, 179 protein, 18g fat) that morning. Nude body mass (NBM) was recorded
before and after exercise on a digital platform scale to determine water allowance.
Participants were provided with a standardised meal (2201 kilojoules, 71g carbohydrate, 179
protein, 18g fat) and received 5 ml-kg* NBM of water. To confirm euhydration, fifteen
minutes after the standardised meal participants provided a urine sample and urine specific
gravity (USG) was measured using a refractometer (Atago Uricon-Ne refractometer; NSG
Precision cells, New York City, New York, USA). Participants with USG >1.025 were
provided with a bolus of 500 ml of water and USG was re-measured after 15 minutes, this
process was repeated until USG <1.025 was achieved (Armstrong et al., 2016). Participants
with USG <1.025 on first measurement were provided with fluids proportional to 35ml-kg-d*
for the 90 minute pre-trial period. Twenty minutes before beginning either EX or REST
participants completed questionnaires about their perceived psychological stress in the
previous month and their state anxiety at that moment, using the perceived stress scale (PSS)
(Cohen et al., 1983) and the state portion of the STAI (Spielberger, 1983), respectively. The 1
h exercise and seated rest bouts took place from 09:00 — 10:00, 10:30 — 11:30 or 13:30 —
14:30, participants completed both their EX and REST at the same time of day separated by
at least 48h, in a randomised order. Saliva samples were collected immediately before (pre),
immediately after (post) and 30 minutes after (30 min post) EX and at equivalent time points
during REST. During EX, participants were provided with the equivalent 3ml-kg-h plain
water at 15, 30 and 45 min of the exercise bout to partially offset fluid losses through
sweating. During REST, participants were provided with the equivalent of 35-ml-d™* for the
60 min period at 15, 30 and 45 min. Heart rate (HR) was monitored continuously throughout
the 1 h EX and REST periods. During EX only, Borg’s rating of perceived exertion (RPE)

was recorded at 15, 30, 45 and 60 min.
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5.3.5 Study two

5.3.6 Participants and study design

In a cohort, observational study, 305 marathon runners (N = 154 men: age = 46 + 10

years, height = 177 + 16 cm, body mass = 78 + 11 kg, BMI = 24 + 3 kg-m?, trait anxiety = 37

+ 9 AU, N = 61 women: age = 44 + 9 years, height = 166 * 6 years, body mass = 62 + 8 kg,
BMI = 22 + 2 kg-m™, trait anxiety = 40 + 10 AU) agreed to participate in the study, gave
informed consent and provided pre and post marathon saliva samples (Figure 5.1).
Participants completed remote questionnaires at recruitment, on the morning of a marathon,
and two weeks after a marathon in autumn, Wales, UK, which had a total climb of 939 m
with mixed terrain (road and trail). Average finish times were 4.4 £ 0.7 h for men and 4.9 =

0.7 h for women, respectively.
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Recruited, N = 406

Excluded:

> Did not provide pre or post saliva

sample, N =101

Provided pre and post marathon saliva
samples, N = 305

Excluded:

4

Insufficient volume for analysis,
N=69

Analysed for SIgA, N = 236

Excluded:
Missing data, N = 15

CV>15%, N= 6
Qutlier, N=5

N=210

Figure 5.1. Flow chart of participants who were recruited, provided saliva samples, and were

included in the final data analysis for Study 2.

5.3.7 Experimental procedures

Participants completed questionnaires remotely using Qualtrics online questionnaire

software (Qualtrics, San Francisco, USA). At recruitment, participants reported demographic

data (sex, age, height, body mass) and answered the trait portion of the STAI (Spielberger,

1983). On the morning of the marathon, participants reported their state anxiety using the

state portion of the STAI (Spielberger, 1983), either remotely or in person at the race, before

providing the first saliva sample. Saliva samples were collected between 07:30am and

10:15am on the morning of the marathon (race start time 10:30am) and immediately after the
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marathon at the finish line. Finally, two weeks after the completion of the marathon,
participants reported their perceived stress during the month prior using the perceived stress
scale (Cohen et al., 1983), measurement was taken at this time to allow for the measurement

of psychological stress for another aspect of this large research project (Chapter 4).
5.3.8 Saliva collection and analysis

For Study 1, saliva samples were collected at the same time of day for the seated rest
trial and the exercise trial within participants. Saliva samples were collected for 5 min, or up
to 9 min if adequate volume was not achieved after 5 min, in a pre-weighed 30 ml tube using
the passive dribble method (Strazdins et al., 2005). Samples were weighed immediately after
collection, centrifuged at 1500 g and 4°C for 10 minutes, aliquoted and then stored at -80 °C
before analysis. For Study 2, saliva samples were collected for 2 min using Versi-Sal™
(Oasis Diagnostics, Vancouver, WA, USA) as described previously (Fortes et al., 2012).
Samples were stored at 4°C before being centrifuged at 1500g and 4°C for 10 minutes and
then stored at -80°C until analysis. Samples were analysed for secretory immunoglobulin A
(SIgA) using enzyme-linked immunosorbent assay (ELISA, Salimetrics, Pennsylvania,
USA). Mean intra-assay CVs for sample duplicates were 2.9% and 3.3% for Study 1 and
Study 2, respectively. Assuming the density to be 1.00 g-mL™ for saliva, SIgA secretion rate
(SR) was calculated by multiplying flow rate (FR) by IgA concentration, as described

previously (Oliver et al., 2007).
5.3.9 Statistical analysis

For Study 1, we estimated a minimum sample size of 37 participants based on a
medium to large effect size based on previous data (Edwards et al., 2018), to produce an 80%
chance of obtaining statistical significance at the 0.05 level. In Study 1, we used repeated

measures ANOVA (2 group (EX, REST) x 3 time points (pre, post, 30 min post)) to examine

84



differences in saliva FR, SIgA concentration and SIgA SR, for all participants, and when
examining men and women separately. Correlation was used to examine the relationship
between trait anxiety, perceived psychological stress and state anxiety with saliva FR, SIgA
concentration and SIgA SR before (pre), after (post), 30 min post and the change between pre
and post EX and REST in all participants, and males and females separately. To further
illustrate the influence of perceived psychological stress on the mucosal immune response to
exercise in men, we performed additional analyses by categorising the male population based
on PSS scores. Firstly, we removed individuals defined as having high PSS scores (PSS >20
AU; N = 2) (Cohen and Williamson, 1988; Khalili et al., 2017). Next, we categorised the
population based on PSS scores using a median split; whereby, PSS was defined as low stress
(LOW: PSS <12; mean) and moderate stress (MOD: PSS 12-19; mean). The PSS ranges for
LOW and MOD are in line with those reported in the literature (Cohen and Williamson,
1988). A two-way, mixed model ANOVA (2 groups (LOW PSS, MOD PSS) x 2 time points
(pre, post)) was used to examine the mucosal immune response to exercise between LOW
and MOD perceived psychological stress categories. For study 2, we estimated we needed
157 participants based on a small to medium effect size, to produce an 80% chance of
obtaining statistical significance at the 0.05 level. In study 2, one-tailed paired t-tests were
performed to compare pre and post marathon saliva FR, SIgA concentration and SIgA SR, for
all participants, and when comparing men and women separately. Linear regression was used
to assess the relationship between trait anxiety and perceived psychological stress, and saliva
FR, SIgA concentration and SIgA SR pre, post and the change pre to post marathon in males
and females. As in study 1, to further illustrate the influence of perceived psychological stress
on the mucosal immune response to exercise in men, we categorised the population as low
stress (LOW: PSS < 12; mean), moderate stress (MOD: PSS 12-19; mean) and high stress

(HIGH: PSS >20; mean). An independent-samples T test was used to compare the change in
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saliva SIgA SR pre to post the marathon between LOW and HIGH perceived psychological
stress categories. Statistical analyses were performed using a common statistical software
package (SPSS 25, IBM, Chiciago, IL). Significance was accepted as P < 0.05. Data are
presented as mean = SD unless otherwise stated. Data points that were more than three-times
the interquartile range were deemed as outliers and removed. Data were checked for normal
distribution and, in cases where the assumption of normality was violated, were square-root

transformed prior to analysis.

5.4 Results

5.4.1 Study one

Participants had lower saliva FR and SIgA SR overall during EX compared to REST
(P <0.05; FR 181 + 151 vs 222 + 181 pl-min’t, SIgA SR 35 + 28 vs 42 + 31 pg-mint, EX vs.
REST, respectively). When examining men and women separately, men had lower saliva FR
and SIgA SR overall during EX compared to REST (P < 0.05; Figure 5.2A & C) and no
differences between EX and REST for saliva SIgA concentration (P > 0.05; Figure 5.2B).
There were no differences between EX and REST for saliva FR, SIgA concentration or SIgA
SR for women (P > 0.05; Figure 5.2D, E & F, respectively). Average heart rate (HR) was
higher during EX than REST (P < 0.05; 159 £ 12 vs 69 + 16 bpm, respectively). During EX,
RPE rose steadily from “light” to “somewhat hard” between 15 and 60 min (P < 0.05; 11 + 2

vs 13 + 3 AU, respectively).
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Figure 5.2. Saliva flow rate, SIgA concentration and SIgA SR before (pre), immediately after
(post) and 30 min after (+ 30 min) 1 h of treadmill running at 65% VOzpeak (EX) or 1 h of

seated rest (REST), for men (A, B and C, respectively) and women (D, E and F, respectively)
(Study 1). # EX lower than REST, P < 0.05. 1 pre lower than post and + 30 min, P <0.05. §+

+ 30 min lower than post, P < 0.05. Data are mean + SD.

Perceived psychological stress was similar between EX and REST (P > 0.05; 14 £ 5

vs 15 £ 6 AU, respectively). State anxiety was higher during EX than REST (P < 0.05; 34 =
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11 vs 30 + 9 AU, respectively). When examining men and women separately, women had
higher trait anxiety, perceived psychological stress pre EX, perceived psychological stress pre
REST, and state anxiety pre REST, compared to men (P < 0.05; trait anxiety 42 + 11 vs 35 £
9 AU, perceived psychological stress pre EX 16 = 6 vs 13 + 5 AU, perceived psychological
stress pre REST 16 + 6 vs 13 £ 5 AU, state anxiety pre REST 33 £ 11 vs 28 + 7 AU,
respectively). Men and women in Study 1 presented largely low-moderate levels of stress and
anxiety, with few individuals reporting high perceived psychological stress or state anxiety
(high perceived psychological stress (>20 AU): men N = 2, women N = 4; high state anxiety
(>40 AU): men N =4, women N = 7) (Spielberger, 1983; Cohen and Williamson, 1988;

Khalili et al., 2017).
5.4.2 The influence of psychological stress on the mucosal immune response to exercise

Participants with higher trait anxiety had lower saliva FR and SIgA SR during REST
and following EX (P < 0.05; Table 5.1). Participants with higher perceived psychological
stress had lower saliva FR during REST and EX, and lower SIgA SR during REST and
following EX (P < 0.05; Table 5.1). Psychological stress and anxiety were not related to

saliva SIgA concentration (P > 0.05).
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Table 5.1. Pearson correlation coefficients (r) for the relationship between trait anxiety or
perceived psychological stress and saliva flow rate (FR) and SIgA secretion rate (SR) pre,
post, 30 min post and the change pre to post 1 h of treadmill running at 65% VO2peak (EX)
and 1 h of seated rest (REST) for all participants (Study 2). Significant interactions are in

bold. *, P < 0.05; **, P < 0.01.

Variable Trait anxiety Perceived psychological
stress

EX REST EX REST
FR pre -0.225 -0.471** -0.281* -0.370**
FR post -0.375** -0.538** -0.316* -0.327*
FR 30 min post -0.416** -0.491** -0.373** -0.355*
FR change pre to post -0.249 -0.282* -0.133 -0.045
SIgA SR pre -0.182 -0.326** -0.230 -0.272*
SIgA SR post -0.376** -0.450** -0.340* -0.284*
SIgA SR 30 min post -0.358* -0.392** -0.365* -0.294*
SIgA SR change pre to post -0.199 -0.196 -0.173 -0.021

When examining men only, higher trait anxiety, perceived psychological stress and
state anxiety were negatively correlated with the change in saliva SIgA SR pre to post EX (P
< 0.05; Figure 5.3A, B & C) but not during REST (P > 0.05). Indeed, men with low
psychological stress had an increase in saliva SIgA SR pre to post exercise whereas men with
moderate perceived psychological stress saw no change (P > 0.05; Figure 5.4). Furthermore,
higher perceived psychological stress, trait anxiety and state anxiety were negatively
correlated with the change in saliva FR pre to post EX (P < 0.05; Figure 5.5A, B & C). Trait
anxiety and state anxiety were inversely related to saliva FR change pre to post REST (P <
0.05; r =-0.44 & -0.38, respectively). Perceived psychological stress was not related to saliva
FR change pre to post REST (P > 0.05). In women, there was no relationship between
perceived psychological stress, trait anxiety or state anxiety and SIgA SR change pre to post

EX (P > 0.05; Figure 5.3D, E & F, respectively) or REST (P > 0.05). Furthermore, in
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women, no psychological variable was related to the saliva FR change pre to post EX (P >

0.05; Figure 5.5D, E & F) or REST (P > 0.05).

Saliva SIgA SR
change (pg-min’™)

Saliva SIgA SR
change (pg-min’")

Figure 5.3. The relationship between saliva SIgA secretion rate (SR) change pre to post 1 h

of treadmill running at 65% VOzpeak (EX) and perceived psychological stress, trait anxiety
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Figure 5.4. Saliva SIgA SR before (pre) and after (post) 1 h of treadmill running at 65%

VO2peak (EX) in men with low PPS (LOW; <12 AU) and moderate PPS (MOD; 12-19 AU)
(Study 1). ¥ higher at post than pre in the LOW PPS group, P < 0.05. * LOW PPS higher
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Figure 5.5. The relationship between saliva flow rate (FR) change pre to post 1 h of treadmill

running at 65% VO2peak (EX) and perceived psychological stress, trait anxiety and state

anxiety in men (A, B & C, respectively) and women (D, E & F, respectively) (Study 1). **, P

<0.01L
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5.4.3 Study two

Saliva FR and SIgA SR decreased and SIgA concentration increased following the
marathon (P < 0.05; FR 266 + 208 vs 91 + 65 ul-min™, SIgA SR 33 + 24 vs 19 + 14 pg-min’?,
SIgA concentration 165 + 101 vs 247 + 156 ug-min’, pre vs. post, respectively). Given that
we found sex differences in Study 1, we then examined men and women separately and found
that salivary SIgA SR decreased in men but not women (P < 0.05 & P > 0.05, Figure 5.6C &
F, respectively). Saliva FR increased and SIgA concentration decreased in both men and

women (P < 0.05; Figure 5.6A, B, D & E).
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Figure 5.6. Saliva flow rate, SIgA concentration and SIgA secretion rate (SR) before (pre)
and after (post) the marathon for men (A, B & C, respectively) and women (D, E & F,

respectively) (Study 2). * different to pre marathon, P < 0.05. Data are mean + SD.

Average perceived psychological stress was 14 + 6 AU, which is similar to norms for
adults of this age (Cohen and Williamson, 1988). Average state anxiety on the morning of the

race was 40 £ 11 AU, which is similar to pre competition levels reported in collegiate athletes
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(Wilson et al., 2000) and higher than norms reported for working adults (Spielberger, 1983),
and likely reflects the significance of the marathon event. As in Study 1, women had higher
trait anxiety, perceived psychological stress and state anxiety compared to men (P < 0.05;

trait anxiety 40 £ 9 vs 37 £ 9 AU, perceived psychological stress 17 £ 7 vs 13 £ 6 AU, state

anxiety 44 + 11 vs 38 £ 10 AU, respectively).

5.4.4 The influence of psychological stress on the mucosal immune response to exercise

When examining men and women collectively, psychological stress was not related to any
salivary variable pre, post or the change pre to post marathon. However, aligning with Study
1, men with higher trait anxiety and perceived psychological stress had a greater reduction in
saliva SIgA SR pre to post marathon (P < 0.05; R? = 0.020 and 0.031; unstandardized B (SE)
=-0.394 (0.225) and -0.769 (0.361), respectively). Indeed, the reduction in saliva SIgA SR
was significantly greater in high perceived psychological stress men compared to low
perceived psychological stress men (P < 0.05; Figure 5.7). Furthermore, men with higher trait
anxiety had a greater reduction in saliva FR pre to post marathon (P < 0.05; R? = 0.028; B
(SE) =-3.924 (1.922)), which again aligns with Study 1. Perceived psychological stress was
not related to salivary flow rate in men (P > 0.05). No psychological variables were related to
saliva SIgA concentration in men (P > 0.05). State anxiety was not related to any salivary
variable in men (P > 0.05). As in study 1, we saw no relationship between any psychological

and salivary variable in women (P > 0.05).
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Figure 5.7. Saliva SIgA secretion rate (SR) change pre to post marathon in low perceived
psychological stress (PPS; <12 AU) vs high PPS (>20 AU), in men only (Study 2). * greater

reduction compared to low PSS, P < 0.05. Data are mean + SD.

5.5 Discussion

The aim of Chapter 5 was to examine the role of psychological stress and anxiety on
the mucosal immune response to exercise, in both a repeated-measures, crossover study,
involving a moderate bout of lab-based exercise (Study 1), and a cohort observational study,
involving a real-world marathon (Study 2). In support of our hypothesis, we found that
psychological stress, trait anxiety and state anxiety influenced the mucosal immune response
to exercise in men. In men, perceived psychological stress, trait anxiety, and state anxiety
were negatively correlated with the mucosal immune response to exercise (Study 1 and 2). In
response to a controlled, moderate bout of exercise, in individuals with predominantly low-
moderate psychological stress and anxiety, men with lower psychological stress and anxiety
experienced an increase in saliva SIgA SR, whereas those with moderate stress and anxiety

saw little change (Study 1). Then, in a real world, high stress environment, men with higher
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perceived psychological stress and trait anxiety had a greater reduction in mucosal immunity
in response to a marathon (Study 2). Our novel findings support the recommendation that
exercise physiologists should account for psychological stress and anxiety when examining

the immune response to exercise.

These studies are the first to empirically show that psychological stress and anxiety
influence the mucosal immune response to exercise. Specifically, we found that, in men,
perceived psychological stress, trait anxiety, and state anxiety were negatively correlated with
the mucosal immune response to exercise. Our findings align with recent work showing that
a priori perceived psychological stress and state anxiety accounted for considerable variation
in the in vivo immune response to a single bout of exercise, over and above the influence of
exercise (R?=0.13 and 0.20, respectively; P < 0.05) (Edwards et al., 2018). Previously,
exercise immunologists have presented mixed results when examining the influence of acute
exercise bouts on mucosal immunity, reporting increases, decreases and no change in SIgA
concentration and SIgA SR (Bishop et al., 2000; Nieman et al., 2002; Laing et al., 2005;
Bishop et al., 2006; Nieman et al., 2006; Oliver et al., 2007; Davison et al., 2009; Costa et
al., 2012; Killer et al., 2015). A number of factors have previously been suggested to play a
role in these mixed results, including exercise intensity and duration, varied saliva collection
methods, and a lack of account of circadian variations (Bishop and Gleeson, 2009). However,
our work indicates that psychological stress likely played a key role in previously reported
mixed findings of the mucosal immune response to exercise. To date, no other studies
examining the mucosal immune response to exercise have measured or accounted for
psychological stress. Furthermore, numerous previous studies report blood sampling
alongside saliva sampling (Bishop et al., 2000; Nieman et al., 2002; Laing et al., 2005;
Bishop et al., 2006; Killer et al., 2015), which would likely influence psychological stress

and anxiety, and hence mucosal immune measures. Therefore, our findings may explain
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previous mixed findings within the literature, given the marked influence of psychological
stress and anxiety on the mucosal immune response to exercise shown here. Indeed, we show
that individuals with low compared to moderate perceived psychological stress and anxiety
have strikingly different immune responses to a moderate bout of exercise; men with low
perceived psychological stress had an increase in saliva SIgA SR whereas men with moderate

psychological stress saw no change.

Chronic stress, such as perceived psychological stress, leads to prolonged SNS
activity and elevated cortisol, which downregulates SIgA synthesis and secretion (Walsh et
al., 2011b). However, acute stress can cause increased transocytosis of SIgA, through acute
increases in SNS activity and catecholamines (Walsh et al., 2011b). We found that, following
a moderate bout of exercise (Study 1), individuals with lower perceived psychological stress
had increased SIgA SR but those with moderate perceived psychological stress saw little
change. Furthermore, when examining a longer exercise bout, we found that men with higher
perceived psychological stress and trait anxiety had a greater reduction in SIgA SR following
a marathon. Individuals performing a prolonged bout of exercise during periods of higher
chronic psychological stress may exacerbate the immunosuppressive effects of chronic
psychological stress, leading to greater reductions in mucosal immunity after exercise.
Whereas, men with low psychological stress appear to experience a benefit from a moderate
acute bout of exercise on mucosal immunity. Indeed, given that psychological and physical
stress have the same effector limbs in the body, namely the HPA and SAM axes (Walsh,
2018), it is likely that the combined influence of both physical and psychological stressors

dictates the direction and magnitude of the mucosal immune response to exercise.

In both Study 1 and 2, we found that psychological stress and anxiety played an
important role in the mucosal immune response to exercise in men, but not women. Although

there is relatively less research examining mucosal immune response to physical and
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psychological stress in women, differences between men and women have been reported. Of
the studies which account for menstrual phase and contraceptive use, males and females
display subtle differences in the immune response to exercise, and women are reported to be
at increased risk of URT]I, but findings are inconsistent (Gillum et al., 2011; Gillum et al.,
2014; He et al., 2014; Drew et al., 2017; Rutherfurd-Markwick et al., 2017). Women have
been suggested to experience exaggerated immunosuppression in response to chronic stress
and may respond in a more pro-inflammatory fashion to an acute stressor (Bekhbat and
Neigh, 2018). Furthermore, women and men display differences in the immune response to
different types of stressors; men saw an increase whereas women saw a decrease in SIgA SR
in response to an active stressor (mental arithmetic), but there were no differences in the
mucosal immune response to a passive stressor (cold exposure) between men and women,
where both sexes saw a reduction in SIgA SR (Willemsen et al., 2002). Unfortunately, much
of the existing literature on stress and immunity examines only male participants. Currently,
the only study examining the influence of psychological stress on the immune response to
exercise includes only men (Edwards et al., 2018). It seems unlikely that psychological and
physical stress do not play some role in immune modulation in women. Therefore, more work
is required to determine differences between men and women in the immune consequences of

physical and psychological stress.

Taken together, the findings of Study 1 and 2, which incorporate both field and lab-
based exercise, accompanied by previous work in in vivo immunity (Edwards et al., 2018),
support the recommendation that exercise physiologists should account for psychological
stress and anxiety when examining the immune response to exercise. Indeed, our findings
highlight that psychological stress and anxiety have a marked influence on the mucosal
immune response to exercise, which is of particular importance because mucosal immunity is

the first line of defence against infection, and has been linked to increased URTI risk (Neville
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et al., 2008; Hanstock et al., 2016). As such, individuals with higher psychological stress and
anxiety, particularly males, may be at increased risk of URTI following prolonged exercise.
Therefore, future work should also examine whether interventions to manage psychological
stress and anxiety can minimise the reduction in mucosal immunity following prolonged

exercise, and subsequently reduce URTI incidence.

In conclusion, these findings show that perceived psychological stress, trait anxiety
and state anxiety influence the mucosal immune response to exercise in men. In men,
perceived psychological stress, trait anxiety, and state anxiety had a negative correlation with
the mucosal immune response to both a moderate, controlled, lab-based exercise bout and a
prolonged, field-based, marathon. Our novel findings support recommendations that exercise
scientists should account for psychological stress and anxiety when examining the immune

response to exercise.
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CHAPTER SIX

General Discussion

6.1 Summary of main findings

The aims for this PhD were to understand: 1) the influence of vitamin D
supplementation by oral vitamin D3 or safe, low-level, simulated sunlight on URTI and
mucosal immunity (Chapter 3); 2) the role of psychosocial factors, and sleep, on URT] risk
in marathon runners (Chapter 4); and 3) the influence of psychological stress and anxiety on
the mucosal immune response to exercise (Chapter 5). We found, in both a cohort,
observational study and a randomised placebo-controlled trial (RCT), that vitamin D
sufficiency reduced URTI burden in military recruits, but did not influence mucosal
immunity (Chapter 3). In the second empirical chapter, a large, prospective, observational
study in marathon runners, we found that runners were more likely to report a URTI if they
reported greater psychological stress, anxiety, or neuroticism, adverse early life experience,
or poorer perceived sleep quality (Chapter 4). Finally, we found that psychological stress
and anxiety influenced the mucosal immune response to exercise; perceived psychological
stress, trait anxiety and state anxiety had a negative relationship with the mucosal immune
response to exercise in men (Chapter 5). The remainder of this chapter covers the main
implications that arise from each study, the application of the findings to the broader
literature, methodological limitations apparent in the thesis chapters, and suggests possible

directions for future work.
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6.2 Vitamin D, upper respiratory tract infection and mucosal immunity

6.2.1 Vitamin D sufficiency reduced URTI burden

The key finding from Chapter 3 was that vitamin D sufficiency reduced URTI
burden, which aligns with the recent proposal that vitamin D may improve immune tolerance
of infectious pathogens through its anti-inflammatory properties (Walsh, 2019). For example,
by limiting an over exuberant immune response, which can be wasteful and cause damage
(Ayres and Schneider, 2012). Vitamin D’s anti-inflammatory effects have already been
shown to be beneficial in the treatment of multiple sclerosis, cancer and tuberculosis
(Smolders et al., 2010; Krishnan and Feldman, 2011; Coussens et al., 2012). In agreement,
vitamin D deficient endurance athletes were found to have longer URT]I duration and severity
compared to those with higher vitamin D status’ (25(OH)D 30-50, 50-120, >120 nmol/L)
(He et al., 2013). Given the contemporary view, that evidence supporting
immunosuppression in athletes is lacking, nutritional supplementation to improve immune
tolerance may be a more appropriate goal in young, otherwise healthy, athletes and military
personnel (Walsh, 2019). Recently, vitamin D supplementation has been suggested to have
the potential to influence the novel coronavirus disease 2019 (COVID-19), which is currently
causing a global pandemic. Acute respiratory distress syndrome (ARDS) is reported to occur
secondary to COVID-19, and is caused by a number of mechanisms associated with
inflammation, including cytokine storm and neutrophil activation (Quesada-Gomez et al.,
2020). Therefore, vitamin D supplementation has been proposed to be beneficial in reducing
the severity of COVID-19, due to its anti-inflammatory properties (Laird et al., 2020).
Indeed, our findings of reduced duration and severity of URTI with vitamin D
supplementation corroborate the suggestion that vitamin D has the potential to reduce the
severity of respiratory infections. However, RCT’s to confirm any benefits of vitamin D in

treating or preventing COVID-19 are sorely needed (Lanham-New et al., 2020).
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During a secondary analysis, we found that vitamin D supplementation had greater
beneficial effects in recruits with baseline 25(OH)D <50 nmol-L™*: reduced URTI duration, as
well as greater reductions in total days with URTI and URT] severity. Our findings are
consistent with a recent meta-analysis, which found that vitamin D supplementation had
strongest protective effects in those who began supplementation with poorer vitamin D status
(Martineau et al., 2017). However, it is worth noting that supplementation began in January
and February in our study, when vitamin D status is at its annual nadir. Indeed, the majority
(79%) of our participants had 25(OH)D <50 nmol-L™* at baseline. Therefore, it is yet to be
elucidated whether vitamin D supplementation would also reduce URTI burden in individuals

who began vitamin D sufficient.
6.2.2 Vitamin D supplementation did not influence mucosal immunity

Vitamin D supplementation, which achieved vitamin D sufficiency in almost all
participants, did not influence mucosal immunity, specifically salivary SIgA or cathelicidin.
Our finding was in contrast to previous work showing that individuals with optimal vitamin
D status (25(OH)D >120 nmol-L™) had higher saliva SIgA SR compared to those with
25(0OH)D 12-30 nmol-L%, 30-50 nmol-L* or 50-120 nmol-L (He et al., 2013). However,
25(0H)D >120 nmol-Lis higher than the Institute of Medicine (IOM) and European Food
Safety Association (EFSA) recommendation for vitamin D sufficiency of 25(OH)D >50
nmol-L (Institute of Medicine, 2011; European Food Safety Authority, 2016), which was
targeted in our study. Indeed, the same group then supplemented individuals with 5000
IU-day™* of oral D3, above the government guidelines for tolerable upper intake (4000 1U-d.1)
(European Food Safety Authority, 2016), and found significant increases in saliva SIgA and
cathelicidin. Furthermore, a recent paper supplemented oral vitamin Dz (1000 IU-day™*) and

calcium (2000 mg-day™) for 12 weeks and found only a modest increase in saliva SIgA SR at
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week 4, and no influence of supplementation on SIgA at latter time points (Scott et al., 2019).
Vitamin D has been suggested to play a vital role in the upregulating AMP production
through the active form 1,25(0OH).D (He et al., 2016a). However, our null findings, taken
together with the ambiguous findings of the previous literature, suggest that vitamin D
supplementation may not provide meaningful beneficial effects for mucosal immune function
in otherwise healthy individuals. Indeed, the lack of influence of vitamin D supplementation
on mucosal immunity aligns with our finding that vitamin D supplementation did not reduced
URT]I prevalence but instead reduced URTI burden, which may be due to increased immune

tolerance rather than improved host defence.

6.2.3 No additional benefits of simulated-sunlight over oral D3 supplementation

Despite the proposal that vitamin D supplementation by UVB radiation may convey
additional benefits, the results of Chapter 3 showed that there were no additional benefits of
vitamin D supplementation by UVB irradiation compared to oral vitamin D3z for URTI
prevalence, duration or severity, or mucosal immunity. As we did not see any additional
benefits of simulated sunlight exposure compared to oral D3, and because UVB exposure
increases time burden, increases the risk of erythema, and requires bulky irradiation cabinets,
we recommend oral vitamin D3 supplementation. Oral D3 supplementation is simple and safe,
has no risk of erythema, is effective regardless of sun-reactive skin type, and aligns with
current IOM and EFSA recommendations. However, future work examining the long-term
effects of simulated sunlight radiation for immune health, inflammation and chronic disease

is warranted.
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6.3 Psychological stress and anxiety influence upper respiratory tract

infection and mucosal immunity

In Chapters 4 and 5, we found that psychological stress and anxiety influenced URTI
risk and the mucosal immune response to exercise. First, we found that marathon runners
were more likely to report an URTI if they reported higher trait anxiety, perceived
psychological stress, neuroticism, state anxiety on the morning of the race, or greater
perceived life hassles in the 24h leading up to the race (Chapter 4). Then, we found that
perceived psychological stress, trait anxiety and state anxiety were negatively correlated with
the mucosal immune response to exercise (Chapter 5). Our findings align with those
examining the influence of psychological stress on URT]I susceptibility in the general
population, which show that psychological stress and anxiety play a key role in URTI
susceptibility (Cohen et al., 1991; Cohen, 1995; Cohen et al., 1995). Indeed, our work
provides empirical support for propositions made in recent review articles regarding the
influence of psychological stress on immune modulation in exercising individuals (Walsh,
2018; Simpson et al., 2020). The findings further recent research in Olympic athletes
showing that those with higher perceived stress and more depression symptoms were more
likely to self-report missing training due to medical illness during the month prior to

completing the questionnaire (Drew et al., 2017).

We found that higher trait anxiety, greater perceived psychological stress, and greater
levels of neuroticism, were stronger predictors of URTI during the pre-marathon period, than
the post-marathon period. Previous research has shown that athletes often experience
increased anxiety and stress in the lead up to sporting competition (Ford et al., 2017). Indeed,
it may be that increased anxiety prior to competition, in individuals with higher trait anxiety

and perceived psychological stress, plays a significant role in URTI susceptibility prior to
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competition. Importantly, pre-competition illness has been shown to reduce competition
performance (Svendsen et al., 2016), increase the likelihood of not finishing a race (Van
Tonder et al., 2016; Gordon et al., 2017), increase the risk of injury (Timpka et al., 2017),
and can lead to increased risk of serious complications (e.g. myositis and myopericarditis)
(Van Tonder et al., 2016). Therefore, pre-competition is one of the most important times to
monitor and manage illness symptoms in athletes, and section 6.7.4 will discuss future

directions in this regard.

We also found that athletes reporting higher levels of neuroticism were at greater risk
of reporting an URT]I. Our findings are in agreement with other studies showing that
individuals with higher negative affect were more likely to have a common cold following
experimental exposure (Cohen et al., 1993). Despite previous work suggesting that
individuals higher in neuroticism may over-report symptoms (Cohen et al., 1995; Johnson,
2003), we found that neuroticism was not related to URTI duration or severity. However,
future work should use pathology confirmation of URTI to explore the influence of
neuroticism on over-reporting URTI symptoms. Other personality traits, such as
perfectionism, optimism, and alexithymia, have also received attention for their role in health
and immune function (Guilbaud et al., 2003; Segerstrom, 2003; Rasmussen et al., 2009),

indicating a route for future research to examine personality traits and infection risk.

Following on from our finding that URTI risk was influenced by psychological stress
and anxiety in marathon runners, we examined the role of psychological stress and anxiety on
the mucosal immune response to exercise (Chapter 5). We found that psychological stress
and anxiety influenced the mucosal immune response to exercise. In men, perceived
psychological stress, trait anxiety and state anxiety were negatively correlated with the
mucosal immune response to exercise in both a controlled, moderate, lab-based bout of

exercise and in a field-based marathon. Our findings may explain some of the mixed results
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reported when examining the mucosal immune response to exercise; papers report increases,
decreases and no change in SIgA concentration and SR (Bishop et al., 2000; Nieman et al.,
2002; Laing et al., 2005; Bishop et al., 2006; Nieman et al., 2006; Oliver et al., 2007,
Davison et al., 2009; Costa et al., 2012; Killer et al., 2015). Indeed, no previous study has
accounted for psychological stress when examining the mucosal immune response to
exercise, and many include blood sampling, which is likely to influence psychological stress
and anxiety (Bishop et al., 2000; Nieman et al., 2002; Laing et al., 2005; Bishop et al., 2006;
Killer et al., 2015). We saw markedly different mucosal immune responses to exercise
between individuals with different levels of psychological stress and anxiety; individuals with
low stress had increased SIgA SR in response to a moderate bout of exercise, whereas those
with moderate stress saw no change. It is therefore unsurprising that previous work, which
did not account for psychological stress when examining the mucosal immune response to
exercise, saw contrasting results. Our findings add to recent literature, which showed that
psychological stress and anxiety played a key role in the in vivo immune response to exercise
(Edwards et al., 2018). Taken together, our novel findings, and previous in vivo research
(Edwards et al., 2018), support the recommendation that exercise physiologists should
account for psychological stress and anxiety when examining the immune response to

exercise.

Our findings in Chapter 5 provide some mechanistic explanation for the finding of
increased URTI risk in Chapter 4. Indeed, we found that individuals reporting higher
psychological stress and anxiety had lower saliva FR and SIgA SR at rest and following
exercise (Chapter 5). Taken together with the finding that psychological stress had an
influence on the mucosal immune response to exercise, our findings suggest that poorer
mucosal immune defence in those with higher psychological stress and anxiety may be
implicated in the increase URTI risk in those with higher psychological stress and anxiety.
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6.3.1 Psychological stress and anxiety play a role in the mucosal immune response to

exercise in men but not women

While there was a clear influence of psychological stress and anxiety on the mucosal
immune response to exercise in men, we saw no influence in women (Chapter 5). Previous
literature examining the immune response to exercise and psychological stress in women is
sparse, and lacks rigour, as studies largely overlook menstrual phase and contraceptive use.
Differences have been reported between men and women for their immune response to both
exercise and psychological stress (Gomez et al., 1993; Gillum et al., 2014; He et al., 2014;
Stephens et al., 2016; Birkett et al., 2017). However, previous research has not examined the
combined influence of psychological and physical stress on immunity in women. Indeed, one
of the few papers that has confirmed an influence of psychological stress on the immune

response to exercise included only male participants (Edwards et al., 2018).

Women are more likely to report higher psychological stress and anxiety, and appear
to be more vulnerable to the depressive effects of inflammation than men (Bekhbat and
Neigh, 2018). Women more often suffer with autoimmune diseases, anxiety, depression,
phobias, or panic disorders (Kudielka and Kirschbaum, 2005). Furthermore, women have
been reported to be more susceptible to URTI (Drew et al., 2017). Therefore, it seems likely
that psychological factors play some role in immune modulation in women. In actuality, we
are likely missing the bigger picture, due to heterogeneity in the literature caused by a lack of
research accounting for menstrual phase and contraceptive use, as well as less research

including female participants compared to male participants.
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6.4 Early life adversity increases the risk of URTI in marathon runners

Another novel finding from Chapter 4 was that runners who experienced an early life
adverse experience (before the age of 18 years) were over two times more likely to have a
URT]I during the two weeks before a marathon. Although a number of review articles have
hypothesised a relationship between ELA and immune dysregulation in adulthood (Fagundes
et al., 2013a; Elwenspoek et al., 2017), our study is one of the first showing an empirical
relationship between ELA and URT]. Indeed, the findings further initial work showing that
ELA influences URTI risk; offspring of parents who were separated and not speaking were
more susceptible to experimental common cold exposure during adulthood, compared to
those whose parents were intact, or separated but still communicated (Murphy et al., 2017).
Early life adversity is thought to influence immune function in adulthood through elevated
inflammatory responses, reduced ability to dampen inflammation, accelerated
immunosenescence, reduced physiological stress reactivity and overly exaggerated
psychological stress reactivity (Fagundes et al., 2013a; Elwenspoek et al., 2017). However,

further research is required to elucidate the role of ELA in URT]I risk and immune function.

We found that early life adversity predicted pre-marathon URT], but there was no
influence of ELA on post-marathon URTI. As mentioned in section 6.3, illness before
competition has important implications for athletes. A potential explanation for the influence
of ELA on pre but not post marathon URT] risk can be linked to research in emotional
regulation. Individuals who have experienced early life adversity have lower emotional
regulation capacity and are higher in alexithymia (a personality trait reflecting an inability to
identify or describe one’s own emotions) (Berenbaum, 1996; Poole et al., 2017).
Furthermore, research has shown that particularly challenging environments, such as events
involving prolonged endurance exercise, provide opportunities for individuals to experience

clear and intense emotions, which may be easier to understand than the emotions experienced
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in everyday life. The experience and subsequent mastery of these emotions in the particular
environment leads to improved emotional regulation, feelings of agency and mental health in
other life domains; only individuals high in alexithymia experienced a significant reduction in
anxiety following a marathon or ultramarathon (Woodman et al., 2010; Roberts and
Woodman, 2015; Woodman and Welch, 2020). Therefore, runners may not experience the
same negative influence of ELA on URTI risk following the marathon, as a result of the
emotional experience of the event itself. Although this hypothesis is reasonable, it remains
largely speculative. Therefore, future work should investigate the relationship between ELA,

emotional regulation, and illness incidence in athletes and around sporting events.

Our findings indicate a potential beneficial effect of the marathon on URTI risk in
those with ELA, but longer-term, it is conceivable that individuals may also experience
deleterious effects as a result of this coping mechanism. Individuals who seek out these types
of events, in order to experience intense emotions, are likely to become acclimatised to these
intense emotions over time, and consequently will receive diminished emotional regulation
benefit from the same activity (Roberts and Woodman, 2015). Such individuals are then
likely to seek out more extreme forms of exercise, in order to gain the emotional regulation
benefits (Barlow et al., 2015). While our work indicated that the increased risk of URTI in
those who had early life adverse experiences was no longer present following the marathon
event, it may be that increased prolonged activity may also bring about adverse outcomes,
such as risks associated with extreme prolonged exercise and exercising when ill. Therefore,
future work examining the long-term influence of exercise as a coping mechanism in

individuals who have experienced ELA is warranted.
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6.5 Poorer perceived sleep quality increases URTI risk in marathon

runners

The strongest predictor of post-marathon URT]I in Chapter 4 was poorer perceived
sleep quality; runners were two times more likely to have a post-marathon URT] if they
reported poorer perceived sleep quality during the two weeks before or after the marathon.
Although previous work has documented the influence of sleep duration and efficiency on
URT]I susceptibility (Cohen et al., 2009; Prather et al., 2015), we found that it was, in fact, an
individual’s perception of sleep quality that was the strongest predictor of URTI.
Interestingly, this finding is consistent with research showing that women who perceived they
had inadequate sleep were at 50% greater risk of pneumonia diagnosis (Patel et al., 2012).
Therefore, it seems that an individual’s perception of their sleep is as important as, if not
more important than, sleep duration or quality. Indeed, it may be that optimal sleep varies
between individuals. For example, individuals may report a longer sleep duration but
perceive it to be poor sleep because of a low perceived quality. Alternately, others may sleep

for a relatively short length of time but perceive a higher sleep quality.

We did not find any influence of self-reported sleep duration on URT] risk. Such an
effect is not wholly unsurprising as the current literature is mixed. Some studies have shown
self-reported sleep to predict susceptibility to URTI (Cohen et al., 2009). Indeed, a recent
study found that military recruits self-reporting sleeping less than 6 h per night were four
times more likely to be diagnosed with an URTI and lost more training days due to URTI
compared to recruits reporting 7-9 h sleep per night (Wentz et al., 2018). However, a study
showed that behavioural-assessed, but not self-reported, sleep duration, predicted URT] risk
(Prather et al., 2015). Therefore, how researchers measure URTI duration may play a key role

in whether they report a relationship to URTI susceptibility. Indeed, sleep measurement that
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accounts for an individual’s perception of combined sleep duration and quality may tell us
more about an individual’s URTI risk than behaviourally assessed sleep duration and

efficiency.

6.6 Methodological limitations

One limitation of our research is that we do not have pathology confirmation of URTI.
However, Chapters 3 and 4 were conducted during winter and the common cold season,
respectively, when one would expect most symptoms to be due to respiratory infection rather
than allergy. Furthermore, a previous study using the same monitoring method showed that
82% of participants returned positive swab results for common cold viruses (Hanstock et al.,
2016). Additionally, in a study of Olympic athletes taking part in the Winter Olympic Games,
aetiology of common cold was detected in 75% of athletes who experienced common cold
symptoms (Valtonen et al., 2019). However, future work should conduct pathological
confirmation where possible, or look at training time lost to indicate meaningfulness of
URTIs, in line with recent I0C consensus recommendations (International Olympic

Committee et al., 2020).

We did not find any influence of training distance on URTI incidence in Chapter 4.

This finding was in contrast to previous marathon research, which found that runners with
higher training load were more likely to have an infectious episode during the two month
period before the LA marathon (Nieman et al., 1990) and were more likely to report upper
respiratory symptoms following an ultramarathon (Peters and Bateman, 1983). However,
training load influence was not a key outcome of the study, as we only monitored self-
reported training distance during the two weeks before the marathon, when runners were
likely tapering, and during the two weeks after the marathon, when runners were likely
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resting after the marathon. Instead, the key aim was to understand how psychosocial and
behavioural factors, which are often overlooked in exercise immunology, play a role in URTI
risk in exercising individuals. However, future work using prolonged and more rigorous
training load monitoring, for example by calculating training impulse (TRIMP), may shed
further light on the role of training load in URT]I susceptibility, alongside factors such as

psychological stress and sleep.

Although we saw differences between men and women for the influence of
psychological stress on the mucosal immune response to exercise (Chapter 5), we could not
examine the influence of psychosocial factors on URTI in females only in Chapter 4, due to
a low proportion of female participants (36%), and insufficient information regarding
menstrual phase and contraceptive use. Therefore, future work should examine the influence
of psychological stress on URTI risk in women, when accounting for menstrual phase and

contraceptive use.

6.7 Future directions

6.7.1 Vitamin D supplementation to maintain vitamin D sufficiency

In Chapter 3, we identified that vitamin D supplementation led to reduced URTI
burden. We targeted vitamin D supplementation during the annual nadir, when 75% of
participants had vitamin D status below government recommended sufficiency. Indeed, we
saw greater effects of vitamin D supplementation for reducing URTI burden when examining
recruits who began with poorer vitamin D status (25(OH)D <50 nmol-L?). A possible future
direction would be to supplement oral vitamin D3 throughout the summer, rather than to

restore vitamin D status at the annual nadir. Doing so would allow us to examine whether
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vitamin D supplementation reduces URTI burden regardless of vitamin D status, for example
in vitamin D sufficient individuals. Furthermore, it would be interesting to explore whether
vitamin D supplementation at URTI onset could reduce inflammation and therefore reduce

URTI burden.

6.7.2 Anti-inflammatory effects of vitamin D supplementation

The key finding from Chapter 3 was that vitamin D supplementation reduced URTI
burden, but did not reduce URTI prevalence. Taken together with our finding that vitamin D
supplementation did not influence mucosal immunity, it is plausible that the effects of
vitamin D supplementation may be tolerogenic in nature, due to vitamin D’s anti-
inflammatory properties. Indeed, vitamin D supplementation has been shown to have anti-
inflammatory effects in other research areas, such as the treatment of cancer, multiple
sclerosis and tuberculosis (Smolders et al., 2010; Krishnan and Feldman, 2011; Coussens et
al., 2012) and has been proposed as a potential aid in the current fight against the COVID-19
pandemic (Laird et al., 2020). Unfortunately, we did not measure markers of inflammation.
Therefore, future work should examine inflammatory markers in response to vitamin D
supplementation, and whether individuals who are supplemented with vitamin D, and
subsequently have an URTI, have lower inflammatory responses compared to those receiving
placebo supplementation. Indeed, inflammatory markers may be lower both generally and
during an infectious episode in those supplemented with vitamin D, indicating that vitamin

D’s anti-inflammatory properties play a role in immune tolerance.

6.7.3 Elite athlete and military populations

In Chapter 4, we found that runners reporting higher psychological stress and
anxiety, early life adversity, or poorer perceived sleep quality, were at greater risk of

reporting a URTI. Furthermore, in Chapter 5, we found that psychological stress and anxiety
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influence the mucosal immune response to exercise. However, these individuals could largely
be described as well-trained/recreationally active, as opposed to elite. Initial evidence
suggests that there may indeed be differences between athletic populations; two papers from
the same team found that there was an influence of psychological stress on URT] risk before
but not after final Olympic team selection, despite no difference in psychological stress and
anxiety, suggesting differences between more and less successful athletes (Drew et al., 2017;
Drew et al., 2018). Indeed, these differences may suggest some survival bias in higher-level
athletes, in line with the proposed “S-shaped curve” of infection risk (Malm, 2006; Drew et
al., 2018). Another interesting population to study would be military personnel, given that
they experience multiple stressors during training and work; high physical demands,
disrupted sleep, increased psychological stress, extreme environmental conditions, and
nutritional deficits. Therefore, future work should explore the influence of psychosocial and

sleep factors on infection risk and immunity in athletic and military populations.

6.7.4 Interventions to reduce psychological stress and anxiety, and improve sleep

In Chapters 4 and 5, we found that psychological stress and anxiety, and poorer
perceived sleep quality, increased URTI risk. An interesting next step would be to examine
whether interventions, which manage psychological stress and anxiety, provide individuals
with coping mechanisms, and/or improve sleep, can reduce illness incidence and mitigate the
reduction in mucosal immunity following a prolonged exercise bout. Cognitive, behavioural
and mindfulness based approaches have been shown to be effective in reducing stress
(Regehr et al., 2013). Recent research has shown promising effects of mindfulness
interventions for specific markers of inflammation, cell-mediated immunity, and biological
aging (Black and Slavich, 2016). Indeed, eight weeks of mindfulness meditation increased
antibody titers to influenza vaccination (Davidson et al., 2003). Furthermore, cognitive

behavioural therapy has shown promise in improving markers of immune function following
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coronary artery bypass, in early-stage breast cancer, and in women with chronic insomnia

following breast cancer (McGregor et al., 2004; Savard et al., 2005; Doering et al., 2007).

Interventions to improve sleep may also prove beneficial in reducing URTI risk. Such
as aiming for >7 h sleep per night, avoiding restricting sleep over many days and ‘catching
up’, daytime napping, optimising sleep hygiene routines, ensuring darkness at bedtimes,
managing caffeine intake, and encouraging good sleep/wake routines (Simpson et al., 2017,
Walsh, 2018). Although little empirical research has studied the influence of interventions to
improve sleep on immunity and URTI risk, initial research shows some promise; sleep
extension in professional rugby decreased cortisol and increased reaction times (Swinbourne
et al., 2018). Indeed, future research should examine whether interventions to manage
psychological stress and anxiety, or improve sleep, reduce URTI risk or modulate immune

function in active populations.

6.7.5 Sex differences in exercise immunology

As mentioned in section 6.3.1, we found a significant influence of psychological
stress on the mucosal immune response to exercise in men. However, we did not see any
influence of psychological stress on the mucosal immune response to exercise in women.
Indeed, there is a distinct underrepresentation of women in numerous areas of exercise
physiological research; a recent review of sports and exercise medicine research in three
major Sport and Exercise Medicine journals demonstrated that 39% of participants were
women compared to 61% men (Costello et al., 2014). Where women are included in exercise
immunological research, there is often a lack of control around menstrual phase and
contraceptive use, or testing occurs when female sex hormone levels are low, to mimic male
physiology, rather than truly studying the physiological effects of female sex hormones (de

Jonge et al., 2019). Studies examining the influence of sex on immunity have reported some
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differences between men and women for URT]I incidence and mucosal immune markers,
although findings are inconsistent (Gillum et al., 2014; He et al., 2014; Drew et al., 2017).
Exercise scientists must make more effort to study the influence of exercise and other factors
on immunity in women. Furthermore, research should study the influence of menstrual
phases, rather than trying to minimise the effects of sex hormones, or seeing them as a
confounding factor, given the likely important physiological implications of female

hormones.

6.8 Conclusions

The major conclusion from Chapter 3 was that vitamin D sufficiency, in line with
government guidelines, reduced URTI burden. Specifically, vitamin D sufficient recruits
were more likely to report a physician-diagnosed URTI compared to those with 25(OH)D
<50 nmol-L1. Then, vitamin D supplementation, which achieved sufficiency in almost all
(95%), reduced URTI burden, specifically total days with URTI and peak URTI severity.
Interestingly, we found that recruits who began vitamin D supplementation with 25(OH)D
<50 nmol-L* saw greater benefits; reduced URTI duration, and greater reductions in total
days with URTI and peak URT]I severity. Vitamin D supplementation did not reduce URTI
incidence, or influence mucosal immunity, which suggests that vitamin D may improve
immune tolerance, rather than host defence. We also examined the influence of vitamin D
supplementation by simulated sunlight compared to oral vitamin Dz and found no additional
beneficial effects of simulated sunlight. Therefore, oral vitamin D3 supplementation is an
easy and effective supplementation strategy, which does not require significant time burden
or bulky irradiation cabinets, is effective regardless of sun-reactive skin type, and has no risk

of erythema.
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In Chapters 4 and 5, we found that psychological stress and anxiety influence URTI
susceptibility and the mucosal immune response to exercise. Marathon runners with higher
psychological stress and anxiety were more likely to suffer with a URTI, and perceived
psychological stress, trait anxiety and state anxiety had a negative relationship to the mucosal
immune response to both a moderate, lab-based exercise bout and a field-based marathon.
Taken together, Chapters 4 and 5 indicate that psychological stress and anxiety play a key
role in URTI risk and mucosal immunity in exercising individuals. Furthermore, our findings
support the recommendation that exercise physiologists should account for psychological
stress and anxiety when examining the immune response to exercise. We also found that
runners reporting ELA were over two times more likely to report a pre-marathon URTI and
runners reporting poorer perceived sleep quality were two times more likely to report a post-

marathon URTI.

The findings of this thesis show that vitamin D supplementation reduces URTI burden
in young, and otherwise healthy individuals. Our research also highlights the key role of
psychological stress and anxiety in URTI risk and mucosal immunity, and the need for future
research in exercise immunology to account for psychological stress and anxiety.
Furthermore, we have highlighted the importance of an individual’s perception of their sleep,

and the role of new and novel factor, early life adversity, in URT] risk.
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APPENDIX A

Example Informed Consent

Bangor University
SCHOOL OF SPORT, HEALTH AND EXERCISE SCIENCES

1 Title of project

2 Name and e-mail Sophie Harrison (s.harrison@bangor.ac.uk)

address(es) of all Prof. Neil Walsh (n.walsh@bangor.ac.uk)
researcher(s)

Please provide two copies and tick boxes accordingly, if you agree:

1 I confirm that | have read and understand the Information Sheet dated
...................... for the above study. I have had the opportunity to consider the
information, ask questions and have had these answered satisfactorily.

2 Please delete as appropriate
(i) Patients:

I understand that my participation is voluntary and that | am free to withdraw at any
time without giving a reason, without my medical care or legal rights being affected.

(i) Students:

| understand that my participation is voluntary and that | am free to withdraw at
any time without giving a reason. If | do decide to withdraw | understand that it
will have no influence on the marks | receive, the outcome of my period of study,
or my standing with my supervisor or with other staff members of the School.

(iii))  General members of the public:

| understand that my participation is voluntary and that | am free to withdraw at
any time without giving a reason.

3 (If appropriate) | consent to the information collected about me being used to
support other research in the future, and may be shared anonymously with other
researchers.

4 | understand that | may register any complaint I might have about this experiment
with Dr. Jamie MacDonald, Head of School of Sport, Health and Exercise Sciences,
and that I will be offered the opportunity of providing feedback on the experiment |:|
using the standard report forms.

5 | agree to take part in the above study.

Name of PartiCipant ...........cooiiiiiii e e e e e

SIgnature ........c.ooevviiiiiiiii Date ....ooiiiii
Name of Person taking ConSeNt...........o.ovuiveiiiitiiiiitiitiitiieeiereeneeirennanenns
Signature ........ccoovviiiiiiiiiiies Date ..o
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APPENDIX B

Example Medical Questionnaire

Bangor University
SCHOOL OF SPORT, HEALTH AND EXERCISE SCIENCES

Name of PartiCipant .......c...ouiiutiiii it
ALE o
Are you in good health? YES NO

If no, please explain

How would you describe your present level of activity?
Tick intensity level and indicate approximate duration.

‘ Vigorous ‘ ‘ Moderate Low intensity

Duration (Minutes Per SESSION) ......eutentettentettatteteiteeteteaneaeenaeaneaeans

How often?
< Once per month 2-3 times per week
Once per month 4-5 times per week
Once per week > 5 times per week
Have you suffered from a serious illness or accident? YES NO

If yes, please give particulars:

Do you suffer from allergies? YES NO
If yes, please give particulars:

Do you suffer, or have you ever suffered from:

YES | NO YES | NO
Asthma Epilepsy
Diabetes High blood pressure
Bronchitis
Are you currently taking medication? YES NO

If yes, please give particulars:

Are you currently attending your GP for any condition or have you consulted your doctor in

the last three months? YES NO
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If yes, please give particulars:

Have you, or are you presently taking part in any other laboratory experiment?
YES NO

If yes, please give particulars:

Do you have a history of immune-related illness or cardiovascular disease?
YES NO

If yes, please give particulars:

PLEASE READ THE FOLLOWING CAREFULLY
Persons will be considered unfit to do the experimental exercise task if they:

e have a fever, cough or cold, or suffer from fainting spells or dizziness;

e have suspended training due to a joint or muscle injury;

e have a known history of medical disorders, i.e. high blood pressure, heart or lung
disease;

e have had hyper/hypothermia, heat exhaustion, or any other heat or cold disorder;

e have anaphylactic shock symptoms to needles, probes or other medical-type equipment;

e have chronic or acute symptoms of gastrointestinal bacterial infections (e.g. Dysentery,
Salmonella);

e have a history of infectious diseases (e.g. HIV, Hepatitis B); and if appropriate to the
study design, have a known history of rectal bleeding, anal fissures, haemorrhoids, or
any other condition of the rectum.

PLEASE COMPLETE AND SIGN THE DECLARATION BELOW
DECLARATION

| agree that | have none of the above conditions and | hereby volunteer to be a participant in
experiments/investigations during the period of

My replies to the above questions are correct to the best of my belief and | understand that
they will be treated with the strictest confidence. The experimenter has explained to my
satisfaction the purpose of the experiment and possible risks involved.

| understand that | may withdraw from the experiment at any time and that 1 am under no
obligation to give reasons for withdrawal or to attend again for experimentation.

Furthermore, if | am a student, | am aware that taking part or not taking part in this
experiment, will neither be detrimental to, or further, my position as a student.

| undertake to obey the laboratory/study regulations and the instructions of the experimenter
regarding safety, subject only to my right to withdraw declared above.

Signature (participant) ...........coociiiiiiiii Date .......oovvniinnnnin
PFINERAME ... ..o co oo oo e e e et e et e e e e et e et e e
Signature (eXperimenter) ..........ccooiviiiiiiniiiinins, Date ........ccooiviiinn,
PFINERAME ... ... oo e e e e e e e e e et e e e e e e e e
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APPENDIX C

Jackson Common Cold Questionnaire

For each sign of illness, please cross one box that describes how you feel today:

Not at all Mild Moderate Severe

Sneezing

Headache

Feeling generally
unwell

Runny nose

Blocked nose

Sore throat

Cough

Chilliness
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