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Abstract

Single bouts of exercise elicit changes to the number of immune cells within the
bloodstream of humans. The initial transient increase in cell types including
haemopoietic and progenitor cells (HSPCs) may offer relevance in the context of
peripheral blood stem cell donations, which are used to collect HSPCs to treat various
haematological disorders. The composition of the collected HSPC-rich immune graft is
equally important, with higher numbers of cytolytic natural killer (NK) cells predicting
better health outcomes in patients, and strikingly, these cells are mobilised up to 10-
fold during exercise. Mobilisation of immune cells during exercise forms part of a
dynamic response in recovery, that may drive immune remodelling when repeated over
time. The mechanisms underpinning this are not well understood, but recent work has
started to examine bioenergetic responses within the total peripheral blood
mononuclear cell (PBMC) fraction. PBMCs are a highly heterogeneous population of
T and B lymphocytes and monocytes, each with various subsets with distinct
bioenergetic profiles. Given that single bouts of exercise evoke marked compositional
changes to PBMCs, providing single cell resolution of immunometabolic changes is

crucial to facilitate understanding of the acute immune response to exercise.

Chapter 2 investigated differences in HSPC and cytolytic NK cell concentrations during
and after continuous and interval-based cycling bouts utilising high intensity interval
exercise (HIIE). We demonstrated that 2 x 2-minute bouts of HIIE (90-95% HRmax)
were sufficient to increase peripheral blood HSPC concentrations above rest, but not

in response to 30 minutes of continuous cycling at moderate intensity. Furthermore,



peripheral blood was enriched with higher numbers of cytolytic NK cells following bouts
of high and low volume HIIE, compared to moderate intensity cycling. These data
indicate that a very low volume of cycling at a high intensity can potentiate peripheral
blood HSPC concentrations and provides a rationale for exploring whether intermittent

cycling during PBSC collections can increase the yield of HSPCs for transplant.

Chapter 3 developed methods using extracellular flux analysis to examine the
metabolic phenotype and real time responses to ex vivo activation of enriched naive
Helper and Cytotoxic T cells vs. PBMCs. Conditions were optimised for nutrient assay
conditions (i.e., glucose and glutamine concentrations) and blood collection
procedures (anticoagulant and blood ‘sitting’ time) to provide a robust experimental

model for chapter 4 of this thesis.

Chapter 4 utilised an innovative human study design and methodology to investigate
the impact of prolonged moderate intensity cycling on the energy metabolism of naive
T cells. This study provided detailed analysis at the single cell level for both naive CD4*
and CD8" T cell subsets. This chapter showed that a 2-hour session of cycling at a
moderate intensity (define by a power output that reaches 95% of the lactate threshold-
1) did not cause any changes in the metabolic profiles of naive CD4*and CD8* T cells,
or peripheral blood mononuclear cells (PBMCs), immediately after or 2 hours into
recovery, compared to rest. This included comprehensive measures of mitochondrial
respiration, glycolytic flux, and ATP synthesis rates. Furthermore, there were no
differences in the bioenergetic responses to ex vivo activation of PBMCs or enriched

naive T cells based on sampling before, immediately after or 2 hours following cycling



completion. These data indicate that the metabolism of PBMCs and naive T cells are

unaltered within 2 hours of prolonged moderate intensity cycling.

Overall, this thesis presents novel data on acute changes in circulating immune cell

number and function within peripheral blood.
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Thesis Outline

This thesis is composed of 5 chapters and begins with Chapter 1 providing general
introduction to immunology in the context of exercise. This chapter forms a narrative
review discussing how single sessions of exercise impact the number and function of

immune cells in peripheral blood.

Chapter 2 aimed to investigate the impact of continuous vs. interval exercise on HSPC
concentration and function. This provides the rational of the feasibility and clinical

implementation of interval cycling in a PBSC donation context.

Chapter 3 elucidates the details of method development to implement in experimental
Chapter 4. Chapter 3 optimised experimental methods to examine real-time
immunometabolic processes in T cells using EFA assays in a Jurkat cell line and

enriched primary naive CD4* and CD8* T cells.

Chapter 4 investigates the effect of prolonged moderate intensity exercise on T cell
bioenergetics in isolated vs. mixed cell populations (PBMCs). Chapter 4 examined
whether 2-hour moderate intensity cycling can have effect on how immune cell

modulate bioenergetics.

Finally, Chapter 5 outlines key findings from the experimental chapters and presents

directions for future research.
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Chapter 1: General Introduction

1.1 Thesis Overview

The immune system is a complex network of proteins, cells, and organs, that defend
the body against infection, repair tissues and prevent disease (1). The immune system
responds to multiple physiological cues and adapts or degrades depending on the
magnitude and duration of the exposure. Over a century ago, a landmark paper
reported a marked increase in peripheral white blood cell concentration after a single
bout of exercise (2). A wave of investigations on the immune system's response to
both acute (single bout) and chronic (repeated bouts) exercise have since been
undertaken in populations across the spectrum of human health. These include
athletes (3-5), older adults (6—-8) and people with communicable and non-
communicable disease (9), thus sparking interest in the combined disciplines of
exercise immunology with sports nutrition, athlete well-being and more recently clinical

health.

Alterations in substrate availability within immune cells during exercise is responsible
for mediating the movement of the cells towards the bloodstream that may indicate a
stimulation for substrate uptake to meet their energy demand (10-12). However, these
claims require further study due to a series of factors, notably limited data at a single
cell level. This is important given that the immune system is highly heterogeneous with
specific roles and metabolic profiles; however, novel methodologies are now offering
huge potential to unravel this complex picture and analyse immune cell function with a

high degree of sensitivity and accuracy at the single cell level (13-18). The field of



immunometabolism is a rapidly expanding field in immunological research, with
rewiring of cellular metabolism now linked with modulating multiple immune processes
(19). Despite the high energy demands of a bout of prolonged moderate intensity
exercise, its impact on the metabolism of immune cells at a single cell level has yet to

be investigated.

As well as understanding how the function of immune cells changes with acute
exercise, there has been much interest in exploiting changes in the number and
composition of immune cells after exercise in clinical practice, such as peripheral blood
stem cell (PBSC) donations. A single bout of exercise enriches peripheral blood with
cells capable of killing viruses and tumour cells (e.g., natural killer cells), as well as
stem cell populations (e.g., haemopoietic stem and progenitor cells (HSPCs) and
mesenchymal stem cells (MSCs) that repair and regenerate tissues, notably the
immune system. This dynamic physiological response is thus hugely attractive to
clinicians and patients for the potential treatment of people with a variety of illnesses
characterised by impaired immunity. Despite the strength of the underpinning science
supporting this concept, the practicalities of how this might feasibly work have yet to
addressed. Given the transient nature of the increase of these cells in peripheral blood
(<15 minutes) and the length of time taken to undertake a peripheral blood stem cell
donation (3—4 hours), intermittent exercise is perhaps the only feasible strategy to
maximise the concentrations of these cell types over time. The optimal intensity and
duration of these intervals for different types of donors and how exercise impacts the

guality of these cells are however far from clear.



This thesis aims to address two primary research questions through the design of acute
exercise studies: 1) can intermittent exercise sustain peripheral blood concentrations
of HSPCs compared to steady state exercise and 2) how does a single bout of
prolonged moderate intensity exercise impact bioenergetics in mixed vs. isolated

immune cell populations.

This thesis is composed of 5 chapters, beginning with a background to immunology in
the context of exercise, with a primary focus on how single sessions of exercise impact
the number and function of immune cells in peripheral blood (Chapter 1). Chapter 2
evaluates the impact of continuous vs. interval exercise on HSPC concentration and
function. Chapter 3 provides details of the development of methods for implementation
in experimental chapter 4 that investigates the effect of prolonged moderate intensity
exercise on T cell bioenergetics in isolated vs. mixed cell populations. Finally, Chapter
5 outlines key findings from the experimental chapters and presents directions for

future research.

1.2 The Immune System

The human body is consistently under exposure of pathogenic agents, such as
parasites, virus, bacteria, and fungi (20). The immune system is a complex array of
cells that defend the body against these pathogens and coordinate the repair and
turnover of bodily tissues by exhibiting various effector functions (21,22). Immune cells
express unique combinations of molecules on their cell surface (e.g., cluster of
differentiation (CD) and pattern recognition receptors (PRR), which indicate their stage

of lineage-specific differentiation, phenotype and/ or current functional state (e.g.,



activation) (23). Fluorescently conjugated monoclonal antibodies are commonly used
to detect these molecules to identify and classify immune cell populations using flow
cytometry (23). Mature immune cells are produced from the bone marrow derived
haematopoietic stem cell (HSC) lineage. HSCs differentiate into cells of the myeloid or
lymphoid lineage and form the two key components of cellular and humoral immunity,
namely innate (non-specific or natural) and adaptive (specific or acquired) respectively
(24). These cells and chemicals are circulated via the lymphatic system - a group of
tissues (lymph nodes and tonsils), vessels (lymphatic capillaries) and organs (bone
marrow, spleen, and thymus) that work together to gather excess fluids, filter out waste

products, and initiate specialised immune responses (25).

1.2.1 Haematopoietic Stem Cell Lineage

The majority of specialised cells present in mammalian blood have varying yet
restricted lifespans and require continuous replenishment that relies on a group of
precursor cells. These cells are pluripotent able to self-renew and develop into diverse
types of blood cells including immune cells (26). During fetal stage, the migratory
capabilities of HSCs have been associated with their function to undergo multiple
modifications and differentiate into haematopoietic progenitor cells (HPCs) (27).
However, HSCs progressively lose the ability to differentiate into certain cell lineages
upon entering aging phase (28). The loss of self-renewal potential of HSCs into a
specific cell lineage leads to the commitment of HPCs to differentiate into different cell
lineages (29). HPCs can differentiate into blood cells, which fall under lymphoid or

myeloid lineage. The lymphoid lineage consists of T, B, and natural killer (NK) cells,



whereas the myeloid lineage comprises megakaryocytes and erythrocytes, as well as

granulocytes and macrophages (30,31).

1.2.2 Innate Immunity

The ability of innate immune cells to recognise foreign molecules is programmed in the
specialised cell lineage (germline) responsible for carrying and transferring genetic
information between generations. As a result, this system is highly conserved in
humans and has been historically defined as having no memory function, although this
notion has recently been challenged (32). Cells of the innate immune system include
dendritic cells (DC), macrophages, monocytes, neutrophils and NK cells, and use
pattern recognition receptors (PRRS), including Toll-like receptors (TLRs), C-type lectin
receptors (CLRs), and galectin family proteins to detect pathogen-associated
molecular patterns (PAMPS) (32) which are conserved molecular structures found in
several types of bacteria, such as endotoxin or lipopolysaccharides (LPS), teichoic

acids, or bacterial DNA (33).

Innate immunity is the first system of body defence employed by the host immediately
or within hours of encountering a pathogen and for governing tissue repair (34). The
innate immune system comprises four types of defensive lines: anatomic or physical
barriers (skin and mucous membrane), physiological (temperature, acidity, and
chemical mediators), phagocytic (dendritic cells, neutrophils, monocytes,
macrophages, basophils, and eosinophils) and soluble inflammatory molecules
(interleukins (IL), interferons (IFN), tumour necrosis factors (TNF), colony-stimulating

factors and histamine) (35). Notably, mucosal surfaces are responsible for protecting



the respiratory tract, nasal passages, and intestines from opportunistic pathogens
triggering an infection (36). Failing this, innate immune cells comprising granulocytes
(neutrophils, eosinophils, and basophils), monocytes/macrophages, DC, and NK cells)
are the next line of defence against these pathogens. Granulocytes are a type of white
blood cell containing small granules that secrete proteins such as cytokines,
chemokines, and digestive enzymes to rapidly break down pathogens (37). Different
from the other innate immune cells, NK cells are lymphocytes (one cell group in
adaptive immune system) that are able to release cytokines upon activation and play
a vital part in the elimination of cancer cells as well as the clearing of virally infected
cells (38,39) by enhancing their lysis properties (cytolytic activity) towards virus
infected or transformed cells (40,41). Since NK has non-specific response to an
antigen, it provides antigen-independent defence mechanism leading to generate non
immunologic memory response and therefore cannot recognise subsequence infection

of the same pathogen in the future (20).

1.2.3 Adaptive Immunity

Operating in conjunction with the innate immune system are organs, cells and
chemicals of the adaptive immune system. The solitary cells of the adaptive immune
system are called lymphocytes, composed of T and B cells. T cells are activated
through interaction with Antigen Presenting Cells (APCs) such as dendritic cells that
ingest pathogens and present antigens to T cells via the major histocompatibility
complex (MHC) within lymph nodes (19). B cells can also be activated in this manner,
as well as via T cell dependent mechanisms that results in their differentiation into

plasma cells to manufacture antibodies (immunoglobulins, Ig) (20). Immature T and B



cells undergo antigen receptor gene rearrangements during development (negative
selection), resulting in an extremely diversified repertoire of antigen-specific receptors
capable of identifying all possible antigens (42). The early lymphocytes (T and B cells),
like those of other blood cells, come from HPCs produced in bone marrow (43). As
they are highly mobile, T cells specifically travel to thymus glands (primary lymphoid
organ) for maturation and migrate to secondary lymphoid organs like lymph nodes and
spleen where they capture circulating antigens from lymph and blood. Lymphocytes
emigrating from the spleen and lymph nodes moreover can subsequently perform
effector roles (antigen-attacking ability) at a variety of locations throughout the body

such as common sites of infection (44).

T cells are broadly grouped into two subpopulations including CD8* T cells known as
killer or cytotoxic T cells that elicit immune response against intracellular pathogens
such as virus-infected or cancerous cells (45), and CD4+ T cells, also known as helper
T cells, which coordinate immune responses (e.g., activation of B cells and
macrophages by producing cytokines) against different types of pathogens (46).
Moreover, each T cell subpopulation has different subsets including naive T cells which
are novel to antigen exposure and defined by cell surface receptor expression of
CD45RA*CCR7*. Federica et al. (1999) reported that naive T cells have uniform
expression of CCR7 which mediates their homing to primary lymphoid tissues (47).
Memory T cells are developed after antigen exposure and are commonly distinguished
by the presence or absence of CD45RA and CCR7 receptor expression,
subcategorised into central memory (CM) T cells (CD45RA-CCR7*) which traffic to

lymphoid tissues, effector memory (EM) T cells (CD45RA-CCR7-) which migrate to



multiple peripheral tissue sites and terminally differentiated effector memory (TEMRA)
T cells (CD45RA*CCRT7") (47,48). Different from naive subsets, memory subsets have
experience of a diverse range of antigen exposures over the course of person’s life
and facilitate more rapid immune responses to infections caused by the same

pathogen (49).

B cells have a variety of activities in the immune system, including antigen
presentation, cytokine secretion, and establishing the architecture of lymphoid organs,
but their principal function is their differentiation into plasma cell producing antibodies
(50). Unlike T cells, B cells have unique antibodies on their cell surface that allow them

to identify antigens without the use of APCs (20).

When the body is exposed to infection, tissue damage, inflammation, or dysregulation
of immune system, a sequence of biochemical and physiological events evokes the
mobilisation of both innate and adaptive immune cells into peripheral blood. It is well
established that single bouts of physical exercise elicit mobilisation of all the main types
of white blood cells (leukocytes) into the bloodstream, a response termed leukocytosis.
Repeated exposure to exercise-induced leukocytosis over periods of exercise training
are then believed able to drive a series of adaptations to the immune system that

enhance immune surveillance, improve health, and lower risk of illness (51-53).



1.3 Exercise and Immune System

1.3.1 Chronic Exercise and the Immune System

Current evidence indicates that engaging in regular physical activity and/ or structured
bouts of exercise lowers the risk of both communicable (e.g. bacterial and viral or
diseases all characterised by compromised immunity) (9,52). Studies have
demonstrated that regular exercise training elicits a range of anti-inflammatory effects.
For example, regular exercise stimulates the hypothalamic-pituitary-adrenal axis and
sympathetic nervous system (SNS) (54), which heightens the release of plasma
cortisol and adrenaline that downregulate the production of pro-inflammatory cytokines
(e.g., TNF-a and IL-1B in immune cells) (55,56). Moreover, increased secretion of
myokines (specifically IL-6) from skeletal muscle can lower the systemic inflammatory
profile with regular training (53). Changes to the composition of inflammatory immune
cells within peripheral blood (57) and tissues (e.g., adipose tissue-resident
macrophages (58)) have also been reported with regular exercise training. Timmerman
et al. (2008) reported that a 12-week exercise programme substantially decreased the
percentage of pro-inflammatory monocytes in the peripheral blood of physically
inactive older adults (57). There is also data to indicate that exercise training can
reduce the expression of receptors on cell membranes that control the function,
mobility, and production of inflammatory cytokines by immune cells (53). At present,
the contribution of changes in body composition that accompany training (59) and
direct changes to cells of the immune system (58) on the anti-inflammatory effects of
exercise are unclear in humans. Nonetheless, regular exercise training improves

aspects of immune function, and this has been eloquently demonstrated by studies



reporting improvements in in vivo immunity, notably wound healing (60), vaccination
responses (61,62), and a lower incidence and severity of common upper respiratory

tract infections (URTI) (9,52,63,64).

A consistent narrative in the literature over the past 40 years has been that high training
loads can impair immune function and increase susceptibility to URTIs (64—66). The J-
shaped model was first proposed following a study reporting a higher incidence of
URTIs in runners after the Los Angeles marathon (66). Coupled to this, studies have
reported relationships between URTIs and immune outcomes measured in the
bloodstream, including the number, frequency and/ or function of immune cell
populations, and the concentration of proteins released from immunological cells or
tissues (e.g., cytokines and antibodies) (53,66—71). However, recent limitations have

been emphasised with regards to this body of literature (52).

Many studies investigating the effect of exercise on immune cell function had been
conducted by collecting data from self-reported incidence of URTI and not a clinically
confirmed infection (9,52). With regards to analysis at the level of the immune system,
laboratory methods have mostly examined functional changes (e.g., proliferation and
cytokine production) within the PBMC fraction, which is a heterogenous mix of
lymphocytes and monocytes (63,68,69,72,73). In fact, the composition of cell types
within peripheral blood (74) and tissues (75) has been reported to change after periods
of exercise training (9,52,63). These shifts in cell composition are more marked in
response to individual bouts of exercise, which are regularly used to examine and

model the influence of exercise on the immune system (76). The next section will
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overview the impact of single (or ‘acute’) bouts of exercise on the immune system
before then focussing on two applications for this thesis: 1) the potential to harvest
certain cells as a result of this acute response (section 1.4) and 2) examining
functional changes, namely immunometabolic, underpinning the mobilisation of

immune cells during bouts of exercise (section 1.7).

1.3.2 Acute Exercise and the Immune System

One of the most reproduced discoveries in exercise immunology since 1902 (2) is the
rapid increase in peripheral blood leukocytes during exercise (77,78). Single bouts of
exercise cause remargination of all major leukocytes, which is mediated by an increase
in hemodynamic shear forces and the release of catecholamines resulting a striking
leukocytosis. This response is not uniform, with a substantial intensity-dependent
increase in antigen experienced effector cells observed, notably non-classical
monocytes (79), gamma-delta T cells (80—82), cytotoxic T cells (80,81) and NK cells
(79,80). The latter are the most sensitive to mobilisation with exercise, specifically the
cytolytic subset expressing low amount of CD56 (termed CD564im NK cells), due to
their higher density of B2-adrenergic receptors compared to other subsets (83,84). This
increase in count is also matched by a rise of NK cytolytic activity (85—-87), indicating
that exercise-induce leukocytosis is likely a functional response indicative of enhanced

immunity.

Within minutes of exercise cessation, lymphocytes and monocytes rapidly egress from
the peripheral blood compartment (80), either becoming remarginalised or later (1-3

hours) migrating to peripheral tissues mediated by glucocorticoid signalling (61). NK
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cells, B cells and T cells exhibit this biphasic pattern (80,88-91), exemplified by a rapid
increase in peripheral blood concentration during (92) and a decrease below resting
concentration within hours of the bout (80). Itis now widely accepted that this decrease
in concentration results from the redistribution of these cells to peripheral tissues
(discussed in section 1.6 below), particularly those that mount vast effector functions.
Indeed, effector memory CD8* T cells and CD564im NK cells are essential in eradicating
malignant or virus infected cells (1,61,93) and these lymphocytes are the most
responsive to mobilisation during exercise (1,79,93,94). Unlike T and NK cells, Turner
et al. (2016), reported that B cell mobilisation during exercise was not influenced by
effector status, yet immature cells, which could benefit in the detection of new
pathogens (95). Similarly, neutrophil numbers, which increase in peripheral blood
during exercise and continue to increase in recovery, result from the appearance of
immature neutrophils from the bone marrow (96-98). Although circulating in
substantially lower numbers, concentrations of different lineages of stem cells (i.e.,
endothelial (ESC), hematopoietic (HSC), and mesenchymal (MSC)) also increase in
peripheral blood during and after bouts of exercise (99). Together with the enrichment
of NK cells and effector lymphocytes (100), this has led to an emerging interest in
whether exercise could be a powerful adjuvant to isolate stem cells, particularly HSCs,

for clinical benefit (100,101).

1.4 Exercise and Immune Cell Harvest
HSPCs play an important role in processes of cell regeneration in the human body.
The bone marrow is a rich source of HSPCs, which are principally involved in the

maintenance of hematopoietic system, namely formation of cells of the innate and
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adaptive immune system (102,103). The importance of HSPCs in the regeneration of
the immune system makes their utility paramount for the treatment of various
haematological malignancies and other blood disorders (100,101,104). Every year
approximately 90,000 people worldwide receive hematopoietic stem cell transplants
(HSCT) (105), with approximately 2,000 of these taking place in the United Kingdom

(106).

In transplantation setting, HSPCs can be obtained from a variety of sources, including
mobilised peripheral blood (mPB) termed PBSC, umbilical cord blood (CB), and bone
marrow (BM) (107,108). However, HSPC collection from PBSC is favourable because
it allows for faster recipient reconstitution than CB and easier access than BM. PBSC
HSPCs therefore are currently used in nearly all autologous transplants and 75% of
allogeneic transplants (107,108). PBSC collections are carried out by the patient
requiring the HSCT prior to their treatment (autologous donor) or a human leukocyte

antigen (HLA)-matched donor (allogeneic donor).

Bone marrow-derived HSPCs circulate in modest numbers in peripheral blood under
homeostatic settings (109). Since HSPCs are limited in peripheral blood circulation,
pharmacological intervention is mandatory to mobilise HSCs from the bone marrow for
PBSC collections (107). Intradermal injections of granulocyte-colony stimulating factor
(G-CSF) for 4-5 days are administered to stimulate proliferation of HSPCs in the bone
marrow and migration into peripheral blood. This raises the concentration to the
required HSPC collection threshold, and enables commencement of apheresis, the

process of extracting the immune cell fraction from blood (108,110). Despite the fact
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that G-CSF has been utilised during PBSC collections since the 1980s, there are still

significant therapeutic hurdles for both autologous and allogeneic donors.

With up to 40% of autologous donors classified as "poor mobilizers" during PBSC
collections, engraftment failure is more common for autologous HSCT (111). Because
these individuals do not respond well to pharmacological treatments, it is difficult to
harvest enough HSPCs for transplantation. In some individuals, therefore prolonged
apheresis, numerous mobilisation attempts, or alternate HSPC collection methods are
required, leading in higher health-care expenses and significant psychological impacts
on patients (112). Moreover, side effects of G-CSF administration such us bone pain
and nausea have been identified as factors that may dissuade potential HSPC donors
(110,113). As a result, improved techniques for HSPC mobilisation in an autologous

HSCT setting are required.

On the other hand, with less than 5% failure (114), allogeneic donations are largely
successful with regards to harvesting sufficient HSPCs. However, the composition of
other cells (such as NK and T cells) within the HSPC-rich graft from the allogeneic
donor can result in significant health issues following the HSCT, namely a medical
condition known as Graft vs. Host Disease (GvHD) (115,116). GvHD causes damage
to immunodeficient tissues, such as the skin, digestive system, and liver, in individuals
who have received an allogeneic graft. Acute GvHD can long up to 100 days with
around 50% occurrence rate, whereas chronic GvHD can range from 6% to 80% (117).

This condition leads to death in approximately 15% of recipient (118). The composition

14



of other cells in the graft such as cytolytic natural killer (CD564im NK) cells have been

associated with a lower risk of GvHD (115,116).

High intensity exercise without G-CSF administration results in peak concentrations of
HSPCs at around 5 cells/uL in the bloodstream which is equivalent to an estimated
dose of about 320,000 HSPCs/kg (120,121). However, 10-150 HSPCs/uL are
achieved after 5 days of G-CSF therapy which is superior to non-pharmaceutical
treatment, and it remains at that level for several days (122). HSPCs can be mobilised
without the need of pharmaceutical drugs, but to a lesser extent. Moreover, the amount
of HSPCs in peripheral blood varies throughout the day and is influenced by circadian
rhythms (123). Similarly, acute physiological stress can raise HSPC levels in the
peripheral circulation quickly and transiently (124). Exercise, as a type of physiological
stress has been demonstrated to mobilise hematopoietic progenitor cells, which may
aid in the repair of tissue injured during the activity (125-127). HSPCs concentration
increases transiently by 1-2.5-fold over resting levels (120,121,128) and for CD56im

NK cells, this can be up to 10-fold (83).

Table 1.1 Research on Exercise-induced HSPC Mobilisation.

Author Subject Study Design Key Finding
There was a significant
Callanan et 16 healthy males increase in CD34* cells
al., 2021 (aged 20 — 39 Cycling for 20 minutes. (3.9+2.0t05.3+2.8
(129) years) cells/uL, P < 0.001)

following exercise.
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Author Subject Study Design Key Finding
DEE increased the
Participants practiced proportion of CD34+
Wu et al 22 healthy males the day easy exercise circulating in peripheral
2020 (1?;’0) (aged 25 — 62 (DEE) twice a day, 30 blood of adults after 1-
years) min each time for 3 month practice (4.7 £ 2.31

months.

to 8.8 + 4.73 cells/uL, P =
0.007).

Nederveen et

16 healthy males

Subjects completed 10
x 60 s intervals of high
intensity interval training

CD34+ cells per millilitre of
blood increased
immediately post-exercise,

al., 2020 (aged 21.5-69.9 (HIIT) on cycle older males
(105) years) ergometer at a workload (~101%, P <0.05) and
which elicited ~90% young males
maximal HR (HRmax) (~352%, P <0.05)
Participants completed  Circulating CD34+CD45
a 45-min bout of dim progenitor cells were
O'Carroll et 12 participants continuous (CONTEX) higher immediately post-
al., 2019 (aged 29 £ 2 and 6 x 20 s sprint exercise in SPRINT (1,515
(131) years) interval exercise + 206 to 2,496 + 443
(SPRINT) on a cycle cells/mL, P =0.03), but
ergometer unchanged in CONTEX.
A 20-minute vigorous Concentration of mobilized
20 health exercise regimen on an hematopoietic stem cells
Anz et al., subiects él ed upright stationary bike at was significantly higher
2019 (132) 21_145 earg'js) 70% to 85% of following exercise, from
y maximum target heart 1.7/uL to 2.7/uL, P =
rate. 0.043).
On separate days in A significant (p < 0.05)
random order, performa . inth ber of
single bout of treadmill Increase in the num ero
) . CD34*HSCs at 15-min of
running exercise .
consisting of either 30- vigorous vs 1h moderate
15 healthy : intensity (4.2 £ 1.42 vs
Agha et al., min of steady state
runners (aged : 3.25+1.43, P <0.001)
2018 (102) running at +15% of . .
28.3 £ 7.8 years) : and immediately post-
ventilatory threshold ise for Vi
(VT) (vigorous) or 90- exercise for vigorous vs
min of steadv state moderate intensity (4.40 +
. y 1.37vs 2.78 £1.15; P <
running at -5% of VT
0.001).
(moderate).
The circulating progenitor
A maximal exercise test cells (CPCs) are
Niemiro et 7 healthy men on a motorized treadmill  significantly increased 2.7
al., 2017 (aged 25.3 £ 2.4  increases of 1% per and 2.4-fold, respectively,
(133) years) minute until volitional at 20 and 40 minutes into

exhaustion.

exercise compared with
Pre values.
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Author

Subject

Study Design

Key Finding

11 healthy men

Healthy individuals were
exercised on a cycle
ergometer at 70% of
their peak work rate

The 70% WRpeak €XErcise
group showed greater
mobilization immediately
post-exercise

ggll‘ﬁr(igj;" (aged 23529  (WRpea) until volitional  (98.4%, P < 0.05), while
years) fatigue and at 30% of there was no observable
their WR peak work increase in mobilization in
matched to the 70% the work matched 30%
WRpeak bout. WRpeak EXErcise group.
Circulating CD34+ cells
: . was significantly higher
feslance eerise  afe oorise (1930 P <
Ribeiro et al., gg \é\/? Tins(aged of 60% (n =13), 70% (n ?'OOlg ancli_ the change
2017 (135) 87 £ 1. - 12) or 80% (n = 13) of from baseline was greatest
years) one repetition in the 80% group_(81.1%,
maximum P< 0.001), reaching the
' highest at 6 hours post-
exercise.
30 min acute moderate-
15 healthy intensity continuous CD34+ number did not
Harris et al., postmenopausal (CON), interval (MOD- change post exercise
2017 (136) women (aged 63 INT), and heavy- regardless of exercise type
* 4 years) intensity interval (P >0.05).
(HEAVY-INT) exercise.
Endurance exercise
12 healthy Long-distance running increased the number of
Marycz et al., o : o
2016 (137) runners (aged 20 for one year, six times HSECS circulating in
— 28 years) per week. peripheral blood (P <
0.05).
No statistically significant
45 older men and A 30-min bout of changes in CD34+
Lutz etal,, women adults submaximal exercise on hematopoietic progenitor
2016 (138) (aged 60 — 64 dmill I ber aft ¢
years) a treadmill. cell number after acute
submaximal exercise.
Subjects were divided
into 3 exercise groups:
concentric endurance
36 healthy test group (CET), a Not only CET but also acute
Kriger et al., subjects (aged resistance exercise test bouts of RET and ECC
2015 (120) ) 9 group (RET), and an increased in HPCs (P <

21- 29 years)

eccentric endurance test 0.05).

group (ECC) and
performed the exercise
for about 90 + 5 min.
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Author

Subject

Study Design

Key Finding

10 healthy men

A standardized cycle
incremental ergometry
test protocol (3-min

A significant increase of
Circulating hematopoietic
cells (CPCs/mL) release
after 10 min of exercise

Kroepfl et al., , under normoxic (1,073.5 =
2012p(139) (aged 25.3£4.4  resting phase, 40-W 1455 1,982.2(i 290.4, P
years) starting load, increasing :
20 W/min) until < 0.01) as well as hypoxic
) (1,242.7 £ 214.8 to 2,059.3
exhaustion. +268.0, P < 0.01)
conditions
Bonsignore 10 healthy male Subjects performed a CD34+ cells mcreqsed
runners (aged significantly following the
eltzall., 2010 43.5+11.25 ;naltcrjathon and 1.|5-km field run protocols (P <
(121) years) ield run protocols. 0.005).
41 chronic heart No significant change in
failure (CHF) circulating CD34+ cells
Craenenbroe patients (aged , NG & .
ck et al., 62.5 + 2.6 years) Cardlppulmopary foIIovylng a single exercise
2010 (140)  and 13 health exercise testing (CPET) bout in both CHF group (P
y -
. = 0.18) and healthy control
subjects (aged _
55.7 + 1.6 years) group (P =0.79)
One cycle ergometer Strenuous activity in
Mobius- test with an healthy individuals leads to
Winkler et 18 healthy men individualized power of  a 3.1-fold time-dependent
al., 2009 (32.4 £ 2.3 years) 70% of the individual increase of circulating
(128) anaerobic threshold CD34+ cells/mL blood (P <
(IAT), for 4 hours. 0.001) relative to baseline.
A maximal bout of exercise
induces a significant
A single bout of exercise increase in CD34+ cells,
Craenenbroe 25 healthy test until exhaustion on cohort 1 by 76% (15.4 £
ck et al., subject (aged 20 a graded bicycle 10.7 cells/mL to 27.2 +
2008 (137) —50 years) eraometer 13.7 cells/mL, P = 0.01)
9 ' and cohort 2 by 69% (30.9
+ 14.6 cells/mL to 52.5 £
42.6 cells/mL, P = 0.03)
Exercise can increase the
Wardyn et 37 healthy Exercised on a treadmill  Presence of HSPCs in
al., 2008 subjects (aged 19 to maximum fatique blood circulation (25.1 +
(142) — 35 years) gue. 41.9 cells/mL to 38.2 £

43.8 cells/mL, P = 0.03).
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Author Subject Study Design Key Finding

Intermittent high- Slubitlantiﬁlly and '
intensity exercise: 10 signimcantly increase in
Zaldi ‘ 1épearly plug)grial t\/\/o-mir}]/ute bouts of circulating levels of CD34+
aﬁ, 2“6%;6 8_3 ,y;agﬁd 13 late COnstantwork rate cycle  stem cells, in EP from 112
(143) pubertal (LP, age '90metry, with a one- £ 21 to 182 + 30
16.5 + 0.4 y) minute rest interval cells/uL, P = 0.0007 and
between each bout of LP from 63 + 8 to 152 +
exercise. 21, P = 0.0008.
24 men divided
Thijssen et  into 2 groups: A single maximal Acute exercise significantly
at., 2006 young (aged 18 — exercise bout on a increased HSCs (P < 0.01)
(144) 28 years) and old cycling ergometer. in young and older men.
(67 — 76 years)
20 young Supramaximal ex_ercise_
Morici et al., competitive Supramaximal (“1000 ?:%Jéilz ggllljsbl(?gsct:.lr;:ugaimg
2005 (145) rowers (aged m”) exercise. P

3.0, all-out; 16.3+9.1

17.1 £ 2.1 years) cells/uL, P < 0.001).

Circulating hematopoietic
stem/ progenitor cells)

Rehman et . . . increased nearly in
al.. 2004 22 patients (aged Exhaustive dynamic peripheral blood from

(146) 54+ 10years)  exercise. 1,743 + 272 cells/mL to
2,455 + 253 cells/mL
following exercise.

HPC counts were
increased in peripheral
blood of runners 3- to 4-
fold higher than in controls
at baseline and did not
change immediately after a
M or HM race.

Bonsignore 16 runners (aged
etal., 2002 41.3+134
(247) years)

Marathon (M) and half-
marathon (HM).

A significant increase in
the absolute number of
circulating hematopoietic

A brief period of intense  progenitor cells from 164 +

exercise. 27 to 240 + 46 cells/mL.
However, all values
returned to baseline within
15 minutes.

Heal and 15 healthy people
Brightman, (aged 24 —41
1987 (148)  years)

Table 1.1 presents a comprehensive list of the studies that have measured changes

in HSPCs in peripheral blood in response to single bouts of exercise. HSPC
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concentration increases within the peripheral blood compartment during exercise as
cells are mobilised from marginal pools via physiological (blood pressure and shear
stress) and biochemical mechanisms (catecholamines and cytokines) (Figure 1.1).
Following an initial increase, there is a further rise occurring between 3-24 hours later.
This is due to HSPCs leaving the bone marrow and entering the bloodstream. These
HSPCs replace other immune cells that have exited the peripheral blood and migrated
to areas of inflammation. The underpinning mechanisms are attributed to these proses
may include the increase in blood flow to the bone marrow, and G-CSF production
within the bone marrow niche, the reduction of C-X-C chemokine receptor type 4
(CXCR-4) and very late antigen-4 (VLA-4) dependent HSPC adhesion, and
chemoattractant gradients facilitating the movement of HSPCs from bone marrow into
peripheral blood circulation. There is data to indicate that the latter is governed by the
release of chemokines from skeletal muscle that may draw HSPCs into peripheral

blood (149), although other tissues could contribute.
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Figure 1.1 Time course and mechanisms underpinning the biphasic increase in
peripheral blood HSPC concentrations. (A) lllustrates the interactions between
peripheral blood (depicted as 1pL volume), the bone marrow niche, and skeletal
muscle at rest (left), during the transient increase in response to exercise (middle) and
HSPC

lllustrates the predicted timecourse of

(B)

concentrations in peripheral blood in response to bouts of exercise based on the

during recovery (right).

available studies. This will vary depending on the intensity and duration of the bout and
degree of muscle damage. HSPC = haemopoietic stem cell, CXCL-12 = C-X-C motif
chemokine 12, VCAM-1 = vascular cell adhesion molecule 1, CXCR-4 =C-X-C

chemokine receptor type 4, and VLA-4 =very late antigen-4. Created with

BioRender.com.
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Together with recent studies establishing the safety of exercise for patients undergoing
HSCT (150,151), exercise could be used as an adjuvant therapy to promote HSPC
mobilisation and collection to achieve a HSPC collection threshold (> 10 cells/pL) to
initiate apheresis and shorten the donation procedure (134). The protocols used
however have largely been too long to feasibly implement in a donation setting
(133,134). Studies showed that single bouts of exercise transiently enrich peripheral
blood with HSPCs (120,121). However, the presence of more stem cells in the blood
appears to be influenced by a combination of exercise volume and intensity
(100,102,120,131,134) which remains unclear. Therefore, it is necessary to determine
the best intensity and duration of exercise for maximal mobilisation of HSPCs, as well
as different sampling timepoints to examine the time course of HSPC mobilization in
response to exercise. High intensity interval exercise (HIIE) entails working out at a
higher intensity for a shorter period of time and with a lower overall exercise volume
compares to steady state exercise. HIIE has been shown to mobilise HSPCs to the
same extent (120,131) as steady state exercise (100) Whereas it must be noted that
the concentration of HSPCs achieved during HIIE without G-CSF administration is still
below the HSPC collection threshold used for PBSC donations, it could be
hypothesised that implementing HIIE as a complementary therapy after G-CSF
infusion would maximise HSPC concentrations during the donation process

(120,131,133,152,153).

Since the rising usage of mPB HSPCs in the context of HSCT as they are preferable
alternative to BM, it has become obvious that a sensitive, fast, and repeatable

technique for planning apheresis procedures and quality control of apheresis products
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ahead to transplant is required to reliably assess the engraftment potential of such
collections (154). Using CD34" surface marker antigen expressed by HSPCs (155) can
help to enumerate these cells circulating in blood. CD34* is a transmembrane
glycoprotein found on lymphohematopoietic stem cells, progenitor cells, and
endothelial cells in the early stages of development. CD34* expression in HSPCs is
linked to multilineage engraftment following transplantation (156—158). Although,
several flow cytometric techniques have been established to count CD34* HSPCs, the
lack of a defined procedure has resulted in significantly inconsistent data (159). The
International Society of Hematotherapy and Graft Engineering (ISHAGE), now known
as the International Society for Cellular Therapy (ISCT), formed a stem cell
enumeration committee in early 1995 with the mission of validating a simple, quick,
and sensitive flow cytometric approach for accurately quantifying CD34* cells in

peripheral blood and apheresis products (159).

1.5 The Landscape of Exercise Immunology

As mentioned above in section 1.3.1, the J-shaped model has been a mainstay within
the discipline of exercise immunology since the late 1980’s. Although limitations have
been emphasised with regards some of the literature supporting this model (53), there
are some data to support the notion that strenuous bouts of exercise or periods of
intense training may compromise components of cellular and humoral immunity
(96,160,161). Itis important to note that the immune system is sensitive to many factors
when examining over a period of exercise training, including diet, anxiety, travel, sleep
disorders, temperature fluctuations, genetic polymorphisms, and prior infection and/or

immunisation, which makes these studies challenging to conduct (162-164). This is
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currently a contentious issue in the discipline of exercise immunology. However, the
immune system is evidently very sensitive to effects of single bouts of exercise
(section 1.3.2), and there is clear consensus that the acute redistribution of immune
cells after exercise translates into chronic adaptations. Whether this is favourable or
not for immunity is not a direct aim of this thesis. Instead, Chapters 3 and 4 were
designed to implement novel methods to examine immunometabolic mechanisms
underpinning the trafficking of immune cells after exercise, which are not well

understood.

1.6 Redistribution of T Cells from Peripheral Blood

It is well known that exercise elicits a bi-phasic change in the number of lymphocytes
(primarily T and NK cells) in peripheral blood, an initial rapid increase within minutes
that is followed by a decrease within 1-2 hours (81). This phenomenon is in conjunction
with changes in cell function such as cytokine production, proliferation, migration
capability, and cytotoxicity, leading to some speculation over the years that immune
competency is temporally compromised, termed the ‘open window’ hypothesis (12).
However, according to animal research conducted by Kruger et al. using fluorescence
probes to track T cell redistribution after exercise, T cells are known to migrate to
lymphoid tissues, such as the gut, lungs, and bone marrow during the time that
concentrations fall in peripheral blood (76). This indicates increased immune
surveillance at areas where infections are likely to be encountered (gut and lungs) and
amplified immuno-regulatory activities (in bone marrow). In humans, a limited number
of apoptotic lymphocytes are found within 24 hours of exercise cessation to explain the

drop in T cell number within peripheral blood and this also coincides with the
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mobilisation of HSCs from the bone marrow (165). This supports the idea that exercise
may mobilise senescent T cells to undergo apoptosis (166), and the development
and/or survival of naive T cells is therefore triggered, which may be aided by myokine

release from contracting skeletal muscle (167).

The trafficking of T cells from the peripheral blood compartment in this biphasic manner
makes analysis of the functional processes underpinning these changes challenging.
Recent studies have used single cell RNA sequencing to report that CD4* and CD8* T
cells modulate their metabolic phenotype during a bout of maximal exercise (92). This
has sparked interest in whether shifts in T cell energy metabolism underpin their acute

redistribution during exercise recovery.

1.7 Immunometabolism

Immunometabolism is a branch of contemporary biology that investigates the interplay
between immunology and metabolism, namely, bioenergetic mechanisms
underpinning divergent shifts in immune cell function. These functions include 1)
energy usage for motor activities such as migration and phagocytosis (168,169), 2)
processing and presentation of antigenic peptides (170,171), 3) cell signalling,
proliferation, and differentiation (172,173), and 4) execution of effector roles such as
antibody production, cytokine secretion, and cytotoxicity (172,174). In response to
signalling cues/ activation, immune cells undergo metabolic reprogramming to provide

the energy required to fulfil these functions.
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T cells are one of the main components of the adaptive immune system which exhibit
highly specific and long-lasting immune responses against pathogens (175). In the
setting of both acute and chronic viral infection, T cell function is tightly regulated by
nutrition sensing to balance ongoing co-stimulatory and co-inhibitory signals (176). The
availability of nutrients is an essential factor for the metabolic regulation of principal T
cell functions such as maturation, activation, proliferation, and differentiation (177). As
a reminder, T cells are composed of distinct subpopulations, classified by their degree
of antigen experience and defined by the expression of cell surface receptors CCR7
and CD45RA including naive, CM, EM and TEMRA. These T cells varying cytokine

profiles (178) were governed by unique metabolic phenotype (179-181).

Chapman et al. reported that naive T cells rely largely on oxidative phosphorylation
(OXPHOS) to drive ATP synthesis (179-181). Because naive T cells do not undergo
clonal division or secrete significant amounts of cytokines, they remain in a quiescent
state in terms of metabolic activity. As a result, the stimulation of anabolic pathways

required for the de novo production of DNA, lipids, and proteins is minimal in naive T

T Lactate
5 Glut1 %
Glut1 Naive CD8 T cell N Naive CD8 T cell 0 900
o t{; ® °
° o o
o \ %) .:
Do <
\Tinycolys‘s -
Gl
o8 Glycolysis G o Glucose \
- — 1 iEN-y ATP
—-—— P t « Lactate
- 1 ) t cmye t Nucleotide Pyruvate —» Lactate
N biosynthesis
:1: A con t mTORC y
Acetyl-CoA

c028

Oxale inl
) : Lipid Oxaloacetate Lipid
[ Tca ™ synthesis ATP o lOXPHOS (- LN cn:)me —t e

Succinyl-CoA

aKG +——

)
e 0%

26



Figure 1.2 Shifted metabolismin CD8" T cells in respond to activation. (A) Naive CD8*
T cells rely essentially on oxidation of glucose and fatty acids to support energy
demand. (B) Activated CD8+ T cells prefer to run anabolic pathway (upregulation of
glycolysis) to support cell growth, proliferation, antiviral activities. Created with

BioRender.com.

Following antigen and co-stimulatory stimulation, the metabolism of T cells
dramatically shifts to favour glycolysis over OXPHOS, which supplies ATP more rapidly
to activated T cells (182,183). Glycolysis provides a higher rate of ATP production per
unit time compared to than mitochondrial respiration and allows T cells to adapt to
hypoxic environments more effectively (184,185), thus enabling rapid T cell growth,
proliferation, cytokine production, and other effector functions (182). Specifically, TCR
receptor engagement, combined with CD28-mediated co-stimulation initiates the
uptake of glucose, glutamine, and amino acids and the upregulation of glycolytic genes
(186-188). Activation of the phosphatidylinositol 3-kinase (PI3K)-Akt transduction
pathway in human peripheral blood T cells (189) suppresses key enzymes of
tricarboxylic acid (TCA) cycle (190), resulting in rapid overexpression of Glucose
Transporter-1 (GLUT-1) to increase in glucose uptake (189). In addition, transcriptional
mediators c¢c-Myc and mammalian target of rapamycin complex (MTORC) are
upregulated after T cell activation to facilitate glycolytic reprogramming (186) and
nutrient sensing (191) respectively. The integrated stimulation of early signalling
events enables enhanced absorption of nutrients, particularly glucose, for the

metabolic reprogramming of T cells after activation.
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After being exposed to antigen and co-stimulatory signals, naive T cells emerge from
their dormancy and multiply rapidly into effector T cells, which is linked to changes in
their metabolic processes. Changes in cell diameter, increased expression of
activation-associated markers (e.g., CD44, CD25, and CD154), and proliferation are
all signs of T cell activation. Activated T cells adopt a more anabolic programme to
support cell growth and proliferation, whereas naive T cells are more catabolic (Figure
1.2A) (186). Antigen-specific T cells increase over time, but most die in a process
known as contraction. If there is exposure to the same antigen, residual memory T
cells can rapidly re-expand from mediastinal lymph nodes and regain effector functions
(181). Based on the expression of distinct trafficking receptors and functional features,
memory T cells are further categorised into CM, EM, and TEMRA T cells. Several
theories have been presented to explain how CD8* T cells become memory or effector
cells (192). Due to increased expression of CD36, long-chain fatty acid absorption is
stronger in effector T cells than in naive or memory T cells. Subsequently, lipids are
kept as neutral lipids like triacylglycerol or cholesterol esters that can be broken down
by memory T cells in the lysosome because the cells express larger levels of lysosomal
acid lipase (LAL) than effector T cells, providing an inherent substrate for fatty acid
oxidation (FAO) (193). Glycolysis and glutaminolysis are preferred over FAO by
effector T cells, while FAO and OXPHOS are preferred by memory T cells (193-195).
Glycolysis increases in effector T cells due to increased expression of glycolytic
enzymes such as aldolase C, a-enolase, and hexokinase 2 (HK2), however
mitochondrial metabolism and FAO genes are downregulated associated with

mitochondrial fission (195,196). Unlike effector T cells, a large proportion of fused
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mitochondria is contained in memory T cells, providing higher levels of OXPHOS and

spare respiratory capacity (SRC) as their characteristics (196,197).

1.8 Exercise Immunometabolism

The regulation of cellular metabolism is critical for driving important T cell functions,
with each memory subset exhibiting a unique metabolic phenotype. The ability of
humans to exercise depends on the conversion of chemical energy in the form of
adenosine triphosphate (ATP) to mechanical energy in working skeletal muscle, which
relies on the utilisation of glucose and other metabolites. Immune cells also rely on
these substrates, but how T cells modulate their energy metabolism to meet this energy
demand is far from clear. Recent studies have started examining immunometabolic
changes in circulating peripheral blood mononuclear cells (PBMCs) after bouts of
exercise (11,16,198-201). However, examining the total PBMC fraction is complicated
by the aforementioned (section 1.3.1) fluctuations in the number and type of T cells
within peripheral blood at the time of sampling. With technology available to purify
single cell T cell populations and perform extracellular flux analysis of oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) in live cells, there
is an opportunity to conduct studies that interrogate the metabolic phenotype of T cells

with single cell resolution.

1.9 Summary and Aims of the Thesis
PBSC donation is the primary procedure used to collect HSPCs for transplantation in
individuals with various medical conditions, but there is an increasing need to improve

HSPC mobilisation and the quality of the immune cell fraction for better health
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outcomes following HSCT. The mobilisation of HSPCs and cytolytic natural killer (NK)
cells during bouts of exercise may provide the efficiency of collection and patient
outcomes following transplantation; however, practical steps to facilitate this for PBSC
collections have not been taken. Chapter 2, therefore aims to investigate differences
in HSPC and NK cell concentrations during and after continuous vs. interval-based
cycling bouts. The latter included a comparison of low and high volume HIIE to examine
how the intensity and duration of cycling intervals impacts HSPC kinetics over a

detailed timecourse.

Single bouts of exercise evoke marked shifts in the number and function of peripheral
blood T cells. These changes may underpin enhanced T cell trafficking and longer-
term adaptations to the immune system; however, the mechanisms underpinning this
are not understood. The development of techniques employing extracellular flux
analysis have revealed multiple T cell functions governed by shifts in cellular
metabolism. Chapter 3 aims to optimise experimental techniques for evaluating T cell
bioenergetics in human acute exercise studies. The work in Chapter 3 developed
methods using magnetic activated cell sorting and extracellular flux analysis to
examine the metabolic phenotype and real time responses to ex vivo activation of
enriched naive Helper and Cytotoxic T cells vs. PBMCs including the optimisation for
nutrient assay conditions (i.e., glucose and glutamine concentrations) and blood
collection procedures (anticoagulant and blood ‘sitting’ time) to provide a robust
experimental model for chapter 4 of this thesis to examine the impact of prolonged
moderate intensity cycling on bioenergetic profiles of PBMCs and isolated naive CD4*

and CD8* T cells.
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Chapter 2: Brief cycling intervals incrementally increase the number of

hematopoietic stem & progenitor cells in human peripheral blood

Work presented within this chapter has been published:

Pradana, F., Nijar., T., Cox, P.A., Morgan, P.T., Podlogar, T., Lucas, S.E., Drayson,
M.T., Kinsella, F.A.M., Wadley, A.J., (2024). Brief cycling intervals incrementally
increase the number of hematopoietic stem & progenitor cells in human peripheral

blood, Frontiers in Physiology. https://doi.org/10.3389/fphys.2024.1327269.

2.1 Abstract

Peripheral blood stem cell (PBSC) donation is the primary procedure used to collect
hematopoietic stem and progenitor cells (HSPCs) for hematopoietic stem cell
transplantation. Single bouts of exercise transiently enrich peripheral blood with
HSPCs and cytolytic natural killer cells (CD56™), which are important in preventing
post-transplant complications. To provide a rationale to investigate the utility of
exercise in a PBSC donation setting (=3 hours), this study aimed to establish whether
interval cycling increased peripheral blood HSPC and CD56Y™ concentrations to a
greater degree than continuous cycling. In a randomised crossover study design,
eleven males (mean = SD: age 25 + 7 years) undertook bouts of moderate intensity
continuous exercise (MICE, 30 min, 65-70% maximum heart rate (HRmax)), high-
volume high intensity interval exercise (HV-HIIE, 4 x 4 min, 80-85% HRmax) and low-
volume HIIE (LV-HIIE, 4 x 2 min, 90-95% HRmax). The cumulative impact of each
interval on circulating HSPC (CD34*CD459mSSC'¥) and CD569™ concentrations, and

the bone marrow homing potential of HSPCs (expression of CXCR-4 and VLA-4) were
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determined. There was an increase in HSPC concentration after two intervals of LV-
HIIE (Rest: 1.84 + 1.55 vs. Interval 2: 2.94 + 1.34, P = 0.01) and three intervals of HV-
HIIE only (Rest: 2.05 £ 0.86 vs. Interval 3: 2.51 £ 1.05, P = 0.04). The concentration of
all leukocyte subsets increased after each trial, with this greatest for CD569™ NK cells,
and in HIIE vs. MICE (LV-HIIE: 4.77 + 2.82, HV-HIIE: 4.65 + 2.06, MICE: 2.44 £ 0.77,
P <0.0001). These patterns were observed for concentration, not frequency of CXCR-
4" and VLA-4* HSPCs, which was unaltered. There was a marginal decrease in VLA-
4, but not CXCR-4 expression on exercise-mobilised HSPCs after all trials (P <
0.0001). The results of the present study indicate that HIIE caused a more marked
increase in HSPC and CD56Y™ NK cell concentrations than MICE, with mobilised
HSPCs maintaining their bone marrow homing phenotype. LV-HIIE evoked an
increase in HSPC concentration after just 2 x 2-minute intervals. The feasibility and
clinical utility of interval cycling in a PBSC donation context should therefore be

evaluated.

2.2 Introduction

Single bouts of exercise evoke rapid increases in the concentration of various subsets
of immune cells in peripheral blood (1,2). This is part of a dynamic response that
transiently enriches blood with cells that govern skeletal muscle repair and
immunosurveillance in exercise recovery (3). Notably, the number of effector immune
cells (e.g., cytolytic natural killer (NK) cells (CD569™) and cytotoxic T cells) increase
between ~4-10-fold during exercise, whereas pluripotent cells such as haematopoietic
stem and progenitor cells (HSPCs) increase by ~2-3 fold (4,5). There has subsequently

been an emerging clinical interest in the potential of exercise to enrich the immune cell
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fraction or ‘graft’ during peripheral blood stem cell (PBSC) donations (6,7), which are
used to treat conditions such as multiple myeloma and lymphoma (7-9) and rare blood,

autoimmune and congenital metabolic diseases (10).

Exceeding the HSPC collection threshold (>2 x 10° cells/kg) is critical for patients
undergoing PBSC donations (termed ‘autologous donors’) (11). In response to
standard mobilisation therapy using granulocyte colony stimulating factor (G-CSF),
many autologous donors are classified as ‘poor mobilisers’ (=40%) due to prior
treatments damaging the bone marrow (e.g., myeloablative chemotherapy). This
results in delayed and compromised engraftment of HSPCs, repeated hospital visits,
inability to deliver further treatments and poorer health outcomes. HSPC mobilisation
failure is much less common (=5%) in healthy human leukocyte antigen (HLA)-
matched donors (termed ‘allogenic donors’). However, the collection of effector
immune cells such as CD569™ cells alongside HSPCs is of paramount importance to
reduce this risk of disease relapse in the recipient after transplant (12). Although the
magnitude (~4 cells/uL) of the HSPC response to exercise falls short of the collection
threshold needed to begin apheresis (>10 cells/pL), a forward-thinking hypothesis has
been that exercise in combination with G-CSF may help to achieve the HSPC dosing
threshold required for successful engraftment and expedite the PBSC donation
process (13). Furthermore, enrichment of the graft with CD569™ and other effector
immune cells may offset the risk of post-transplant viral infections and graft-versus-

host disease (GvHD) by priming adaptive immune responses in the recipient (7).
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In addition to the number of harvested HSPCs, the engraftment phenotype of these
cells is critical for predicting clinical endpoints following transplant, and some evidence
indicates that exercise may modulate this. For example, non-lineage pluripotent
hematopoietic stem cells (HSCs: CD34" CD387) are known to predict trilineage
engraftment success following autologous transplants with the ability to repopulate
(self-renewal) the bone marrow with colony-forming cells (CFC) and sustain
haematopoiesis. However, the engraftment phenotype called late-lineage committed
hematopoietic progenitor cells (HPCs: CD34* CD38") can differentiate into blood cells
including lymphoid and myeloid lineages (14). Furthermore, higher expression of bone
marrow homing receptors C-X-C chemokine receptor type 4 (CXCR-4) (15) and Very
Late Antigen-4 (VLA-4) (16) on HSPCs promotes their successful engraftment in
animal models and some human data indicate an association between CXCR-4
expression and engraftment success (17). Exercise can mobilise CXCR-4* HSPCs
(+500 cells/mL) (18) and CD34* CD38 (+3000 cells/mL) (13,19); however, this largely
reflects the typical leukocytosis associated with exercise, and the impact of different
types of exercise on the cell surface expression of these receptors has not been
reported. The complementary ligands to these receptors C-X-C motif chemokine 12
(CXCL-12) and vascular cellular adhesion molecule-1 (VCAM-1) increase in the
circulation immediately after exercise in humans (20,21) and the expression of CXCL-
12 is upregulated in skeletal muscle within 15 minutes of exercise onset in mice (22).
These changes may provide chemoattractant cues for HSPCs to egress from vascular
walls or the bone marrow into peripheral blood (23), thus making them available for

harvest during PBSC donations.
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Before addressing the feasibility of translating this concept into a clinical setting, the
optimal dose of exercise to maximise HSPC and CD56™ NK cell concentrations needs
to first be established. During exercise, HSPCs and CD56%™ NK cells are rapidly
mobilised from marginal pools within the circulation and tissues by shear stress and
beta 2 ($2) adrenergic dependent mechanisms (24), with resting cell numbers restored
within 5 (25) and 20 (26) minutes, respectively. Although many studies have reported
increases in HSPCs after bouts of steady-state exercise lasting 30-45 minutes
(13,22,24), this duration does not align with the timeline of a PBSC donation session,
which often lasts 3-4 hours and often extends to multiple days. Given the known
mechanisms underpinning HSPC mobilisation and rapid margination in response
exercise, adopting periods of rest between intervals of high intensity exercise might
therefore be a feasible approach. High intensity interval exercise (HIIE) of both high
volume (5 x 3-minute cycling intervals at 90% peak power) and low volume (6 x 20
second ‘all-out’ cycling sprints) (27) have been reported to increase HSPC
concentrations after the final interval relative to rest. However, one study evaluating
moderate volume HIIE (=10 minutes of total intervals at 90% of maximal heart rate)
reported no change (19). In contrast, there are consistent data reporting increases in
circulating CD569™ NK cell concentrations after HIIE, ranging from 10 to 15 intervals
(60—90 seconds) at 85—-90% peak oxygen consumption (26,28,29). More prominent
NK mobilisation compared to HSPCs is explained by higher 2 adrenergic receptor

expression on the surface of NK cells.

Evidently, there is a complex interplay between the intensity, duration, and total work

of intervals needed to maximise circulating HSPC concentrations, and this is not fully
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understood. Previous studies typically compare changes before and after the last
interval of HIIE, rather than monitoring cumulative changes after each interval.
Enumerating HSPCs using guidance set out by the International Society of
Hematotherapy and Graft Engineering (ISHAGE) (30) would facilitate such an
approach. This single platform flow cytometric (SPFC) approach uses small volumes
of whole blood (100 L) to enable rapid and accurate quantification of peripheral blood
HSPC concentrations. The advantage of using the SPFC approach compared to the
previous exercise-based studies that have mostly used a double platform flow
cytometry (DPFC) approach (i.e., flow cytometry coupled with automated haematology
analysis) is that less blood is needed, processing times are shorter and both inter- and

intra- laboratory variances are significantly less with SPFC than DPFC (31).

Understanding how different volumes of HIIE impact the ‘quantity’ and ‘quality’ of
HSPCs in peripheral blood over a suitable time course is a clear knowledge gap that
needs addressing to evaluate the potential of exercise to work in combination with
PBSC donations. For future adoption of this approach clinically, evaluation of HIIE
protocols that are feasible for the donor are critical. Therefore, criteria outlined for
utilising HIIE in clinical populations based on a percentage of maximal heart rate were
used to guide protocol design (32,33). Accordingly, the primary aim of this study was
to compare changes in peripheral blood HSPC concentrations before and after each
of four consecutive intervals of low volume HIIE (LV-HIIE) and high-volume HIIE (HV-
HIIE) vs. a time-matched continuous cycling bout (control). Secondary aims included

quantifying changes in CD569™ NK cell concentrations, characterising the bone
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marrow homing potential of HSPCs mobilised with exercise, and contrasting single vs.

double platform gquantitative HSPC methods.

2.3 Materials and Methods

2.3.1 Participants

Eleven healthy males were recruited into this study (mean = SD: age 25 + 7 years;
body mass index: 25.7 + 3.0 kg/m?). Participants underwent screening prior to
enrolment and were deemed eligible if they were 18-45 year-old, not highly active (as
defined by the General Practice Physical Activity Questionnaire (GPPAQ) (34), non-
smokers, not currently taking medication, and had no previous history of
cardiovascular, metabolic, neurological, or inflammatory diseases. All participants
gave written informed consent before participating and the study was given favourable
ethical opinion by the Science, Technology, Engineering and Mathematics ethical

committee at the University of Birmingham (ERN_19-1574PA2).

2.3.2 Preliminary Testing

Participants undertook four laboratory visits, including 3 randomised cycling trials at
the School of Sport, Exercise and Rehabilitation Sciences at the University of
Birmingham, conforming to the Declaration of Helsinki. On the first visit, participants
initially rested for a period of 30 minutes followed by measurements of resting blood
pressure (Thuasne BP 3WI1-A, Taipei, Taiwan), height (Seca Alpha, Hamburg,
Germany) and body mass (Ohaus CD31, New Jersey, USA). Participants then

undertook a maximal power (Wattmax) ramp test on an electromagnetically braked cycle
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ergometer (Excalibur, Lode, The Netherlands). After a warm-up for 5 minutes at 50
watts, the test started at 70 watts and then 25 watts increments were added every
minute until volitional exhaustion. Heart rate (HR) was monitored continuously
throughout (H10, Polar Electro, Finland). Participants were asked to maintain a
cadence of ~60 rotations/minute (RPM). Following a 15-minute rest period, participants
were familiarised with the exercise protocols used in the three main trials. The intensity

of these trials was based on a percentage of their maximal heart rate (HRmax).

2.3.3 Experimental Sessions

The 3 main cycling trials were separated by at least one week and carried out at the
same time of day (8:00-9.00 AM start time) and under stable climatic conditions
(temperature: 19—20°C, humidity: 30-55% and Barometric pressure: 1000—1050 hPa).
Prior to each laboratory visit, participants were asked to undertake an overnight fast,
refrain from vigorous exercise, and the consumption of caffeine and alcohol for 48
hours. In the morning of each trial, participants were asked to drink 0.5 L of water within
4 hours and 0.25 L within 15 minutes of commencing the trial. Questionnaires
evaluating state and trait anxiety (35) and sleep efficiency (percentage of time asleep
relative to the amount of time spent in bed) (36) were completed during a 30-minute
period of rest where blood pressure and body mass were also measured. Following
this a catheter (Becton, Dickson & Company, Oxford, UK) was inserted into the
antecubital vein of the forearm and a baseline blood sample was taken (Rest). The
catheter was kept patent through regular flushes with saline (0.9% NaCl, Becton,
Dickson & Company, Oxford, UK,). Each trial commenced with a 5-minute warm-up at

50 watts and then one of three randomised 30 minute trials: 1) Moderate intensity
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continuous exercise (MICE) consisting of 30-minutes of cycling at 65—70% HRmax, 2)
High volume-high intensity interval exercise (HV-HIIE) consisting of 4 x 4-minute
cycling intervals at 80—-85% HRmax with 3 minutes of passive rest between each interval
or 3) Low volume-high intensity interval exercise (LV-HIIE), consisting of 4 x 2-minute
interval at 90-95% HRmax With 5 minutes of passive rest between each interval. HR
was monitored continuously alongside ratings of perceived exertion (RPE) (37) and
the affective response using the Feeling Scale (38) every minute. Total energy
expenditure from each trial was estimated from power output using an equation
proposed by Ettema et al, 2009 (39). Six further blood samples were taken during each
trial, one after each of the four intervals (and matched timepoints for MICE), and two

samples in recovery (5 and 10 minutes following cycling completion).
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Figure 2.1 Study design illustrating a time axis of the warmup, intervals/ steady state,
and recovery cycling periods for the 4 laboratory visits and 3 randomised trials: MICE,
Moderate intensity continuous exercise, HV-HIIE, High volume-high intensity interval
exercise, LV-HIIE, Low volume-high intensity interval exercise. Blood sampling is
indicated with small droplets (1mL) for whole blood analysis, and large droplets (15mL)

for PBMC and plasma analyses. Created with BioRender.com.
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The 7 samples were therefore named: Rest, Interval 1 (9 min), Interval 2 (16 min),
Interval 3 (23 min), Interval 4 (30 min), Recovery 1 (35 min) and Recovery 2 (40 min).
No fluid intake was permitted throughout the trials so as not to influence blood volume
independent of the exercise itself; however, corrections were made (outlined below).
A total of 35 mL of blood was taken during each trial, including 7 x 1-mL containing
potassium ethylene-diamine-tetra-acetic acid (K:EDTA) vacutainers (Greiner Bio-One,
Frickenhausen, Germany) for whole blood HSPC and complete blood counts (Yumizen
H500, Horiba, Kyoto, Japan) at every timepoint. At Rest and after Interval 4 (30 min)
only, 15-mL of blood was collected in K:EDTA vacutainers (Becton, Dickson &
Company, Oxford, UK) for complete blood counts and then plasma and peripheral
blood mononuclear cell (PBMC) isolation (Figure 2.1). The complete blood count was
used to determine total white blood cell, neutrophil, monocyte, and lymphocyte
concentrations (cells/uL), with haematocrit (L/L) and haemoglobin concentration (g/dL)

also determined.

2.3.4 Blood Processing

Plasma was obtained through centrifugation of 4 mL K>EDTA blood for 10 minutes at
1525 x g at 4°C and stored at -80°C. PBMCs were isolated by gradient density
centrifugation by first diluting 10 mL of whole blood with Dulbecco’s phosphate-
buffered saline (D-PBS, Thermo Fisher Scientific, Massachusetts, USA) in a 1:1 ratio.
Diluted blood was gently layered on the top of Histopaque-1077 separating medium
(Sigma Aldrich, Missouri, USA) and centrifuged for 40 min, at 300 x g (brake off) and
21°C. PBMCs were harvested by removing the PBMC interphase and washing 3 times

with D-PBS before counting on a Cellometer 2000 dual fluorescence cell counter
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(Nexcelom Bioscience, Massachusetts, USA). PBMCs were cryopreserved in freezing
medium (RPMI (Roswell Park Memorial Institute) supplemented with 20% FBS (Fetal
bovine serum) and 10% Dimethylsulfoxide) and stored in liquid nitrogen at the Human

Biomaterials and Resource Centre at the University of Birmingham until analysis.

2.3.5 Flow Cytometry Data Acquisition and Analysis

Four colour flow cytometry analyses were undertaken using a CytoFlex-S flow
cytometer (Beckman Coulter, California, USA): Analyses included determining: 1)
concentration (cells/uL) of HSPCs in whole blood, 2) frequency of HSPCs, CD3",
CD569™ and CD56""" NK cells in the PBMC fraction and 3) frequency (%) and cell
surface expression (Geometric Mean Fluorescence Intensity) of bone marrow homing
receptor positive HSPCs (CXCR-4 and VLA-4) in the purified PBMC fraction. All
antibodies used were purchased from BioLegend (San Diego, CA) or R&D Systems
(Minneapolis, USA) and data were analysed with CytExpert v2.5 Software (Beckman
Coulter, California, USA). Presentation of gating strategies was carried out using
Flowlo™ v10.9 Software (Becton, Dickson & Company, Ashland, USA).
Gates were formed using fluorescence minus one (FMO) controls, and compensation
was applied for each trial/participant using single stained controls. Dead cells were

excluded using a viability exclusion dye.

2.3.6 Single Platform Flow Cytometry
A SPFC method validated by the International Society of Hematotherapy and Graft
Engineering (ISHAGE) was used to identify HSPCs (defined as CD34*CD459MSSC'ow)

in whole blood. Whole blood (100 pL) was stained with anti-human CD34-PE (clone
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581), anti-human CD45-FITC (clone 2D1), CD38-BV421 (clone HB-7), and a viability
exclusion dye (7-amino-actinomycin D, 7-AAD) at room temperature, in the dark, for
30 minutes and then 2 mL of red blood cell lysis buffer added for 10 minutes. All
samples were analysed within 1 hour. HSPCs were enumerated using a Boolean
gating strategy based on three key criteria: positive expression of CD34, moderate

expression of CD45 and low side scatter (Figure 2.2).

(A) Viable Cells (B) CD45+ Events ©) CD34+ Events
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7-AAD CD45-FITC
(E) Defined HSPCs (D) CD34+ CD45dim Events
Q
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10 104 lﬂs |06
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Figure 2.2 A Boolean gating strategy was used to enumerate HSPCs following
guidelines validated by the International Society of Hematotherapy and Graft
Engineering (ISHAGE) using whole blood (single platform, presented herein) or
PBMCs (double platform). CD34* cells were first identified by sequential gating of (A)
viable cells using 7-AAD exclusion, (B) CD45* events and then (C) CD34* events. (D)
A gate on plot B defining viable cells with low to moderate (dim) expression of CD45

and low side scatter properties was combined with CD34* cells using Boolean gating.
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(E) Finally, debris was removed and viable HSPCs defined as CD34*CD459mMSSClow

on a FSC vs SSC plot.

A minimum of 100 HSPC events were acquired in the final gate in accordance with
ISHAGE guidelines and data expressed as the concentration of HSPCs in whole blood
(cells/uL), fold change or total area under the curve (AUC), calculating using the
Trapezoid method (40). The frequency of HSPCs expressing CD38 was also

calculated.

2.3.7 Double Platform Flow Cytometry

Cryopreserved PBMCs were thawed by submerging half of the vials containing
approximately =20 million cells for 1 minute and then gently pouring the cells into sterile
15-mL falcon tubes. Cells were washed 3 times with RPMI supplemented with 20%
FBS, 100 U/mL Pen-Strep, and 2 mM Glutamine. PBMCs (2 x 108) were stained with
anti-human CD45-FITC (clone 2D1), anti-human CD34-PE (clone 581), anti-human
CXCR4-APC (clone 12G5), anti-human VLA4-AF (clone Hull4), anti-human CD3-
FITC (clone UCHT1), anti-human CD56-PE (clone 5.1H11) and anti-human CD16-
APC (clone 3G8) and 7-AAD on ice, in the dark for 30 minutes. These cells were then
washed three times in FACS buffer (500 mL of D-PBS, 2 mM EDTA, 0.1% Sodium

Azide, and 1 mM FBS) for 5 minutes at 500 x g and 4°C before data acquisition.

A DPFC approach was used to calculate the concentration of HSPCs, CD3* T cells,
CD569™ and CD56"9" NK cells in peripheral blood by coupling their frequency in the

PBMC fraction determined by flow cytometry (Figure 2.3) to a whole blood lymphocyte
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count from the same sample using an automated haematology analyser (Yumizen

H500, Horiba, Kyoto, Japan).
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Figure 2.3 Gating strategy to identify CD569™ and CD56"9" NK cells within PBMCs
using flow cytometry. (A) Single cells were gated by forward scatter area (FSC-A) vs.
forward scatter height (FSC-H) to exclude doublets. (B) Lymphocytes were identified
by forward scatter (FSC) vs. side scatter (SSC), and then (C) dead cells excluded by
sequential gating of viable cells using 7-AAD exclusion. (D) CD3+ and CD3" events
were determined from viable lymphocytes and, (E) CD3- events gated on a bivariate
plot between CD16 and CD56 to define cytolytic (CD16* CD56%™) and regulatory

(CD16- CD56P"9" natural killer (NK) cells.
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Titrations antibody volumes were conducted to determine the optimal conditions for
flow cytometry analysis of CXCR-4+ or VLA-4+ HSPCs (Figure 2.4). Eight volumes (O,
0.3125, 0.625, 1.25, 2.5, 5, 10 and 20 L) of CXCR-4 and VLA-4 antibodies were each
added to 200 x 103 PBMCs (50 pL). A stain index (SI) was calculated for the titrated
volumes of each antibody. Sl represents the level of separation between positive and
negative cell populations and is calculated by dividing the difference between the
median fluorescence intensity (MFI) of positive and negative populations by 2 times
the standard deviation of the negative population. The red boxes and * in the dot and
line graphs respectively indicate the volume of CXCR-4-APC or VLA-AF that gave the
highest SI and therefore, optimal separation between positive and negative cell
population of CXCR-4 or VLA (Figure 2.4). The Sl was 5 uL for 200 x 10 PBMCs

stained with either CXCR-4-APC or VLA-AF.

63



(A) CXCR-4+ In 200 x 10 PBMCs

10° 3
] 40 *
O
qa  w'= 35
< 3
1 ] 30
i
o 25
x
Q 5 20
O E
g 15
8
“n 10
5
] 5 2 = o & . 0
V(ul) 0 031250625125 25| 5 |10 20 0 25 5 75 10 125 15 17.5 20
sl 0 28 35 19 2337 (29 6 Antibody (L)
(B) VLA-4+ In 200 x 103 PBMCs
10° 3
] 12
10* = i
% 3 10 ® -
& i
) 5 °
o 10%+ 2 (
e : c ®
- Lt
4 ©
] w4
o 3
] 2
1 . s B 0
V() 0 031250625125 25| 5 (10 20 0 25 5 75 10 125 15 17.5 20
SI 0 67 87 82 84 (104 (99 95 Antibody (uL)

Figure 2.4 Antibody titration in 200 x 103 PBMCs stained with 0, 0.3125, 0.625, 1.25,
2.5, 5, 10 and 20 yL of CXCR-4-APC or VLA-AF. The dot plots (left) display the
separation of (A) CXCR-4+ and CXCR-4- and (B) VLA-4+ and VLA-4- cells and the

line graph the stain index of each antibody volume (right).

A minimum of 1 x 10° lymphocyte events were acquired, resulting in approximately 1

x 103, 1 x 10%, 5 x 10% and 1 x 102 events in the HSPC, CD3*, CD569™ and CD56P"ght
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gates, respectively. Data were expressed as concentration in peripheral blood
(cells/uL) or fold change. Within the HSPC gate, the frequency (%) of CXCR-4" and
VLA-4* HSPCs were calculated and used to determine a peripheral blood
concentration (cells/uL) for each cell type (Figure 2.5). The cell surface expression of
CXCR-4 and VLA-4 on gated HSPCs was then determined using the Geometric Mean

Fluorescence Intensity (GeoMean).

(A) Viable Cells (B) CD45+ Events (C) CD34+ Events

800K = 800K =

600K = 600K =

SSC-A
SSC-A

400K = ° 400K =

200K 200K 200K

7-AAD CD45-FITC
(E) Defined HSPCs (D) CD34+ (No debris, Low SSC)
800K =
< < 600K =
[} O
1] 1]
w ) 400K = CD45dim, SSClow
<
200K =
0
T T T T
103 10‘ 105 lOs
CD45-FITC
(F) CXCR-4+ HSPCs (G) VLA-4+ HSPCs
] : —
25 = CXCR-4+ HSPCs VLA-4+ HSPCs
4 12= 88.6
9.0 =
€ =
-1 2
o o
(&) O 60+

CXCR-4-APC

65



Figure 2.5 Validated gating strategy to enumerate CXCR-4* and VLA-4" HSPCs in
flow cytometry. (A) Dead cells were excluded by sequential gating of viable cells using
7-AAD exclusion. CD34* cells were identified by sequential gating of (B) CD45" events
and then (C) CD34" events. (D) A gate on plot B defining viable cells with low to
moderate (dim) expression of CD45 and low side scatter properties was combined with
CD34* cells using Boolean gating. (E) Debris was removed and viable HSPCs defined
as CD34*CD459mSSC'*% on a FSC vs SSC plot. Finally, (F) CXCR-4* and (G) VLA-4*
HSPCs were identified (solid line-blue histogram) using a fluorescence minus one

(FMO) control (dotted line-red histogram) to establish the positive population.

2.3.8 Correction of Cell Concentrations for Changes in Blood Volume

Changes in cell concentrations vs. rest measured using DPFC (T cells, NK cell
subsets, HSPCs, CXCR-4" HSPCs and VLA-4* HSPCs), automated haematology
analysis (total white blood cells, neutrophils, lymphocytes, monocyte), and SPFC
(HSPCs) were adjusted for changes in blood volume using the formula proposed by

Matomaki et al, 2000 (41).

2.3.9 Enzyme-Linked Immunosorbent Assays

The concentration of soluble adhesion molecules CXCL-12/SDF-1 (stromal cell-
derived factor-1) and VCAM-1 (Vascular cell adhesion molecule-1) were determined
in plasma using enzyme-linked immunosorbent assay (ELISA) kits purchased from
Bio-techne (Minneapolis, USA, assay sensitivity, CXCL-12: 18 pg/mL and VCAM-1:
0.6 ng/mL). All samples were analysed in duplicate and concentrations were obtained

from a standard curve of known CXCL-12 and VCAM-1 concentrations and adjusted
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for changes in plasma volume (42). The manufacturer reported intra- (CXCL-12: 3.6%
and VCAM-1: 0.6%) and inter-assay (CXCL-12: 10.3% and VCAM-1: 7.0%) variability

that aligned with our laboratory.

2.3.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism 10.0.3 analysis software
(San Diego, CA). Data at all timepoints were checked for normal distribution using the
Shapiro-Wilk test. Normally distributed variables were analysed over time (Rest, End
of intervals 1-4, 5-minute and 10-minute post exercise) and across Trials (MICE, HV-
HIIE, and LV-HIIE) by mixed-effects two-way analysis of variance (Two-way ANOVA).
Data that weren’t normally distributed were analysed using Wilcoxon or Kruskal-
Wallis’s test. Post hoc analyses of any interaction effects (Time x Trial) were performed
by a test of multiple comparisons, with either Tukey or Dunn’s test, depending on
variable normality. All values are presented as means + standard deviation (SD).
Statistical significance was accepted at the P < 0.05 level. AUC for HSPC
concentration determined by SPFC was calculated using Trapezoid method that
approximates the region under the graph of a function as a trapezoid by dividing the
total area into smaller trapezoids (40). The Cohen’s d effect sizes (d) were calculated
where appropriate by dividing the difference between the means by the pooled
standard deviations. An effect size of 0.2 was considered the minimal value for a
meaningful difference, 0.5 for moderate and 0.8 for large (43). The relationship
between HSPC concentrations determined by SPFC and DPFC methods was
evaluated by calculating a Pearson correlation coefficient and agreement of these

methods by formulating a Bland-Altman plot. For the latter, mean concentrations of
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both methods (x-axis) were plotted against the difference between these values (SPFC
— DPFC, y-axis). This enabled identification of systemic differences between these two
guantitative methods, including degree of bias and outliers. The limits of agreement
(‘lower limit’ = mean difference — (1.96 x standard deviation of difference) and ‘upper
limit" = mean difference + (1.96 x standard deviation of difference) were calculated

according to 95% confidence intervals.

2.4 Results

2.4.1 Physiological Responses and Subjective Perceptions During Experimental
Trials

There were no significant differences in resting HR (F (2, 30) = 0.09, P = 0.91) and

participants weight remained stable across all 3 experimental trials (F (2, 30) = 0.01, P

< 0.99). There was no difference between anxiety and sleep quality between the three

experimental trials (Table 2.1). These variables were therefore not used as covariates

in subsequent ANOVA analyses.

Table 2.1 Sleep efficiency and state and trait anxiety prior to each experimental trial.

Cycling Trial

Parameter MICE HV-HIIE LV-HIIE P-Value

Anxiety State (S, ;,) 4518 +3.49  4491+3.83 4455+3.80 >0.05
Anxiety Trait (T, ...) 44.36 +3.61 4527+4.32 44.09+3.70 >0.05

Sleep Efficiency (%) 87.36+£8.36 86.84+10.50 86.27 +8.14 >0.05
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Data displayed as mean + SD.
P > 0.05 indicates no significant differences between trials.

A repeated measures ANOVA revealed no significant differences in state (F (2, 30)
=0.08, P =0.92) and trait (F (2, 30) =0.28, P =0.76) anxiety levels or sleep efficiency
(F (2, 30) = 0.04, P = 0.96) before undertaking the three experimental trials.

Abbreviations: MICE, moderate intensity continuous exercise; HV-HIIE, high volume-
high intensity interval exercise; LV-HIIE, low volume-high intensity interval exercise.

By design, average power output (F (2, 30) =46.54, P < 0.0001), peak HR (HRpeax) (F
(2, 30) = 115.50, P < 0.0001), HRmax (F (2, 30) = 354.00 P < 0.0001) and average RPE
(F (2, 30) = 25.08, P < 0.0001) were greater throughout LV-HIIE > HV-HIIE > MICE
(Table 2.2) and estimated total energy expenditure was greater in MICE > HV-HIIE >

LV-HIIE (F (2, 30) = 25.48 P < 0.0001).

Table 2.2 Physiological responses during each experimental trial.

Cycling Trial

Parameter MICE HV-HIIE LV-HIIE P-Value

Average Power 132 +19.79"° 215+322"° 271 +453*° <0.0001
output (W)

Relative Maximal 4244 +4.68"° 68.77+3.35"° 86.57 +3.08>° <0.0001
Power (%)

HR . (bPm) 131+6.78"° 162+7.32"° 175+6.84>° <0.0001

HRmax (%) 69.73 + 2" 84.18 + 3 94.45 + 2*° < 0.0001

Estimated Energy 221,60 + 42.79"% 151.50 + 4568 86.55 + 44.71>° <0.01
Expenditure (kcal)

Average RPE 12 +0.59" 14 +0.87"° 17 +1.04>°®  <0.0001
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Average Feeling 296 £1.47 237+1.74 1.69 +£2.41 >0.05
Scale

Data displayed as mean + SD.

1, significant difference between MICE and HV-HIIE (P < 0.05)
2, significant difference between MICE and LV-HIIE (P < 0.05)

3, significant difference between HV-HIIE and LV-HIIE (P < 0.05)

Abbreviations: MICE, moderate intensity continuous exercise; HV-HIIE, high volume-
high intensity interval exercise; LV-HIIE, low volume-high intensity interval exercise;
HRpeak, peak heart rate; RPE, rating of perceived exertion.

A repeated measures ANOVA indicated significant differences in average HR after
each interval (Time x Trial Interaction: F (6, 90) = 2.60, P = 0.02). Post-hoc analysis
revealed that heart rate peaked after the second interval during HV-HIIE (155.60 +
7.78, P < 0.0001), the third interval during LV-HIIE (171.90 + 6.43, P < 0.0001) and
remained stable above rest during MICE (125.18 + 5.33, P > 0.99). Within each trial,
power output and RPE remained consistent over the 30-minute trial or between
intervals (Time x Trial Interaction: P > 0.05). There was no significant difference in the
affective response between the three trials measured by the feeling scale (F (2, 30) =

1.21, P = 0.31) (Table 2.2).

2.4.2 SPFC to Determine Peripheral Blood HSPC Concentrations

Changes in peripheral blood HSPC concentrations in response to trials determined by
SPFC are shown in Figure 2.6. A Time x Trial interaction effect was observed (F (12,
180) = 2.31, P = 0.01), indicating no change in HSPC concentration during MICE and
a significant increase after two intervals of LV-HIIE (Rest: 1.84 + 1.55 vs. Interval 2:

2.94 + 1.34, P = 0.005), and three intervals of HV-HIIE (Rest: 2.05 + 0.86 vs. Interval
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3:2.51+1.05, P =0.04), although this was only sustained through to the end of Interval

4 during LV-HIIE.
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Figure 2.6 (A) Changes in peripheral blood HSPC concentrations (B) and total area
under the curve HSPC response across seven timepoints of MICE (blue bars), HV-
HIIE (grey bars) and LV-HIIE (red bars) enumerated by SPFC. Values are means +
SD. * and # indicate significant differences between timepoints in LV-HIIE and HV-HIIE

respectively: *P < 0.05, *P < 0.01, #P < 0.05.

A cumulative increase was observed during LV-HIIE only, with HSPC concentration
significantly greater following Interval 4 (3.21 + 2.00) than Interval 1 (2.32 £ 1.73, P =
0.03). A post hoc analysis comparing peak HSPC concentrations at Interval 4 (30
minutes) demonstrated a significant difference between LV-HIIE vs. MICE (LV-HIIE:

3.21 £2vs. MICE: 1.76 £ 0.82, d = 0.95, P = 0.02). In all trials, HSPC concentrations
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decreased to resting levels within 5 minutes of cycling cessation. Analysis of changes
in HSPC concentrations over time by calculating AUC revealed no statistically
significant differences between trials (LV-HIIE: 138 + 79.71, HV-HIIE: 117.90 + 60.46,
MICE: 105.90 * 36.23) (Figure 2.6B). The Cohen’s d effect size for MICE vs. LV-HIIE

was 0.3, whereas comparisons between other trials were < 0.2.
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Figure 2.7 Changes in the peripheral blood concentration (A, B) and frequency (C, D)
of CD38" and CD38 HSPCs between rest and Interval 4 (30 minutes) in MICE (blue
bars), HV-HIIE (grey bars) and LV-HIIE (red bars). Data was obtained using SPFC
analysis. Values are means £ SD. * indicates significant differences between Pre- and
Post-Ex. *P < 0.05, ***P < 0.0001. Ns indicates no significant differences between
timepoints or trials: P > 0.05. The ‘Interval 4 (30 minutes)’ timepoint is represented as

‘Post-Ex.

The concentration of CD38" HSPCs increased after LV-HIIE only (Rest: 1.66 + 1.51
vs. Interval 4: 2.82 + 2.04, d = 0.64, P < 0.0001), with no changes in CD38 HSPCs
observed (Figure 2.7A-B). The majority of circulating HSPCs were CD38" (95.23% +
10.91) and the frequency of both CD38* and CD38 HSPCs did not change throughout

MICE, HV-HIIE or LV-HIIE (P > 0.05, Figure 2.7C-D).

2.4.3 Immune Cell Subsets

Data obtained from automated haematology analysis and further phenotyping using
flow cytometry indicated Time x Trial Interactions for peripheral blood concentrations
of allimmune cell subsets (full details and statistical output in Table 2.3). A comparison
between Rest and Interval 4 (30 min) only indicated that the concentration of white
blood cells was not significantly different across trials, but analysis of daughter
populations revealed that monocyte (d = 0.82), lymphocyte (d = 0.97), and CD56%™ NK
cell (d = 1.65) concentrations were greater immediately after LV-HIIE compared to

MICE.
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Table 2.3 Statistical output of changes in peripheral blood concentrations of all immune

cell subsets between Pre- and Post-Ex in all trials. The ‘Interval 4 (30 minutes)’

timepoint is represented as ‘Post-Ex’.

Cycling Trial
Cell Subset Timepoint P Value
MICE HV-HIIE LV-HIIE
Pre 5620 + 1273" 5457 + 1112" 5520 + 1491"
WBC . . — <0.0001
Post-Ex 6966 + 1801 8078 + 1840 8781 + 2581
~ Pre 2958 + 695" 2912 + 584" 3304 + 1857"
Neutrophils . . . 0.05
Post-Ex 3807 £ 1227 4171 + 1123 4683 + 2150
Pre 1882 + 533" 1864 +587° 1847 +580°
Lymphocytes . . — <0.0001
Post-Ex 2315+ 6302 3085 + 1015 3344 + 1360*
Pre 445+ 105 416+106 1790 + 2629°
Monocytes - 001
Post-Ex 619 + 1672 687 +204% 2547 + 3336%%
Pre 1261 +417 1238 +434° 1187 + 355"
T cells 0.03
Post-Ex 1388 +441 1630+678" 1715+ 719"
_ Pre 197 + 87" 202 + 85 222 + 88"
CD569™ NK . . . 0.0002
Post-Ex 433 +£132%2" 817 +227%" 943 + 4422
_ Pre 8.64+3.62 7.38+3.95 8.05+3.62°
CD56P19M NK . . 0.02
Post-Ex 10.33+£4.59 14.31+7.20° 15.84+9.23
Pre 2.15+0.90 2.05+0.86 1.84+1.55
HSPCs Post-Ex 176+0822 242+1.04 321+200% 0.0001

Data displayed as mean + SD.
1, significant difference between MICE and HV-HIIE (P < 0.05)

2, significant difference between MICE and LV-HIIE (P < 0.05)
3, significant difference between HV-HIIE and LV-HIIE (P < 0.05)

", significant difference between Pre- and Post-Ex (P < 0.05)

Abbreviations: MICE, moderate intensity continuous exercise; HV-HIIE, high
volume-high intensity interval exercise; LV-HIIE, low volume-high intensity interval
exercise; WBC, white blood cell; NK, natural killer and HSPCs, haematopoietic
stem and progenitor cells. The ‘Interval 4 (30 minutes)’ timepoint is represented as

‘Post-Ex..
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The concentration of CD569™ NK cells was greater after HV-HIIE > MICE, and for
monocytes, was greater after LV-HIIE > HV-HIIE. Following adjustment of all cell
concentrations for changes in blood volume, all Time effects remained significant, but
there were no Time x Trial interaction effects noted for blood volume adjusted
neutrophil, monocyte, and T cell concentrations. For visualisation of these changes
across all immune cell subsets and trials, fold changes between Rest and Interval 4
(30 min) are depicted in Figure 2.8, and a comparison of the magnitude of change
between cell subsets detailed in Figure 2.9A-C. Fold change of HSPCs was not

greater than any other subset and mirrored the general leukocyte pattern across all

trials.
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Figure 2.8 Fold change in immune cell subset concentrations (WBC, neutrophils,

lymphocytes, monocytes, T cells, CD569™ NK cells, CD56P"" NK cells and HSPCs)

after Interval 4 (30 minutes) relative to rest in MICE (blue bars), HV-HIIE (grey bars)

and LV-HIIE (red bars). * and # indicate significant differences between LV-HIIE vs.

MICE and HV-HIIE vs. MICE respectively: *P < 0.01, **P < 0.0001, ##P < 0.01, ###P

< 0.0001.

In contrast, fold change of CD569™ NK cells was mostly greater than every subset

across all trials (all P < 0.01), whereas fold change of CD56P" NK cells was

significantly greater than neutrophils and T cells after LV-HIIE and HV-HIIE only (all P

< 0.01). Finally, fold change of lymphocytes was greater than neutrophils after LV-HIIE

and HV-HIIE only (all P < 0.01), and greater than monocytes after HV-HIIE only (P <

0.01).
A. MICE WBC Neutrophils | Lymphocytes | Monocytes T cells CD56"™NK |CD56™*" NK| HSPCs

Fold Change 1.24 1.23 1.25 1.38 1.12 2.44 1.24 0.88

WBC i ns ns it ** ns ns

Neutrophils ns * ns Frx ns ns
Lymphocytes ns Hith Hkx ns ns

Monocytes # ** ns ns

T cells Fokk ns ns

CD56"™ NK Hit it

CD56™" NK ns
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B. HV-HIIE

WBC

Neutrophils

Lymphocytes

Monocytes

CD56"™ NK

CD56™ " NK

HSPCs

Fold Change

WBC

Neutrophils

Lymphocytes

Monocytes

T cells

CD56"™ NK

CD56™" NK

1.37

#HH

1.65

1.53

4.65

2.81

1.24

C. LV-HIIE

WBC

Neutrophils

Lymphocytes

Monocytes

T cells

CD56"™ NK

CD56™ " NK

HSPCs

Fold Change

WBC

Neutrophils

Lymphocytes

Monocytes

T cells

CD56"™ NK

CD56™*" NK

1.59

1.47

1.79

1.71

4.71

2.05

2.25

Figure 2.9 A statistical comparison of the fold change (Interval 4 (30 minutes) vs. rest)

between cell subsets (White blood cells (WBC), neutrophils, lymphocytes, monocytes,

T cells, CD56%™ NK cells, CD56i9" NK cells and HSPCs) in MICE (A), HV-HIIE (B)

and LV-HIIE (C). The grey area represents no comparison between row vs. column

and vice versa. White boxes and # represent significant differences between table row

vs. column. Red boxes and * represent significant differences between table column
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vs. row. Blue boxes and ns indicate no significant differences between subsets. *P <

0.05, **P < 0.01, **P < 0.001, ##P < 0.01, ###P < 0.001.

2.4.4 Bone Marrow Homing Potential of HSPCs

Changes in the peripheral blood concentration (cells/uL, Figure 2.10A-B) and
frequency (Figure 2.10C-D) of CXCR-4" and VLA-4* HSPCs after each trial are
reported in Figure 2.10. The cell surface expression of CXCR-4 and VLA-4 on gated
HSPCs are depicted by a representative histogram (Figure 2.10E-F) and the average

GeoMean data reported (Figure 2.10G-H).
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Figure 2.10 Changes in the peripheral blood concentration (A, B), frequency (C, D)
and cell surface expression (G, H) of CXCR-4 and VLA-4 on gated HSPCs between
rest and Interval 4 (30 minutes) in MICE (blue bars), HV-HIIE (grey bars) and LV-HIIE
(red bars). All data was obtained using DPFC and automated hematology analysis.
The cell surface expression of CXCR-4 and VLA-4 on HSPCs at rest (black histogram)
and Interval 4 (30 minutes) or ‘Post-Ex’ (red histogram) were established by
determining the positive population with a fluorescence minus one (FMO) control (blue
histogram) and then calculating the Geometric mean (E, F). Values are means + SD.
* indicates significant differences between Pre- and Post-Ex, representing pairwise
comparisons in each trial (A, B) and in all trials (C, D, G, H): **P < 0.001, ***P <
0.0001. Ns indicates no significant differences between timepoints or trials: P > 0.05.

The ‘Interval 4 (30 minutes)’ timepoint is represented as ‘Post-EX'.

A repeated measures ANOVA revealed a significant Time x Trial interaction for CXCR-
4* (F (2, 30) =8.17, P =0.002) and VLA-4* HSPC concentrations (F (2, 30) = 7.46, P
= 0.002). Post-hoc analyses revealed that compared with rest, bone marrow homing
potential of HSPC concentrations increased after LV-HIIE (CXCR-4*: d = 0.73, P <
0.0001 and VLA-4*: d =0.83, P <0.0001) and HV-HIIE (CXCR-4": d =0.76, P = 0.0008
and VLA-4*: d = 0.82, P < 0.0001), but not MICE (both P > 0.05). Within the HSPC
population, there were no differences in the frequency of CXCR-4* or VLA-4* HSPCs
in response to the trials (P < 0.05). When comparing changes in the cell surface
expression levels of these receptors, there was a significant decrease in VLA-4 (Time

Effect: P < 0.0001), but no change in CXCR-4 after all trials (Time Effect: P = 0.66).
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2.4.5 Chemokine CXCL-12 and VCAM-1 Concentrations

Changes in plasma volume adjusted chemokine concentrations in response to each
trial are presented in Figure 2.11. A repeated measures ANOVA revealed a significant
effect of Time for CXCL-12 concentration (F (1, 29) = 10.18, P = 0.003), but no
interaction effect (P=0.11). There were no changes in plasma VCAM-1 (P = 0.80)
concentration in response to all cycling trials. There were no associations between
changes in plasma chemokine and HSPC concentrations across any of the trials

(Figure 2.12A-B).
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Figure 2.11 Changes in the plasma concentration of CXCL-12 (A) and VCAM-1 (B)
between Rest and Interval 4 (30 minutes) of MICE (blue bars), HV-HIIE (grey bars)
and LV-HIIE (red bars). Values are means = SD. * indicates a significant effect of Time:

**p < 0.01. The ‘Interval 4 (30 minutes)’ timepoint is represented as ‘Post-EX’.
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Figure 2.12 The relationship between HSPC mobilisation and changes in plasma
chemokine concentrations between rest and Interval 4 (30 minutes) in all trials. The
delta change (A) of HSPC concentration was plotted against A CXCL-12 (A) and A

VCAM-1 (B), and Pearson and Spearman correlation coefficients determined

respectively.

2.4.6 Comparison of Flow Cytometric Methods to Determine HSPC Concentrations

Changes in peripheral blood HSPC concentrations in response to trials determined by
DPFC are shown in Figure 2.13B. A repeated measures ANOVA revealed a significant
Time x Trial interaction effect (F (2, 30) = 10.27, P = 0.0004). Post-hoc analyses

illustrated an increase in HSPC concentration after Interval 4 of LV-HIIE relative to rest
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(Rest: 2.45 + 1.09 vs. Interval 4: 3.72 = 1.20, P < 0.0001) and HV-HIIE (Rest: 2.20

0.88 vs. Interval 4: 3.26 + 1.28, P < 0.0001), but not after MICE (Rest: 2.43 + 0.85 vs.

Interval 4: 2.57 £ 1.10, P > 0.99). There were significant differences in post-exercise

HSPC concentrations between LV-HIIE and MICE (P = 0.04), but not HV-HIIE vs.

MICE (P = 0.41) or LV-HIIE vs. HV-HIIE (P = 0.97).
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Figure 2.13 Changes in peripheral blood HSPC concentrations determined by (A)
SPFC and (B) DPFC between Rest and Interval 4 (30 minutes) in MICE (blue bars),
HV-HIIE (grey bars) and LV-HIIE (red bars). (C) The agreement between SPFC and
DPFC was established by determining a Pearson correlation coefficient and (D) Bland-
Altman plot. Values are means + SD. * indicates significant differences between Pre-
and Post-Ex: ****p < 0.0001. The ‘Interval 4 (30 minutes)’ timepoint is represented as

‘Post-Ex.

A Pearson’s correlation indicated that there was a significantly positive relationship
(Figure 2.13C) between SPFC and DPFC methods (R = 0.60, P < 0.0001).
Furthermore, Bland-Altman analysis revealed no systemic differences between SPFC
and DPFC methods. Figure 5D indicated that most differences (63 of 66
measurements) between SPFC and DPFC fell within the ‘lower’ (-2.721) and ‘upper’
(1.647) limits of agreement. The mean difference was -0.537 cells/puL between data
pairs. A linear regression analysis between the mean of the data pairs vs. mean
difference indicated no significant difference between methods (F (1, 64) = 1.28, P =
0.26). Moreover, main effects and post hoc analyses comparing HSPC concentration
between Rest and Interval 4 across all 3 experimental trials revealed similar results

from both methods.

2.5 Discussion
The results of the current study indicate that brief cycling intervals of high intensity (LV-
HIIE and HV-HIIE), but not moderate intensity continuous cycling (MICE) mobilised

HSPCs into peripheral blood of healthy young males. HSPC concentrations
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determined by SPFC were elevated above rest after just two intervals of LV-HIIE (4
minutes) and three intervals of HV-HIIE (12 minutes). However, immediately following
completion of Interval 4, HSPC concentration was only elevated above rest during LV-
HIIE, returning to resting concentration within 5 minutes. These responses were
exclusive to CD38" HSPCs, with no changes in the CD38" fraction observed. The
frequency of HSPCs expressing bone marrow homing receptors CXCR-4 and VLA-4
were unaltered, but the cell surface expression of VLA-4 decreased after all cycling
trials, indicating marginally altered bone marrow homing propensity of exercise-
mobilised HSPCs. Accompanying these changes, both HIIE trials evoked more marked
increases in the peripheral blood concentration of cytolytic CD569™ NK cells compared
to MICE. Taken together, these data indicate that just 4—12 minutes of high intensity
cycling intervals can enrich peripheral blood with more HSPCs and CD569™ NK cells
compared to 30 minutes of moderate intensity continuous cycling. Given the
importance of these cells in context of HSPC transplantation, and the low volume of
cycling needed to evoke these changes, these findings provide a rationale to
investigate the impact of interval cycling after prior G-CSF treatment to examine HSPC

collection efficacy.

Previous studies have reported increases in peripheral blood HSPC concentrations
after bouts of steady state exercise (25) and HIIE (4,44). Data supports ‘intensity’ to
be a more prominent driver of HSPC mobilisation than ‘duration’ of a steady state
exercise bout (24); however, the relationship between these variables when comparing
bouts of HIIE is unclear. Whereas ‘all-out’ HIIE over a cumulative total of 120 seconds

has been reported to increase HSPC concentration (27), 15 minutes of intervals at a
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lower intensity (5 x 3 minutes at 90% of peak power) were needed to evoke a similar
change (4), with 10 minutes not sufficient (10 x 1 minute at 90% of maximal heart rate)
(19). Differences in participant demographics, timing between intervals, and criteria
used to define exercise ‘intensity’ may partly explain some of the discrepancies noted
between these studies. Moreover, studies to date have not directly compared how
different volumes of HIIE impact HSPC mobilisation, which was a primary purpose of
the current study. Given the potential translation of HIIE into a PBSC setting, the
present study compared cycling protocols that aligned with criteria used to define
clinical HIIE (32,33). We adopted the lower (85%) and upper intensity (95%) limits of
these criteria for maximal heart rate to design HV-HIIE and LV-HIIE protocols
respectively. A further novel element of the study was employing serial blood sampling
to evaluate changes after each interval of HIIE and time-matched samples during
MICE. This approach enabled us to determine that just 4 minutes of LV-HIIE and 12
minutes of HV-HIIE significantly increased HSPC concentrations compared to rest.
Comparatively, no changes were observed across 7 timepoints over 30 minutes of
moderate intensity continuous exercise (MICE), although total AUC between trials was
not statistically different. Despite no statistically significant differences between LV-
HIIE and HV-HIIE, HSPC concentrations were only greater after Interval 4 (30 min) of
LV-HIIE vs. MICE and not HV-HIIE vs. MICE. Moreover, the lower volume of total work
performed in LV-HIIE compared to HV-HIIE (Table 2.2) and more rapid initial increase
in HSPCs indicate that the ‘intensity’ of HIIE is a more prominent determinant of HSPC
mobilisation than ‘duration’. The approximate 2-fold increase in HSPC concentration
observed after LV-HIIE aligns with concentrations reported from previous studies

evaluating intervals and steady state exercise of much longer duration (13,24,45).
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Although maximal intensity cycling intervals can evoke HSPC mobilisation to this
degree (44), our data indicate that low volume cycling at a more manageable intensity

elicits a comparable increase.

In the present study, higher average power output, subjective exertion and HRpeax
(Table 2.2) in LV- HIIE > HV-HIIE > MICE reflected greater physiological exertion that
would likely elicit greater increases in systemic adrenaline concentration (3) and
therefore HSPC mobilisation, corroborating previous work (24). The observed
intensity-dependent changes in HSPCs were also observed across other immune cells
subsets (Table 2.3). Notably, the increased concentrations of lymphocytes and
CD569™ NK cells were greater in response to LV-HIIE vs. MICE. The increased
concentration of monocytes was greatest in LV-HIIE vs. HV-HIIE and MICE; however,
this was driven by greater reductions in blood volume during LV-HIIE rather than
greater cell mobilisation. It is well established that single bouts of exercise elicit non-
uniform mobilisation of immune cells into peripheral blood, which is intensity dependent
(13). Cells with high effector functions (e.g., non-classical monocytes, effector memory
T cells and CD569™ NK cells are preferentially mobilised relative to naive subsets
under the actions of B2 adrenergic (6) and cytokine signalling (46). Although extensive
phenotyping was not carried out in the present study, CD569™ NK cells had markedly
higher ingress than any other cell subset (Figure 2.8), illustrating preferential

mobilisation of potent cytolytic cells, particularly during HIIE.
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Perspectives and Clinical Considerations

The concept of implementing exercise in a PBSC setting has been proposed previously
(47,48), and yet practical steps to facilitate this have not been taken. This first begins
with providing empirical data to support an appropriate type of exercise for a broad
range of autologous and allogeneic donors, before evaluating its clinical utility. The
present study reports that HIIE can enrich peripheral blood with higher numbers of
multiple immune cell subsets to a greater degree than MICE, most notably HSPCs and
CD569™M NK cells. However, in line with previous studies (25), the increase in HSPC
concentration observed was transient, with resting concentration restored within 5
minutes. PBSC collections take approximately 3-4-hours and the peak HSPC
concentration of 3.2 + 2.0 cells/pL during LV-HIIE (Figure 2.6A) reported herein falls
short of the minimum collection threshold of 10 cells/uL following G-CSF treatment
(49). Furthermore, when expressing HSPC data relative to body mass, despite a
significant increase after LV-HIIE in the absence of G-CSF, HSPC dose after the trial
was approximately 10-fold short of the 2 x 108 HSPCs/kg collection threshold required
for successful engraftment after autologous transplantation (data not shown) (13).
Therefore, bouts of exercise in isolation are insufficient to evoke clinically meaningful
changes in HSPCs. Furthermore, CD38*, but not CD38 HSPC concentrations
increased after LV-HIIE in the present study (Figure 2.7A-B). Although engraftment
success is predicted clinically by CD34* count alone (50-52), a higher number and
frequency of pluripotent CD38  HSPCs are mobilised from the bone marrow following
G-CSF therapy (53) and predict more favourable engraftment success vs. CD38"
HSPCs (54). It is noteworthy that the majority of circulating HSPCs in the present study

were progenitor cells (=95% at rest and after exercise, Figure 2.7C-D). Enrichment of
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peripheral blood with CD38  HSPCs after G-CSF treatment results in a proportion of
HSPCs residing in marginal pools of the circulation, thus not available for collection
(48). Presently, it is unclear whether exercise could dislodge marginalised CD38* or

CD38" HSPCs into the blood compartment during apheresis.

Beyond the importance of the harvested cell number, the engraftment potential of
HSPCs and other collected cells are important. In the present study, engraftment
potential of HSPCs was evaluated by quantifying cell surface expression of CXCR-4
and VLA-4. Although expression is known to be variable across individuals, our data
aligned with mean CXCR-4" (=40%) (55) and VLA-4"* (=68.5%) (56) HSPC frequencies
in the absence of prior G-CSF treatment reported in other studies. The concentration,
but not frequency of HSPCs expressing bone marrow homing receptors CXCR-4 and
VLA-4 were increased after HIIE, but not MICE (Figure 2.10A-D). Previous studies
support these findings, reporting an increase in the concentration, but not frequency of
peripheral blood CXCR-4* HSPCs (18), and VLA-4* T, B, NK cells (57) after steady
state incline walking and resistance exercise respectively. Therefore, CXCR-4* and
VLA-4* HSPC mobilisation during HIIE likely reflects non-specific demargination of
these cells from marginal pools along with all leukocytes (58). Additionally, we
observed a decrease in the cell surface expression of VLA-4, but not CXCR-4 after all
cycling trials (Figure 2.10G-H). The cell surface expression of CXCR-4 has been
reported to be augmented on circulating T (59) and NK cells (60) after steady state
exercise and associated with elevated tissue homing and subsequent
lymphocytopenia. Expression changes of CXCR-4 and VLA-4 after bouts of exercise

are evidently specific to each cell type and dependent on their microenvironment,
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notably chemokine cues. We observed no relationship between the expression of
these receptors with systemic changes in CXCL-12 and VCAM-1 concentrations,
which displayed the reverse pattern (Figure 2.11A-B) (45), and thus local tissue
chemokine cues might explain the decrease in VLA-4 expression on HSPCs. The latter
implies that the bone marrow homing propensity of HSPCs was impaired after exercise
relative to circulating HSPCs at rest; however, its impact on engraftment potential is
presently unclear. Engraftment potential is also impacted by immune composition,
notably CD569™ NK cells, which were =4-fold higher after HIIE vs. MICE (Figure 2.8).
Higher numbers of CD569™ NK cells have been reported to lower the risk of several
clinical endpoints (e.g., post-transplant viral infections and GvHD) following allogenic

HSPC transplantation by enhancing the recipient’s adaptive immune responses (7).

Collectively, repeated intervals of LV-HIIE incrementally increased the concentration
of peripheral blood HSPCs, albeit with a modulated bone marrow phenotype, to a
greater degree than moderate intensity steady state cycling. These changes were
accompanied by an increase in clinically relevant CD569™ NK cells in peripheral blood

at the end of interval 4.

Comparison of SPFC and DPFC Methods

A secondary aim of the present study was to evaluate the relationship and systemic
bias between SPFC and DPFC methods for enumerating HSPCs in peripheral blood
before and after bouts of cycling. DPFC is more commonplace in studies evaluating
changes in HSPC concentration after exercise, but high variability has been reported

in some multi-site studies (31) whereas SPFC is the clinically accepted method used
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during PBSC collections, established by ISHAGE (61). The same general pattern of
response was observed between methods (Figure 2.13A-B), with the exception that
post-exercise HSPC concentrations were significantly greater than rest after LV-HIIE
and HV-HIIE vs. MICE using DPFC (Figure 2.13B), whereas this trend was only
significant for LV-HIIE using SPFC (Figure 2.13A). A significant moderate correlation
was observed between methods (Figure 2.13C), and there was no significant systemic
bias between methods (Figure 2.13D). Whereas both quantitative methods appear
acceptable depending on logistics of a research study design, a mean difference of -
0.537 cells/uL might be considered clinically meaningful given that the collection
threshold for initiating apheresis is > 10 cells/ uL (62). Regardless of method, these

data collectively indicate that HIIE evoked greater mobilisation of HSPCs than MICE.

Strengths, Limitations and Future Perspectives

Using a randomised crossover design and serial blood sampling, this study employed
internationally validated guidelines to enumerate peripheral blood HSPC
concentrations after bouts of interval vs. continuous cycling; however, this study was
not without limitations. A low recruitment rate following easing of COVID-19 restrictions
resulted in our study population including only male participants, thus not biologically,
socially or clinically representative. From a physiological perspective, our data indicate
that just 4 minutes of LV-HIIE elicited an increase in peripheral blood HSPCs greater
than 30 minutes steady state cycling, but at present, the translation of these findings
are limited. It is evident that clinical trials are required to evaluate whether cycling
during apheresis (with prior G-CSF) can improve HSPC collection efficacy. These trials

should be preceded by studies first examining whether cycling throughout a PBSC

91



collection procedure (=3 hours) sustains HSPC concentrations and the effect on
immune composition. Beyond the physiological potential of exercise to maximise the
number of these cells, future work is required to evaluate the feasibility and
acceptability of such an approach for allogeneic and autologous donors undergoing G-
CSF treatment. Cycling protocols such as LV-HIIE and HV-HIIE could be unfavourable
for allogenic donors in the general population who do not exercise regularly and not
recommended for autologous donors suffering with immunosuppressive disorders
(63). Despite the physiological strain during LV-HIIE being markedly greater than
MICE, the enjoyment level was equal across all exercise trials (Table 2.2). This
provides some basic subjective data to support the use of these protocols in healthy
young males, but implementation of these intervals over 3 hours in different population

groups, albeit with longer rest periods, warrants investigation.

Conclusion

In conclusion, the present study revealed that 2 x 2-minute bouts of LV-HIIE and 3 x
4-minute bouts of HV-HIIE were sufficient to increase peripheral blood CD38* HSPC
concentrations above rest, but not in response to 30 minutes of continuous cycling at
moderate intensity. At the end of the trials, HSPC concentration was only elevated
above rest in the LV-HIIE trial. Furthermore, peripheral blood was enriched with higher
numbers of CD569™ NK cells after bouts of HIIE vs. MICE. Collectively, these data
indicate that exercise intensity was a more prominent factor than duration in driving the
mobilisation of immune cells with relevance to HSPC transplantation. With only 4
minutes of high intensity cycling intervals eliciting these changes, future studies should

evaluate the clinical effectiveness of HIIE within a PBSC donation setting.
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Chapter 3: Method Development

3.1 Abstract

The field of immunometabolism has been significant in enhancing comprehension of
how immune cells regulate their bioenergetics to perform crucial biological activities
including glycolysis and mitochondrial respiration which are primarily responsible for
energy production in T cells. These processes can be measured simultaneously
utilising extracellular flux analysis (EFA) to investigate the metabolic characteristics
and real-time response of the cells to activation. By conducting experiments to optimise
an EFA assay using Jurkats and primary naive T cells, this was then implemented in
Chapter 4 of this thesis. After complications surrounding the work in Jurkats, conditions
were optimised for enriched primary naive CD4* and CD8* T cells (200 x 102 cells).
Glucose (10 mM) and glutamine (2 mM) concentrations were optimised for a
CD3/CD28 bead-induced activation assay using Seahorse XFe96 EFA. In order to
accurately examine in vivo immunometabolic processes, blood collection procedures
were then optimised. Real time changes in proton efflux rate (PER) were greater in
naive T cells after CD3/CD28 activation when naive T cells was isolated immediately
from sodium heparin blood tubes at room temperature. Moreover, the use of silicone
inserts for cell seeding and standard assay media in EFA led to precise and improved

alterations in PER following activation.

3.2 Introduction
Peripheral blood mononuclear cells (PBMCs) represent a diverse group of

predominantly lymphocytes and monocytes that circulate between lymphatic organs
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and other tissues to facilitate whole body immune responses. PBMCs are easily
accessible from a venous blood draw and offer potential as markers of bioenergetic
health given their susceptibility to various inflammatory and metabolic stimuli (8). For
this reason, there has been increasing interest in the discipline of immunometabolism
in the context of immune-driven disease pathology. For example, a study by La Rocca
et al, 2017 reported aberrant T cell metabolic responses in people with multiple
sclerosis vs. controls, which was defined by impaired changes in extracellular
acidification rate (ECAR) and oxygen consumption rate (OCR) in response to
activation (9). In people with autoimmune illness, upregulation of glucose metabolism
in T cells enhances joint inflammation and autoantibody production in people with
rheumatoid arthritis (10), and although basal OCR was higher in PBMCs isolated from
individuals with rheumatoid arthritis, systemic lupus erythematosus and vasculitis,
activation induced changes were attenuated vs. healthy individuals (8). The study of
immunometabolism has therefore been central to developing understanding of how
immune cells regulate their energy production to fulfil critical cell functions and provides
an opportunity for therapeutic intervention by augmenting or inhibiting metabolic

pathways using pharmaceutical or lifestyle (nutrition and exercise) approaches.

There are a plethora of quantitative methods available to evaluate immunometabolism.
These include metabolomics to quantify specific metabolites using mass spectrometry
(MS), isotope tracing to detect and quantify a targeted substrate in vivo, and single-
cell RNA sequencing and proteomics to determine the gene and protein expression of
cells respectively, indicating a metabolic phenotype. More recent technological

advances have resulted in real time applications such as an EFA using Seahorse XF
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analyser. EFA is automatic, user friendly, and now accessible for most laboratories.
Moreover, Seahorse XF analyser can interrogate real-time metabolic assessment of
cellular OCR and ECAR with small quantities of cells and provide flexibility to construct
customisable experiments that enable exposure of bead-conjugated antibodies,
ligands, inhibitors, and substrates to investigate various metabolic perturbations in

PBMCs (9,11) or more specific T cell populations within the PBMC fraction (12,13).

Despite advances in the analytical methods used to evaluate immune cell energetics,
there are obstacles taking place in the analysis such as the dynamic nature of cellular
metabolism and differences in immune cell response to activation (14). This is
particularly the case when studying immunometabolism using PBMCs. PBMCs are a
heterogeneous population of cells, with diverse effector functions governed by unique
metabolic pathways (15). In the context of exercise immunology, investigating the
effects of single bouts of exercise in PBMC energetics presents further complications
given the dynamic fluctuations in the number and type of immune cells within the
PBMC fraction. As a proportion of PBMCs, T cells are the primary constituent that
exhibit unique characteristics against pathogens and infected cells by producing a
durable and highly specific immune response. To robustly evaluate the impact of
exercise bouts on immunometabolic pathways in T cells, techniques must be adopted
to first purify homogenous T cell populations (16,17). T cell subsets can be isolated
from PBMCs with high purity using magnetic activated cell sorting (discussed in
Chapter 4), which is a simple and fast separation method that does not compromise
the viability of enriched target cells (18,19). This is essential for downstream

applications such as the measurement of T cell energetics.
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Glycolysis and mitochondrial respiration are the primary processes that are
responsible for ATP production in T cells (20) which can be calculated simultaneously
using EFA to evaluate shifts in metabolic phenotype. Furthermore, ex vivo T cell
activation augments shifts in bioenergetic processes to fulfil the energy demands of
the cell. These metabolic changes reflect T cells encountering pathogens in vivo (21).
Hence, by evaluating the bioenergetics of single T cell populations through EFA
(including real-time responses to activation), the effects of acute exercise on T cell

energetics can be accurately examined.

To develop methods for use in subsequent chapters of this thesis, a Jurkat cell line
was initially used to model a homogenous population of T cells, with the intention of
conducting human serum exposure experiments from historical samples. The Jurkat
cell line (Clone E6-1) is a leukemic T cell line derived from the peripheral blood of a
14-year-old male with acute leukemia. By optimising experimental conditions to expose
Jurkat cells to serum isolated from human donors before and after bouts of exercise,
this method will then evaluate the impact of exercise-induced fluctuations in serum
metabolites on T cell energetics. For full transparency, this approach was adopted in
light of the constraints imposed by COVID-19 restrictions. Planning for this
experimental Chapter 4 started in January 2021 when there were significant delays
with regards to gaining ethical and biological safety approvals. It was not possible to
work with human participants and draw blood safely during this time. After restrictions

were lifted and upon reflection of the data obtained from the initial Jurkat experiments,
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the focus of subsequent experiments shifted to human primary T cells, more

specifically, comparisons of bioenergetics in naive vs. antigen-experienced T cells.

The aim of this chapter was to optimise methods to evaluate T cell energetics
appropriate for implementation in human acute exercise studies carried out in
experimental chapter 4 of this thesis. This section moreover provides the rationale and

appropriate justification of the methods used.

3.3 Overview of Jurkat Methods

A Jurkat cell line (Clone E6-1) was used to model a homogenous T cell population,
with the intention of then conducting human serum exposure experiments with samples
from before and after bouts of exercise. Method development began with titrations of
cell density for seeding the EFA plate (section 3.2.3) to determine the optimal cell
number for the outcome measures of OCR and ECAR. This cell number was then
applied to subsequent experiments measuring Proton Efflux Rate (PER) in response
to T cell activation, with optimal glucose, glutamine, and T cell activation bead
(CD3/CD28) concentrations within the EFA media determined (section 3.2.4 and
3.2.5). Given the high rates of basal PER observed in Jurkat cells, glucose starvation
studies were then conducted with the intention of reducing basal PER prior to cell
activation (section 3.2.6) and interleukin 2 (IL-2) secretion quantified in assay media

as an indicator of cell activation.

The next two sections will first overview the method for culturing the Jurkat cell line

(section 3.3.1) and generic details for the bioenergetic assays used to determine their
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metabolic phenotype (Mito stress assay, section 3.3.2.1) and real-time responses to

activation (Activation assay, section 3.3.2.2).

3.3.1 Jurkat Culture Method

Jurkats were cultured in complete media composed of glucose-containing RPMI
(reference starvation studies below) supplemented with 10% fetal bovine serum (FBS),
2 mM L-glutamine and 100 U/mL penicillin-streptomycin. Initially, Jurkats were seeded
into a T25 culture flask for 2-3 days (37°C incubator with 5% CO3) to improve cell
viability. Cells were then seeded at a density of 1 x 10° - 1 x 108 cells/mL before
passaging at 80% confluence (2.4 x 108 cells/mL). Culture media was replaced every

48 hours to achieve =90% viability by day 12.

3.3.2 Seahorse EFA

Experimental assays were carried out using the Seahorse XFe96 extracellular flux
analyser and pre-designed using Seahorse analytics software 1.0.0-570 (Agilent
Technologies, USA). A Mito stress assay was initially implemented to investigate the
bioenergetic profile of Jurkats at different densities (via OCR and ECAR measurement)
using an injection sequence of different cell respiration modulators (Oligomycin, BAM
15, Rotenone and Antimycin A) (21). An activation assay was then validated to
evaluate real time bioenergetic changes to T cell activation, demonstrated by a rapid
switch from mitochondrial respiration to glycolysis. This was measured via changes in
PER after incubation of Jurkats with artificial human CD3/CD28 T cell activation beads,

followed by injection of 2-DG (glycolytic inhibitor) (22,23).
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3.3.2.1 Mito Stress Assay

Preparation

A Mito stress assay was carried out where a Seahorse XFe96 sensor cartridge was
hydrated in 200 pL/well of XF Calibrant in a non-CO: incubator overnight at 37°C. The
day after, Jurkats were suspended in 50 pyL (section 3.2.3) of pre-warmed base
Seahorse XF RPMI assay medium (10 mM glucose, 1 mM pyruvate, and 2 mM
glutamine, pH = 7.4), following manufacture’s standard protocols (Agilent
Technologies, USA), and seeded onto a Seahorse XFe96 cell culture microplate
(Agilent Technologies, USA). A total of 4 technical replicates were used for each assay.
Each well was pre-coated with sterile Cultrex Poly-D-lysine (Bio-techne, Minneapolis,
USA). The plate was centrifuged at 300 x g for 5 minutes at room temperature with the
brake off and the plate rested for 1 hour in a non-CO> incubator at 37°C. Assay medium

(130 pL) was added 15 minutes prior to starting the assay.

Assay Injection Strategy

Following assay preparation, 20 uL/well of injected reagents were prepared including
2 ug - mL™* Oligomycin (Sigma-Aldrich, Merck, UK) in port A, 3 uM BAM 15 (TOCRIS,
Minneapolis, USA) in port B and a mixture of 2 yM Rotenone + 2 yM Antimycin A
(Sigma-Aldrich, Merck, UK) in port C for mitochondria stress (Mito stress) test in cell
seeding density titration (section 3.2.3). Seahorse XFe96 extracellular flux analyser
was calibrated with pre-hydrated Seahorse XFe96 sensor cartridge for minimum 5
hours prior to assay start and followed by inserting the experimental plate into the
analyser, and an induced real-time ATP rate (pmol - min~1) assay was performed.

Following the pre-design experimental assay, OCR (pmol - min~) and ECAR (mpH -
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min~!) were measured 14 minutes after the assay begun reflecting the baseline
measurement (3 cycles) and following each of 3 consecutive injections over a 40
measurement period (Figure 3.1). Injections of Oligomycin (port A, 3 cycles) after 15—
28 minutes, BAM 15 (port C, 3 cycles) after 29—41 minutes and a mixture of Rotenone
+ Antimycin A (port C, 3 cycles) after 42-54 minutes were implemented to provide the

real-time mitochondria stress test for different cell number titrated.

1 50 - Oligomycin BAM 15 Rotenone + Antimycin A

100 =

Maximal
Respiration | §

= Spare Capacity

(pmol O, min™)
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o

Basal
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Oxygen Consumption Rate (OCR)

ATP-Linked
Respiration
Non-mitochondrial Oxygen Consumption

0 20 40 60 80

Time (minutes)

Figure 3.1 Seahorse XFe96 Mito Stress test profile. Kinetic trace of OCR in T cells
during Mito Stress test, revealing essential parameters determining mitochondrial
function and tested by the injection of drug modulators including Oligomycin, BAM 15,

Rotenone, and Antimycin A.
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3.3.2.2 T cell Activation Assay

A T cell activation assay followed identical preparation procedures to the Mito stress
assay, differing only in assay media composition relating to titrations of glucose,
glutamine (section 3.2.2.4) and activation bead concentrations (section 3.2.2.5) in
metabolic assay media, and glucose concentration in growth media for the Jurkat
glucose media starvation experiment (section 3.2.2.6). The assay started with
preparation of 20 yL/well of injected reagents including ImmunoCult human CD3/CD28
T-cell bead activator (STEMCELL Technology, UK) or assay medium for control well
in port A and 50 mM 2-Deoxy-D-glucose (2-DG) (Thermo Scientific, UK) in port B. PER
(pmol - min~!) was measured 14 minutes after the assay baseline measurement (3
cycles) and following each of 2 consecutive injections over a 100 measurement period
(Figure 3.2). Activator or assay media for control samples (port A, 10 cycles) after 15—
79 minutes and 2-DG (port B, 4 cycles) after 80—-120 minutes were injected to provide
the real-time glycolytic rate (through PER measurement) between control vs.
experimental samples upon activation. PER is the number of protons exported by cells
into the assay medium over time, expressed as pmol/min. The glucose analog 2-DG
was also injected to inhibit glycolysis through competitive binding of glucose
hexokinase, the first enzyme in the glycolytic pathway (24). The injection of 2-DG
caused a rapid decrease in PER, thus providing confirmation that prior changes in PER

were primarily due to glycolysis.
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Figure 3.2 Seahorse XFe96 activation test profile. Kinetic trace of PER in T cells during
activation assay, demonstrating an increase in PER upon injection of anti-CD3/CD28
bead activator relative to baseline, followed by an injection of 2-DG, which abrogates

the activation-associated glycolytic increase.

3.3.2.3 Cell Seeding Density Titration

To accurately examine Jurkat bioenergetics using the Agilent Seahorse EFA, baseline
and maximal OCR and ECAR of cells at different seeding densities was determined.
Following manufacture’s recommendation, overseeding cells should be avoided as it
can lead to inadequate cell adhesion or cell clustering, which in turn results in false
rate measurements. Optimal cell distribution (monolayer at 70-90% confluency) will

generate metabolic rates in the desirable/ dynamic range of the Agilent Seahorse
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XFe96 instrument, notably OCR (20 to 160 pmol/min) and ECAR (10 to 90 mpH/min).
According to Agilent Seahorse EFA standard techniques, suspension cells such as
Jurkats require 5 x 10% to 2 x10° cells/well. Therefore, the effect of 50, 100, 150, 200,
250 and 300 x 1032 cells/well on basal and maximal OCR and ECAR throughout a

Mitochondria Stress test was examined.
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Figure 3.3 Kinetic traces of (A) OCR and (B) ECAR throughout a Mito stress test at
different densities of Jurkats (cells/well). Data were absolute values from 4 replicate

wells and presented as mean = SD. P > 0.05.

Cell densities of 50 x 102 and 100 x 102 cells/well both exhibited basal OCR (<20
pmol/min) and ECAR (<10 mpH/min) values below the acceptable range owing to low
confluency following manufacture’s recommendation (Figure 3.3). A marginal
response to mitochondrial uncoupling was observed for cells at higher densities (> 200
x 102 cells/well), but there were no differences in basal and maximal respiration for
cells at lower density (< 100 x 102 cells/well). This may have reflected high rates of
basal glycolysis in an immortalised cell line such as Jurkats (confirmed in later
experiments). A cell density of 200 x 102 cells/well resulted in accurate responses to
each compound and more stabilised basal OCR and ECAR at 3 measurement points

compared to 250 x 10° and 300 x 102 cells/well.

3.3.2.4 Titration of Glucose and Glutamine Concentrations in Assay Media

T cells demonstrate a profound metabolic shift upon activation to promote glycolysis >
mitochondrial respiration for energy provision, for which nutrients such as glucose and
glutamine availability are critical (25). Notably, these nutrients provide energy for T cell
proliferation (25,26), activation and subsequent effector functions (27). Hence, the
optimal concentrations of glucose and glutamine within the assay media to facilitate
Jurkat activation in our experimental model was determined. Instead of using the base
Seahorse XF RPMI assay medium with recommended supplements (used in section

3.2.2.3), glucose and glutamine concentration were titrated to determine the ideal
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composition for maximising changes in PER following T cell activation. Therefore,
assay media was supplemented with glucose and glutamine ranging from 0 — 10 mM
and 0 — 2 mM, respectively. Assay media with 10 mM glucose or 2 mM glutamine
served the highest concentrations as it is most commonly used in cell culture media
(28) and 5 mM glucose (normal concentration) was used to reflect normal physiological
glucose concentration in blood (29). Prior to the titration of human CD3/CD28 T cell
activator (section 3.2.2.5), manufacturer’s instructions (1:1 dilution with assay media)

were followed.
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Figure 3.4 (A) Kinetic traces of PER in Jurkats (200 x 102 cells/well) exposed to
CD3/CD28 activation beads and different media concentrations of Glucose and
Glutamine. (B) Comparison of peak PER between pre-activation (basal, white bar) and
activation (black bar) for different concentration of Glucose and Glutamine in assay
media. ZGlu, 0 mM Glucose; NGlu, 5 mM Glucose; HGIlu, 10 mM Glucose; ZGlut, 0
mM Glutamine; LGlut, 1 mM Glutamine and NGlut, 2 mM Glutamine. Data were
absolute values from 4 replicate wells and presented as mean = SD. **P < 0.01, *P
< 0.001. ##pP < 0.0001, significant differences between assay media with ZGlu and

NGIlu or HGIu.

Jurkats supplemented no glucose (ZGlu) showed lower rates of basal PER and no
change in PER in response to CD3/CD28 activation compared to cells supplemented
with normal (NGlu) or high glucose (HGIlu) (Figure 3.4), independent of glutamine
concentration. Uniformly flat PER traces over time were likely a consequence of a lack
of glucose to facilitate T cell activation and thus changes in PER (30). Moreover, when
no glutamine was added to the assay media in NGlu or HGlu, there was no significant
change in PER, indicating the importance of glutamine in mediating T cell activation
(31). There was a significant change in PER with NGlu vs. HGIu, but this was not
significantly difference between assay medias. Therefore, HGlu and NGlut were
selected to align with standard culture conditions and assay media used with previous

EFA protocols (32).
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3.3.2.5 Activator Dilution Comparison

T cell activation is initiated by the concurrent stimulation of the T cell receptor
(TCR)/CD3 complexes and costimulatory receptors, such as CD28, by antigen-
presenting cells (APC) (33). The Human CD3/CD28 T cell Activator is specifically
formulated to stimulate and activate human T cells without the need for magnetic
beads, feeder cells, or antigens. The T cell Activator is composed of soluble antibody
complexes that specifically attach to CD3 and CD28 cell surface ligands which in turn
provides the necessary primary and co-stimulatory signals for the activation of T cells
(34). Given the high rates of glycolysis in Jurkats and marginal responses to activation
reported in previous experiments, it was hypothesized that using more concentrated

CD3/CD28 beads would maximize changes in PER for use in subsequent experiments.
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Figure 3.5 (A) Kinetic traces of PER in Jurkats (200 x 1032 cells/well) in response to
CD3/CD28 activation beads used at 5% (diluted) or 10% (undiluted) of the assay media
composition. (B) Comparison of peak PER between pre-activation (basal, white bar)
and activation (black bar) for undiluted and diluted activation beads. Data were
absolute values from 4 replicate wells and presented as mean + SD. *P < 0.05, ****P

< 0.0001.

Although the magnitude of change in PER was greater using diluted vs. undiluted
activation beads within the assay media, both promoted a significant increase in PER
(Figure 3.5). Like previous experiments, basal PER was high prior to activation and
therefore to maximise stimulation to CD3 and CD28 cell surface receptors in Jurkats,

undiluted activator was used for subsequent experiments.
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3.3.2.6 Variance of Glucose Concentration in Culture Media

Due to differences in nutrient utilisation and higher rates of glycolysis, Jurkats exhibit
metabolic requirements unique from non-cancerous T cells (35). As cancer cells,
Jurkats upregulate the activity of glycolytic pathway to produce intermediates which
are essential for synthesis of nucleic acids, proteins, and lipids to support cell growth
and proliferation (35). Results from the previous experiments indicate that basal
glycolysis was inherently high in Jurkats, thus potentially mitigating the impact of
manipulating nutrient (i.e., glucose and glutamine) and/or activation bead
concentrations on PER. To overcome this, culturing Jurkats in chronically low-glucose
environment may provide a strategic approach to suppress basal glycolytic rate
(30,36), thus optimising our experimental model. Hence, culture media with different
glucose concentrations ranging from 2-10 mM were used to culture Jurkats for 14 days

before the experimental assay started.
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Figure 3.6 (A) Kinetic traces of PER after activation of Jurkats (200 x 103 cells/well)
following 14-days of culture in low (LGlu, 2 mM), normal (NGlu, 5 mM), and high (HGlu,
10 mM) glucose concentrations. (B) Comparison of peak PER between pre-activation
(basal, white bar) vs. activation (black bar) in LGlu, NGlu, and HGIlu. Data were

absolute values from 4 replicate wells and presented as mean + SD. ***P < 0.0001.

Following CD3/CD28 activation, there was a significant increase in PER across all
conditions. Surprisingly, there was a small decrease in PER after the initial peak (20-
30 minutes) in all conditions, demonstrating unstable responses to activation (Figure
3.6). Furthermore, high basal PER rendered the validity of using Jurkats to model T
cell activation very low, due to the low spare respiratory capacity of these cells. To
corroborate these findings, Interleukin (IL)-2 cytokine concentrations were quantified
in metabolic assay media from control and activated Jurkats. T cell activation results

in induction of the interleukin-2 receptor (IL-2R) and secretion of IL-2 (37).
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Supernatants were isolated from the Seahorse EFA plate after the activation assay
and centrifuged at 300 x g for 10 minutes before aspiration and subsequent analysis
in duplicate using high sensitivity (>0.066 pg - mL™) enzyme-linked immunosorbent
assay (ELISA) kits (Bio-techne, Minneapolis, USA), with values obtained from a
standard curve of known IL-2 concentration. No IL-2 was detectable in the metabolic

assay media after activation or control.

Interim Conclusion

In summary, a cell density of 200 x 102 Jurkats/well resulted in accurate and enhanced
stability of basal OCR and ECAR in responses to a Mito stress test. Moreover, Jurkats
cultured in assay media supplemented with 10% CD3/CD28 activation beads, 10 mM
glucose and 2 mM glutamine exhibited the most optimal change in PER in response
to activation across experiments. Despite chronically starving Jurkats of glucose for a
14-day period, basal rates of PER remained high in this experimental model. Following
the lifting of COVID-19 restrictions (e.g., no collecting of blood and expired gases from
humans), the validation of protocols in primary human T cells was prioritised and

optimisation of this Jurkat model ceased.

3.4 Overview of Primary Cell Methods

Protocols were developed with the purpose of investigating the impact of prolonged
moderate intensity exercise on T cell energy metabolism in purified naive T cells vs.
total peripheral blood mononuclear cells (PBMCs) isolated from humans (Chapter 4).
Method development began with optimising a flow cytometry protocol (cell density and

antibody titrations) to confirm high purity (3.3.1) of enriched naive CD4* and CD8* T
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cells isolated from PBMCs using magnetic activated cell sorting (MACS) (discussed in
Chapter 4). Following this, a T cell activation assay was developed for naive CD4* and
CD8* T cells using seahorse EFA (3.3.2), initially including titrations of cell seeding
density, seeding conditions (standard vs. silicone well inserts) and activation bead
(CD3/CD28) concentration. Finally, the influence of blood collection tube anticoagulant
(EDTA vs. sodium heparin) and transit time between blood collection and analysis

were determined.

3.4.1 Flow Cytometry

Flow cytometry is a distinct method that uses standard laser-based technology to
analyse single cells in a heterogenous mixture of biological cells. Itis a rapid, unbiased,
and quantitative analytical tool for measuring the size and shape of cells through light
scatter, coupled to fluorescence signals that identify molecules unique to individual
cells (38). The principal of flow cytometry was applied in chapter 3 and 4 to confirm the
purity of naive CD4* and CD8* T cells before and after MACS using specific
fluorescence-conjugated antibodies that target cell surface molecules (e.g., CD
markers) (39). Flow Cytometry data acquisition was undertaken using a CytoFlex-S
flow cytometer (Beckman Coulter, California, USA) and data analysed and presented
with CytExpert v2.5 Software (Beckman Coulter, California, USA). All antibodies were
purchased from BioLegend (San Diego, CA), gates were formed using fluorescence
minus one (FMO) controls, and compensation was applied using single stained

controls. Dead cells were excluded using a viability exclusion dye.
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3.4.1.1 Gating Strategy of Naive T cell

A gating strategy is a delineation in flow cytometry analysis (Figure 3.7), either in
numerical or graphical form, that serves to establish the specific attributes of cell
population that are to be considered for subsequent analysis. The gating process
involves the selection of a specific region on the scatter or histogram plot created

during the flow experiment to choose which cells should be further analysed (38).
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Figure 3.7 Schematic overview of naive T cells gating strategy. Gating strategy was
used to enumerate Naive CD8 and CD4 T Cells Enumeration in PBMCs (200 x 103
cells). (A) Doublets were discriminated using forward side scatter-area (FSC-A) vs.
forward side scatter-height (FSC-H). (B) Lymphocytes were gated on fully stained
PBMCs. (C) Viable cells were acquired by using 7-AAD Exclusion. (D) Live CD3+ T
cell events. (E) Lymphocyte subsets were identified using a CD8 PB450-Area vs. CD4
PE-Area bivariate plot. (F) CD4 subsets or (G) CD8 subsets were identified using a
CD45RA FITC-Area vs. CCR7 APC-Area bivariate plot. Abbreviation: 7-AAD, 7-
Aminoactinomycin D; CM, Central Memory; EM, Effector Memory; TEMRA, T Effector

Memory Re-expressing CD45RA.

3.4.1.2 Antibody Titration and Cell Density

Titrations of cell number and antibody volume were conducted to determine the optimal
conditions for flow cytometry analysis of naive T cell purity. Eight volumes (0, 0.3125,
0.625, 1.25, 2.5, 5, 10 and 20 pL) of CD3, CD4, CD8, CD45RA and CCR7 antibodies
were each added to 100 x 103 or 200 x 102 PBMCs (50 pL). A stain index (SI) was
calculated for the titrated volumes of each antibody. Sl represents the level of
separation between positive and negative cell populations and is calculated by dividing
the difference between the median fluorescence intensity (MFI) of positive and
negative populations by 2 times the standard deviation of the negative population.

Below, CD3-APC-A750 was used as a representative example.
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Figure 3.8 Antibody titration for (A) 100 x 102 vs. (B) 200 x 102 PBMCs stained with 0,
0.3125, 0.625, 1.25, 2.5, 5, 10 and 20 pL of CD3-APC-A750. The dot plots (left) display
the separation between CD3+ and CD3- cells and the line graph the stain index of

each antibody volume (right).

The red boxes and * in the dot and line graphs respectively indicate the volume of CD3-

APC-A750 that gave the highest Sl and therefore, optimal separation between CD3+
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and CD3- populations (Figure 3.8). The Sl was 0.625 pL and 1.25 pL for 100 x 103
and 200 x 10® PBMCs stained with CD3-APC-A750, respectively. Moreover, SI
evidenced that applying more antibodies did not serve a better separation between
positive and negative cell population. Optimal volumes of CD4, CD8, CD45RA, and
CCRY7 based on Sl are indicated in Table 3.1. Collectively, it was decided that 200 x

103 PBMCs was optimal for subsequent flow cytometry analysis.

Table 3.1 Volumes of each antibody validated for flow cytometry analysis using 200 x

103 PBMCs.
Antibody Fluorescence Validated Volume (pl)
CD3 APC-A750 1.25
CDh4 PB450 0.625
CD8 FITC 1.25
CD45RA APC 5
CCRY PE 5

3.4.1.3 Antibody Isotype Control Validation

Isotype controls are primary antibodies that correspond to the class and type of the
primary antibody used in the application but do not possess target specificity to bind to
cell target. The isotype control serves to help distinguish the primary antibody signal
from non-specific background signal (40). Moreover, as the binding or effect of the
primary antibodies is specific, using isotype antibody controls ensures non-specific
interactions with the Fc receptor or with other proteins on the cell surface are identified.

Non-specific background is an important variable that needs to be controlled (40). By
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configuring the relevant isotype antibody controls to identify non-specific binding, it is
attainable to minimise the occurrence of false positive results and precisely examine

true antigen-antibody interactions.
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Figure 3.9 Histograms displaying specificity of titrated (A) CD3-APC-A750 (B) CD4-
PB450 (C) CDS8-FITC (D) CD45RA-APC and (E) CCR7-PE. US, unstained
lymphocytes (red); SS, single stained lymphocytes with mouse IgG anti-human isotype

control (green) or single stained lymphocytes with anti-human antibody (violet).

Figure 3.9 depicts minimal overlap between all signals from positive stained cell
populations (violet) and corresponding Isotype antibody controls (green). This
indicates that all primary antibodies were highly specific and exhibited a fluorescent

signal distinct from non-specific binding.

123



3.4.2 Metabolic assay

The same assay procedures were followed for EFA of primary T cells as Jurkats
(section 3.2.2), but optimisation only carried out for real-time responses to activation
(section 3.2.2.2). Method development began with titrations of cell density for seeding
the EFA plate (3.3.3.1) to find an optimal cell number based on measurements of PER.
This cell number was then applied to determine optimal human T cell activation bead
(CD3/CD28) concentrations within the EFA media (3.3.3.2), the use of standard
seahorse well design vs. with silicone inserts (3.3.3.3) and the influence of
anticoagulant (K2EDTA vs. Sodium Heparin) within the blood collection vacutainer
(3.3.3.4). Finally, given the timely logistics of conducting human based exercise studies
(chapter 4), the impact of time from blood collection to analysis (immediately vs. 4
hours) was examined to elucidate the optimal conditions to preserve naive T cell

viability and measure representative in vivo bioenergetic responses to activation.

3.4.2.1 Naive T Cell Seeding Density Titration

The impact of seeding 100 x 10° vs. 200 x 102 enriched naive CD4* and CD8* T
cells/well (MACS protocol overviewed in Chapter 4) on changes in PER after
CD3/CD28 bead activation was examined. There was a significant increase in PER for
200 x 103 naive T cells/well activated with CD3/CD28 beads, but not 100 x 10° naive
T cells/well (Figure 3.10). Hence, a cell density of 200 x 103 cells/well was
implemented for subsequent protocols to ensure optimal and stable responses to each

measurement point after CD3/CD28 bead activation.
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Figure 3.10 Kinetic traces of PER for 100 x 102 and 200 x 102 naive (A) CD4* and (B)
CD8* T cells in response to CD3/CD28 bead activation. (C) Comparison of peak PER
between pre-activation (basal, white bar) vs. activation (black bar) for all conditions.
Data were from 4 replicate wells and presented as mean + SD. *P < 0.001, ***P <

0.0001.

3.4.2.2 Standard vs. Silicone Well Comparison

Seahorse XFe96 EFA well plates are manufactured without silicone inserts as
standard but used to facilitate cell seeding in 8-well EFA plates, such that the cell
monolayer is located directly underneath sensor cartridges of the Seahorse EFA. This

may in turn enhance measurements of PER during the assay, although this has yet to
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be investigated in a 96-well format. Figure 3.11 visually depicts that cells were more

concentrated within wells using silicon inserts vs. standard wells. Furthermore,

following injection of CD3/CD28 activation beads, naive CD4" T cells seeded in the

Seahorse EFA plate with a silicone insert exhibited more stable and greater increases

in PER compared to cells seeded in standard wells, whereby there was no significant

response to activation (Figure 3.11B+D). The same pattern was observed for naive

CD8" T cells, but this didn’t reach statistical significance (Figure 3.11C+D).
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Figure 3.11 (A) Representative images of Seahorse XFe96 EFA wells with (left) or
without (right) silicone insert added for seeding naive T cells. Kinetic traces of PER for

200 x 102 (B) naive CD4* and (C) CD8"* T cells/well in response to CD3/CD28 bead
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activation for silicon insert vs. standard wells. (D) Comparison of peak PER between
pre-activation (basal, white bar) and activation (black bar) for naive CD4+ and CD8+
T cells seeded in silicon insert vs. standard wells. Data were from 4 replicate wells and

presented as mean + SD. *P < 0.05.

3.4.2.3 Blood Anticoagulant Comparison

Anticoagulants are used to inhibit the process of blood coagulation or the clotting of
blood proteins in order evaluate aspects of plasma or immune cell samples. EDTA,
heparin, and citrates are the most frequently used anticoagulants, with EDTA and
sodium heparin used most commonly for functional immune assays (41). To our
knowledge, there is no data directly comparing the impact of these anticoagulants on
PBMC bioenergetics (42,43). This experiment was conducted to determine the impact
of EDTA vs. sodium heparin anticoagulants in blood collection tubes on real-time

metabolic responses to T cell activation.
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Figure 3.12 Kinetic traces of PER for 200 x 10% (A) naive CD4+ and (B) CD8+ T
cells/well isolated from blood collection tubes containing EDTA and sodium heparin in

response to CD3/CD28 bead activation. (C) Comparison of peak PER between pre-
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activation (basal, white bar) and activation (black bar) for naive CD4* (left) and CD8"
(right) T cells collected in EDTA and sodium heparin. Data were from 4 replicate wells

and presented as mean = SD. **P < 0.01, ****P < 0.0001.

There were significant increases in PER following CD3/CD28 bead activation for all
cell types, collected with blood collection tubes using both EDTA and sodium heparin
anticoagulants, with no differences between conditions. Naive T cells (specifically
naive CD8 T cells) mixed with sodium heparin exhibited marginally higher and stable
PER values compared to EDTA after activation (Figure 3.12). EDTA chelates enzyme
cofactors such as calcium, copper, zinc, or magnesium and may therefore alter
cofactor-dependent activity of metabolic enzymes (42). Sodium heparin is the
preferred anticoagulant for numerous clinical chemistry studies due to its modest
chelating characteristics and limited impact on the osmotic balance of cells (44). A
metabolomic study conducted by Jennie et all. (2021) demonstrated that sodium
heparin better maintained the availability of metabolites for cells compared to multiple
anticoagulants, including EDTA (43). Hence, vacutainers containing sodium heparin

were used for blood collection in chapter 4 of this thesis.

3.4.2.4 Naive T cell Isolation Time Delay Comparison

Initially, the experimental design for chapter 4 included the withdrawal 3 blood samples
over 4 hours — at rest (0 minutes), immediately after prolonged cycling (120 minutes)
and in recovery (240 minutes). In addition, this 4-hour trial would be repeated with
identical blood sampling, but under resting conditions. The initial approach was to

cryopreserve PBMCs and isolated naive CD4" and CD8* T cells before

131



immunometabolic profiling proceeded. However, we found that cell recovery was too

low for seeding enough replicates to obtain accurate data (data not shown).

To profile immune cells on the day of peripheral blood collection also presented
challenges. The logistics of coordinating a 4-hour human exercise trial (with feeding)
in conjunction with cell isolation and EFA analysis was extremely challenging for 3
blood samples. Moreover, to even achieve this, the stability of bioenergetic measures
within PBMCs and naive T cells over a 4-hour period warranted investigation. Notably,
if naive T cell isolation for all blood samples were to start at the end of the cycling trial
(after collection of the Recovery sample) a time delay of 4 hours would have occurred
prior to isolation of the resting sample. Importantly, staggered isolation and analysis of
these blood samples was not permissible. Hence, the impact of blood sitting time (O
vs. 4 hours) on changes in PER after CD3/CD28 bead activation were examined in

CD4* and CD8" naive T cells.
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Figure 3.13 Kinetic traces of PER for 200 x 10° (A) naive CD4 and (B) CD8 T cells
cells/well isolated from heparin-blood immediately vs. after 4 hours in response to
activation. (C) Comparison of peak PER between pre-activation (basal, white bar) vs.
activation (black bar). Data were from 4 replicate wells and presented as mean + SD.

**p <0.01, ***P < 0.0001.

The results in Figure 3.13 indicate that peripheral blood CD4+ and CD8+ naive T cells
isolated after a 4-hour delay exhibited reduced changes in PER after CD3/CD28 bead
activation compared to cells isolated immediately. Therefore, it was decided to isolate
naive T cells immediately after each timepoint and this resulted in modifications to our

original exercise protocol (outlined in Chapter 4).
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Discussion

The study of immunometabolism has played a key role in advancing understanding of
how immune cells modulate their bioenergetics to carry out important T cell functions.
Glycolysis and mitochondrial respiration are the main processes that generate ATP in
T cells and both can be quantified simultaneously using EFA to establish a metabolic
phenotype and real time responses to activation. To establish an experimental model
to investigate the impact of exercise on T cell metabolism (Chapter 4), this chapter
aimed to optimise EFA assays, firstly using a Jurkat cell line, and subsequently primary

PBMCs vs. isolated T cells.

This method development chapter initially indicated that Jurkats and primary naive T
cells (200 x 10° cells), required appropriate amounts of nutrients (glucose and
glutamine) to facilitate CD3/CD28 bead-induced activation on Seahorse XFe96 EFA.
To optimise blood collection procedures, data in this chapter indicated that the
immediate vs. delayed (4 hours) isolation of naive T cells from peripheral blood
samples in sodium heparin vs. EDTA blood collection tubes at room temperature
resulted in different response to activation whereby peak PER values were higher in
naive T cells isolated immediately into sodium heparin blood collection tubes. For EFA,
the use of silicone inserts for cell seeding and standard assay media resulted in
accurate and enhanced changes in PER after activation. Collectively, the results of this

chapter provide a set of optimised protocols to implement in Chapter 4.
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Chapter 4: Immunometabolic profiling of isolated and mixed T cell populations

in response to prolonged moderate intensity cycling in humans

Work presented within this chapter has been prepared for publication:

Pradana, F., Barlow, J.P., Shayler, J., Dimeloe, S.K., Gudgeon, N., Podlogar, T.,
Wallis, G.A., Wadley, A.J., (2024). Immunometabolic profiling of isolated and mixed T
cell populations in response to prolonged moderate intensity cycling in humans.

Exercise Immunology Review (In preparation).

4.1 Abstract

Single bouts of exercise evoke the mobilisation of T cells that may modulate their
substrate metabolism to govern remodelling of the immune system in recovery. There
is currently a dearth of literature examining immunometabolic responses to prolonged
moderate intensity exercise, particularly with single cell resolution. The current study
was designed to examine the metabolic phenotypes and real-time responses to
activation of enriched naive CD4" and CD8* T cells, and PBMCs in response to
prolonged moderate intensity cycling. Ten healthy males and females (mean + SD:
age 21 + 1 years; body mass index: 21.5 + 2.0 kg - m~2) undertook a 2-hour bout of
continuous-cycling at a power output eliciting 95% lactate threshold-1. Blood samples
were collected at rest, immediately after and 2 hours after cycling completion. CD4*
and CD8* T cells were enriched from PBMCs using magnetic-activated cell sorting
(MACS) and bioenergetic profiles examined using an injection sequence of cell
respiration modulators and a CD3/CD28 activation assay. There was no change in the

metabolic phenotypes of naive CD4" and CD8* T cells, or PBMCs immediately after

140



and 2 hours into recovery, relative to rest. Moreover, absolute and relative measures
of mitochondrial respiration, glycolytic flux and ATP synthesis rate were similar across
all timepoints. The contribution of mitochondrial respiration to ATP production was
greater than glycolysis in naive T cells across all timepoints; however, the contribution
was equal in PBMCs 2 hours into recovery. In addition, there were no differences in
cellular bioenergetic responses in response to ex vivo activation in all cell types
isolated before, immediately after or 2 hours into recovery. These data indicate that
the metabolic phenotype and ex vivo responses to activation of the total PBMC fraction
and isolated naive T cells were unaltered within 2 hours of prolonged moderate

intensity cycling.

4.2 Introduction

Single bouts of exercise promote the preferential mobilisation of effector lymphocytes
primed for migration to peripheral tissues. The trafficking of these cells is believed to
facilitate remodelling of these tissues and the immune system; however, the
underpinning mechanisms are unclear. In 1958, it was first reported using respirometry
that moderate intensity exercise increased peripheral blood mononuclear cell (PBMC)
oxygen consumption (1). More recently, real-time extracellular flux analysis has
determined that maximal and reserve oxygen consumption rate (OCR) increased in
PBMCs (2) and isolated natural killer (NK) cells (3) after exhaustive exercise. There is
consequently growing interest in whether modulation of lymphocyte substrate
metabolism during exercise mediates this cell trafficking. Although these studies were
insightful, PBMC and NK cell fractions are composed of diverse sub-populations of

cells with unique functions and distinct metabolic profiles. Moreover, bouts of exercise
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evoke an immediate increase in peripheral blood T and NK cell concentrations,
followed by a decrease in recovery (=1-3 hours) as effector lymphocytes leave the
bloodstream. This presents a challenge when sampling cells for evaluation of their
metabolism and many conclusions have been drawn from mixed cell populations (4).
For this reason, the discipline of exercise immunometabolism is still in its infancy and
notably, relatively little attention has been paid to T cells, namely Helper (CD4*) and

Cytotoxic (CD8") T cells.

CD4* T cells serve broadly to orchestrate immune response via cytokine signalling
(e.g., interleukin (IL)-2), whereas CD8* T cells eliminate cancerous or virus infected
cells through the release of cytotoxic molecules. The metabolic pathways used to
generate ATP in T cell subsets are dependent on the degree of antigen experience (5).
Naive T cells are antigen inexperienced cells generated in the thymus that mostly rely
on mitochondrial respiration to fulfil their primary function of identifying novel
pathogens (6). Upon T cell receptor (TCR) engagement, CD28 ligation is a
costimulatory signal that evokes a pronounced glycolytic shift that facilitates T cell
effector functions and subsequent differentiation into memory T cells (7-9). Antigen
encounters therefore result in central memory (CM), effector memory (EM) and
terminally differentiated effector memory (TEMRA) T cells exhibiting increasingly
greater reliance on glycolysis than naive T cells for basal respiration (TEMRA > EM >
CM > naive). Enrichment of peripheral blood with antigen experienced T cells with
higher basal respiration may therefore, in part, underpin the heightened metabolic
activity of the PBMC fraction during exercise, rather than individual T cell changes per

se (4). However, a recent study employing single cell RNA sequencing reported that
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genes associated with metabolic regulation were enriched in CD4" and CD8* T cells
after maximal exercise, most notably in EM, rather than CM or naive subsets (10).
These changes were aligned with upregulation of genes associated with cell migration,
antigen binding, and cytokine production. With other data indicating that T cells
mobilised during exercise are primed to uptake energy substrates (e.g., glucose and
fatty acids) (11), it is intuitive to suggest that their metabolic activity is modulated to

fulfil these effector functions.

Much of the literature examining immunometabolic responses to exercise have
evaluated changes in mixed cell populations immediately after maximal exercise,
whereby fluctuations in T cell concentrations are substantial. Exercise performed at
low-moderate intensity results in more stable T cell concentrations, but a recent
scoping review reported that there is a dearth of literature examining resultant
immunometabolic responses, particularly in isolated immune cell populations (12).
Furthermore, studies have largely used physiological (e.g., fixed percentage of VO2zmax)
rather than metabolic thresholds (e.g., lactate threshold, LT) to prescribe exercise
intensity. Given that metabolic thresholds occur at variable proportions of VOzmax (13),
this approach may not account for inter-individual variability in substrates that feed

immunometabolic response to exercise (13).

The current study was designed to evaluate the metabolic sensitivity of mixed vs.
isolated T cell fractions in response to prolonged moderate intensity exercise. Given
the abundance and differing basal metabolic profiles of naive vs. antigen experienced

T cells (CM, EM, and TEMRA), a direct comparison of their metabolic responses was
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undertaken alongside changes in circulating T cell substrates (glucose, glutamine, and
triglycerides). Accordingly, the aim of this study was to determine the metabolic
phenotypes of naive CD4" and CD8" T cells compared to the PBMC fraction at rest
(Pre-Ex), immediately after and in the recovery from a 2-hour bout of cycling at 95% of
LT-1. In addition, real-time metabolic responses to CD3/CD28 activation in these cell

populations and subsequent IL-2 production were determined.

4.3 Materials and Methods

4.3.1 Participants

Ten participants (5 males and 5 females) gave written informed consent to take part in
this study (mean * SD: age 21 * 1 years; body mass index: 21.5 + 2.0 kg - m™2). The
study was given favourable ethical opinion by the Science, Technology, Engineering
and Mathematics ethical committee at the University of Birmingham (ERN_19-
1574PA3). Participants underwent screening prior to enrolment to include individuals
who were physically active as defined by the General Practice Physical Activity
Questionnaire (GPPAQ) (14), and exceeded an aerobic fitness threshold (males: 50
ml - kg - min! and females: 35 ml - kg - min?) (15). For female participants, all
experimental visits were performed in the same phase of the menstrual cycle to
mitigate the potential impact of estrogen on immunometabolic parameters (16).
Participants were excluded if they were smokers, currently taking medication/s, eating
a ketogenic diet, had donated blood in the last 3 months, or had a history of

cardiovascular, metabolic, neurological, or inflammatory disease.
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4.3.2 Study Design

The study was a randomised crossover design, comprising four morning visits at the
School of Sport, Exercise and Rehabilitation Sciences at the University of Birmingham,
conforming to the Declaration of Helsinki (2). After an initial screening visit to determine
lactate threshold (LT) and maximal oxygen consumption (VO:zmax), participants
undertook three randomised visits, consisting of two identical cycling trials (CT-1 and
CT-2) and one rest trial (RT), each separated by 7 days (Figure 4.1). Our preliminary
data indicated greater induction of glycolysis in response to activation of T cells isolated
from an identical blood sample processed and analysed immediately vs. 4 hours at
21°C or 37°C after collection (refer to chapter 3). Given that T cell metabolism was to
be examined over a 4-hour period in response to prolonged exercise, the study
protocol was designed to equalise time spent preparing T cell metabolic assays and
eliminate the effect of blood sitting time. Therefore, to evaluate the immunometabolic
responses to prolonged cycling, the primary blood samples were collected on different
trials at rest (RT), immediately after (CT-1), and 2 hours after (CT-2) cycling and
processed immediately. CT-1 and CT-2 were differentiated only by the timing of these
blood sample withdrawals after cycling cessation, and conducted under identical
conditions, with the aim of eliciting comparable physiological and immunological
responses. The latter was confirmed by drawing secondary blood samples at every
timepoint throughout CT-1 and CT-2. Between all trials, lifestyle factors that might
influence immunity were subjectively monitored, including illness symptoms, anxiety,

and sleep quality.
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All visits started at the same time of day for each participant (range: 6:30—8.00 AM)
and were conducted under stable climatic conditions (temperature (°C): 21.0 % 0.6,
humidity (%): 39.1 = 10.0 and barometric pressure (hPa): 1002.1 + 12.7). Participants
were asked to refrain from vigorous exercise, and the consumption of caffeine and
alcohol for 48 hours prior to attending each visit. Furthermore, to standardise nutrition,
participants were asked to record their food intake for 24 hours before the first visit and
to replicate this diet for all subsequent visits, as well undertaking an overnight fast from
10pm, consuming only water (ad libitum) during this period. Participants were provided
with a breakfast of oats mixed with semi-skimmed milk (normalised for carbohydrate
content: 1 g - kg~' body mass) (18,19) to ensure the energy and macronutrient intake

across trials and between participants was standardised.

Visit 1: Cycling Ramp Test (LT-1 and VO,,,,,) and Familiarisation

@ Questionnaires

% W $x
=0 Q) Q)
Wem- Cycling Ramp Test __ 20minRest Breakfast
‘ 81 mL of blood
Visit 2, 3, or 4: RT
E & 11mLofblood
‘ w::"' 5 Minutes
Visit 2, 3, or 4: CT1
§4 £
20 =0
-:i’ — w;:" Continuous cycling (95% LT1 for 2 hours) Rest (2 hours)

) ‘ 07

Visit 2, 3, or 4: CT-2

< <
Q) 250
—=y7 — w:,:"' Continuous cycling (95% LT1 for 2 hours) Rest (2 hours)

. . é

Figure 4.1 Study design illustrating a time axis of the completion of questionnaires,
breakfast, 5 minute warmup, rest or steady state cycling (2 hours), and recovery cycling

periods (2 hours) for the 4 laboratory visits and 3 randomised trials: RT (rest trial) and
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2 identical steady-state cycling trials (CT-1 and CT-2). Blood sampling is indicated with
small droplets (11 mL) for whole blood and plasma analyses and large droplets (81

mL) for whole blood, plasma and PBMC analyses. Created with BioRender.com.

4.3.3 Preliminary Testing (Visit 1)

Participants attended the laboratory for screening and determination of LT and VOzmax.
Body mass (Ohaus CD31, New Jersey, USA) and height (Seca Alpha, Hamburg,
Germany) were recorded and then participants rested for a period of 5 minutes before
measurement of resting heart rate and blood pressure (Thuasne BP 3W1-A, Taipei,
Taiwan). An exercise tolerance test was then conducted on an electromagnetically
braked cycle ergometer (Excalibur, Lode, The Netherlands). After a warm-up for 5
minutes at a rating of perceived exertion (RPE) of 8-10 using the Borg scale (20),
participants commenced cycling at 70 watts and then 30 watt increments were added
every 4 minutes until volitional exhaustion. A breath-by-breath system (Vyntus, Vyaire
Medical, IL, US) and heart rate monitor (H10, Polar Electro, Finland) were used for
continuous measurement of oxygen uptake and heart rate (HR, H10, Polar Electro,
Finland) respectively, and fingertip blood lactate measurements were made at the end
of every 4-minute stage (Lactate Pro 2, Arkray, Kyoto, Japan). Participants were asked
to maintain a pedal cadence >60 and encouragement was given by the research team.
A respiratory exchange ratio (VCO2/VO,) >1.1, plateau in participant oxygen
consumption or a maximal heart rate >220 beats min — age were all factors used
collectively with an RPE of 20 to indicate VOzmax (21). The test was then terminated
and VOzmax determined and expressed relative to body weight (ml - kg™ - min™).

Participants were provided with breakfast and during this time, an online LT software
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(www.exphyslab.com), was used to determine the power output that elicited a 0.5

mmol - Ltincrease in lactate above baseline value, thus defining LT-1 (22,23). A 15-
minute familiarisation was then conducted at a power output eliciting 95% of LT-1 and
a final blood lactate measurement made to confirm the correct intensity for subsequent

trials.

4.3.4 Experimental Trials (Visits 2-4)

In the morning of each trial (RT, CT-1, and CT-2), participants were asked to complete
guestionnaires evaluating illness symptoms (24), state and trait anxiety (25) and sleep
efficiency (percentage of time asleep relative to the amount of time spent in bed) (26)
during a 30-minute period of rest (Pre-Ex). During this time, blood pressure and body
mass were also measured. A standardised breakfast was provided and then a catheter
(Becton, Dickson & Company, Oxford, UK) inserted into the antecubital vein of the
forearm to obtain a resting blood sample 15 minutes after feeding. Each exercise trial
commenced with a 5-minute warm-up at a RPE of 8-10, followed by 2-hours of
continuous-cycling at a power output eliciting 95% LT1 (CT-1 or CT-2). Every 15
minutes during CT-1 and CT-2, exercise intensity was confirmed by measuring HR and
VO uptake for 3 minutes and RPE. Additionally, the affective response to exercise
were measured using the Feeling Scale (27). Following completion of the CT-1 and

CT-2, participants remained seated in the laboratory for a 2-hour recovery period.

4.3.5 Blood Sampling
A total of seven blood samples were taken across the 3 trials, including a single blood

draw during RT (Pre-Ex) and 3 blood draws during CT-1 and CT-2 (Pre-Ex, Post-EX,
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and Recovery). The catheter was kept patent through regular flushes with saline (0.9%
NacCl, Becton, Dickson & Company, Oxford, UK). The volumes of blood drawn at each
timepoint varied depending on the trial. During RT (Pre-Ex), immediately after CT-1
(Post-Ex) and 2 hours post-exercise in CT-2 (Recovery), 70 mL of blood was collected
into sodium heparin vacutainers (Becton, Dickson & Company, Oxford, UK) for
isolation of peripheral blood mononuclear cells (PBMCs). Additionally, 6 mL of blood
was collected into K2zEDTA vacutainers (Becton, Dickson & Company, Oxford, UK) and
4 mL into clotting vacutainers (Becton, Dickson & Company, Oxford, UK) for isolation
of plasma and serum at these 3 timepoints, respectively. Across all seven timepoints,
1 mL of blood was collected into K>EDTA vacutainers (Greiner Bio-One,
Frickenhausen, Germany) to obtain a complete blood cell count using an automated
haematology analyser (Yumizen H500, Horiba, Kyoto, Japan). These data were
obtained to ensure comparable leukocyte counts at rest (RT vs. CT-1 vs. CT-2) and in

response to prolonged cycling (CT-1 vs. CT-2).

4.3.6 Blood Processing

PBMCs were isolated by gradient density centrifugation by diluting whole blood in 1:1
ration with Dulbecco’s phosphate-buffered saline (D-PBS, Thermo Fisher Scientific,
Massachusetts, USA). Diluted blood was gently loaded into sterile Leucosep tubes
(Greiner Bio-One, Frickenhausen, Germany) that were pre-filled with room
temperature Histopaque-1077 separating medium (Sigma Aldrich, Missouri, USA) and
centrifuged for 10 min, at 1000 x g (brake off) at 21°C. After carefully removing platelet
rich plasma, PBMCs were harvested and washed 3 times with D-PBS. An aliquot of

cells was stained 1:1 with acridine orange/propidium iodide (AO/PI) to obtain a viable
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cell count using a Cellometer 2000 dual fluorescence cell counter (Nexcelom
Bioscience, Massachusetts, USA). Whole blood in clotting tubes was left for 15
minutes at room temperature and then both plasma and serum isolated by

centrifugation for 10 minutes at 1,525 x g at 4°C and stored at -80°C.

4.3.7 Naive T-cell Purification

Naive CD4" and CD8" T cells were enriched from PBMCs using magnetic activated
cell sorting (MACS) human naive CD4* and CD8* T cell microbead isolation kits
(Miltenyi  Biotec, Bergisch Gladbach, Germany). Following manufacturer's
recommendations of staining up to 107 cells, harvested PBMCs were centrifuged at
300 x g for 10 minutes and cell pellets resuspended in 40 pL of de-gassed, sterile
filtered (0.2 um) column buffer (D-PBS, 2 mM EDTA, and 0.5% BSA). A naive CD8* T
cell biotin-antibody cocktail (10 pL) was added to the cell suspension and incubated
for 10 minutes at 4°C, followed by 30 pyL of column buffer and 20 pL of anti-biotin
microbeads for an additional 15 minutes at 4°C. Cells were washed and then
resuspended in 500 pL of column buffer and applied onto a pre-equilibrated LD
column. The column was washed 2 times with 1 mL of column buffer to elute the
unlabelled cell fraction (naive T cells) via negative selection using a QuadroMACS
system (Miltenyi Biotec, Bergisch Gladbach, Germany). Unlabelled cells were washed
and then processed as above but stained with CD8 microbeads to isolate naive CD8*
T cells by positive selection using an OctoMACS system (Miltenyi Biotec, Bergisch
Gladbach, Germany). The flowthrough fraction was then stained with CD4 MicroBeads

to isolate naive CD4* T cells by positive isolation (OctoMACS).
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The purity of CD4* and CD8" T cell fractions was confirmed through
immunophenotyping using a CytoFlex-S flow cytometer (Beckman Coulter, California,
USA) (Figure 4.2). Cell fractions (2 x 10°) were stained with anti-human CD3-PerCP
(clone HIT3a), anti-human CD8-FITC (clone SK1), anti-human CD45RA-APC (clone
HI100), and anti-human CCR7-PE (clone G043H7) and incubated on ice, in the dark
for 30 minutes. Cells were then washed three times in FACS buffer (D-PBS, 2 mM
EDTA, 0.1% Sodium Azide, and 1 mM FBS) for 5 minutes at 500 x g at 4°C before
data acquisition. All antibodies used were purchased from BioLegend (San Diego, CA)
and data were analysed using CytExpert v2.5 Software (Beckman Coulter, California,

USA).

151



(A) Doublet Exclusion (B) Lymphocytes (®)) CD3+ T cells

1.2m o 1.2 = 1.2M =
900K = 900K = 2 : 900K =
% <
o] Singlets o] ,
& 600K = & 600k = 600K =
P 96.9 2 )
300K = 300K = 300K =
[
0+ 0= 0=
T T T T T T T T T i | T ™ ™ ™ T
[ 300K 600K 900K 1.2M [ 300K 600K 900K 1.2M 10° 102 104 108
FSC-A FSC-A CD3-PerCP
(E) Unpurified T cell subsets (D)  CD4+ and CD8+ T cells
10" Central Memory (CM) Naive (N) i3m
o 1248 ’
10°
10° 4 900K =
w 3
a <
g &
4 G ) 00k~
Q 14 2}
(&) CD4+ CD8+
5] — 64.5 313
10! = Effector Memory (EM) TEMRA P < <_
0 1233 213 gl
10 R —— T —— I S ——————
10° 102 10* 10° ' 102 10 10t 10° 10
CD45RA-APC CD8-FITC
(F) Enriched Naive CD4+ (G) Enriched Naive CD8+
10’ 7 Central Memory (CM) Naive (N) 10’ 3 Central Memory (CM) Naive (N)
" 0.72 99.0 - 0.19 99.8
10° g ) 10° 4
10° 4 [ ;“i’ © 10° 3 e
w 3 w
o 10 4 o 10% =
N ~
o o
8 10° 8 10° 4
10% 4 10% 4
10" ¥ Effector Memory (EM) TEMRA 10" 3 Effector Memory (EM) TEMRA
, 10.034 025 o 19.96E-4 4.98E-3
10 (il I e Bk B o | | AL B | 10 L R L Enaa maast i | L ERaA L s
10° 102 10* 10° 10° 102 10* 10°
CD45RA-APC CD45RA-APC

Figure 4.2 Representative gating strategy for naive T cells within PBMCs (200 x 103
cells). (A) Doublets were discriminated using forward side scatter-area (FSC-A) vs.
forward side scatter-height (FSC-H), (B) lymphocytes identified on FSC-A vs. side
scatter-area (SSC-A) and then (C) CD3+ T lymphocytes by plotting CD3-PerCP vs

SSC-A. (D) CD4+ and CD8+ T cell populations were gated using a CD8-FITC vs. SSC-
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A plot and their (E) naive, central memory, effector memory and TEMRA subsets
identified using a bivariate plot of CD45RA-APC vs. CCR7-PE (not enriched).
Examples of (F) naive CD4+ and (G) naive CD8+ T cell enrichment using MACS are
displayed using a CD45RA-APC vs. CCR7-PE bivariate plot. Abbreviation: TEMRA, T

Effector Memory Re-expressing CD45RA.

The frequency of naive CD4" and CD8" T cells was determined by first sequentially
identifying singlets, viable cells, and CD3* T cells, and then using a bivariate quadrant
gate to enumerate CD45RA* and CCR7* cells. A minimum of 6 x 10* naive CD4 or
CD8 T cells events were acquired in the final gate. Gating strategy presentation was
carried out using FlowJo™ v10.9 Software (Becton, Dickson & Company, Ashland,

USA).

4.3.8 Real-Time Cell Metabolic Profiling

The optimisation of metabolic assay protocols using extracellular flux analysis (EFA)
was established in Method Development (Chapter 3) using Seahorse XFe96 and then
implemented in the Chapter 4 for immunometabolic profiling with details of final
method presented below. Experimental assay was pre-designed using Seahorse
analytics software 1.0.0-570 and carried out on Seahorse XFe96 extracellular flux
analyser (Agilent Technologies, USA). A Seahorse XFe96 sensor cartridge was
hydrated in 200 pL/well of XF Calibrant in a non-CO2 incubator overnight at 37°C. The
day after, 20 uL/well of injected reagents were prepared including ImmunoCult human
CD3/CD28 T-cell activator (STEMCELL Technology, UK) for experimental well or

assay medium for control well in port A, 2 ug - mL™* Oligomycin (Sigma-Aldrich, Merck,
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UK) in port B, 3 uM BAM 15 (TOCRIS, Minneapolis, USA) in port C and a mixture of 2
MM Rotenone + 2 yM Antimycin A (Sigma-Aldrich, Merck, UK) + 25 yM Monensin

(Invitrogen, Thermo Fisher Scientific, UK) in port D for each well involved.

PBMCs, enriched naive CD4* and CD8" T cells (2 x 10° cells/well) were suspended in
50 uL of pre-warmed Seahorse XF RPMI assay medium (supplemented with 10 mM
glucose, 1 mM pyruvate, and 2 mM glutamine, pH = 7.4, Agilent Technologies, USA)
and seeded onto a Seahorse XFe96 cell culture microplate (Agilent Technologies,
USA). For each sample, 4 technical replicates were used for both activated and non-
activated (control) PBMCs, enriched naive CD4* and CD8"* T cells. Each well was pre-
coated with sterile Cultrex Poly-D-lysine (Bio-techne, Minneapolis, USA) and contained
silicone cell-seeding inserts (Agilent Technologies, USA) to concentrate the plated cell
in the middle of each well for better interaction with the cartridge sensor. The plate was
centrifuged at 300 x g for 5 minutes at room temperature with the brake off, each silicon
insert removed from the wells, and the plate rested for 1 hour in a non-CO; incubator

at 37°C. Assay medium (130 uL) was added 15 minutes prior to starting the assay.

Equilibrated Seahorse XFe96 extracellular flux analyser was calibrated with pre-
hydrated Seahorse XFe96 sensor cartridge followed by inserting the experimental
plate into the analyser and an induced real-time ATP rate (pmol - min~t) assay was
performed. Following the pre-design experimental assay, OCR (pmol - min~1) and PER
(pmol - min~!) were measured 1-2 minutes after the assay begun reflecting the
baseline measurement (3 cycles) and following each of four consecutive injections

over a 124 measurement period. Injections of activator or assay medium (port A, 10
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cycles) after 14-20 minutes, Oligomycin (port B, 3 cycles) after 78—-85 minutes, BAM

15 (port C, 3 cycles) after 98—105 minutes and a mixture of Rotenone + Antimycin A +

Monensin (port D, 3 cycles) after 118-124 minutes were implemented to provide a

detailed metabolic profile for each sample. The mean of 3 measurement cycles after

each reagent injected was used to calculate OCR and the final 3 measurement cycles

after activator bead injected was used to calculate PER. The calculation detail of

respiratory parameters is provided in Table 4.1. OCR is applied to the real-time

mitochondria stress test of control samples and PER is used as variable to compare

the real-time glycolytic rate between control vs. experimental samples upon activation.

Table 4.1 Calculation of respiratory parameters measured by Seahorse extracellular

flux analyser

Parameter

Calculation

Basal respiration

Proton leak

Maximal respiration

Reserve respiratory capacity

ATP-linked respiration

Initial OCR measurements subtracted by non-

mitochondrial respiration

The OCR after Oligomycin injection subtracted by

non-mitochondrial respiration
The highest OCR after injection of BAM15

The difference between the maximal and basal

respiratory capacity

Basal respiration subtracted by proton leak
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The OCR after the injection of Rotenone +
Non-mitochondrial respiration
Antimycin A + Monensin

Mitochondrial PER OCR multiplied by 0.61 (CO2 contribution factor)

Glycolytic PER Total PER subtracted by mitochondrial PER

Abbreviations: OCR, oxygen consumption rate; ATP, adenosine triphosphate;
PER, proton efflux rate.

4.3.9 Ex Vivo T-cell Stimulation

Under sterile conditions, PBMCs and enriched naive CD4* and CD8" cells (2 x 10°
cells/well) were suspended in 180 pL of pre-warmed ImmunoCult-XF T-cell expansion
medium (STEMCELL Technology, UK) and seeded onto a non-treated 96-well round
bottomed microplate (Fisher Scientific, UK). Into each well, 20 pL of ImmunoCult
human CD3/CD28 T-cell activator (STEMCELL Technology, UK) or 20 uL of expansion
medium (control well) was gently mixed with the cells and incubated for 12 hours at
37°C (5% COy). All cell suspensions were centrifuged at 300 x g for 5 minutes at room
temperature to harvest cells for measurement of post-activation diameter using a dual
fluorescence cell counter, and the supernatant was stored at -80°C for future

guantification of interleukin 2 (IL-2).

4.3.10 Nutrient Quantification and Enzyme-Linked Immunosorbent Assays

The concentrations of glucose and glutamine in plasma, and triglyceride in serum were
guantified using bioluminescent rapid assay kits (Promega, Madison, USA). The
concentration of Interleukin (IL)-2 in supernatants harvested from activated naive T
cells was determined using high sensitivity (0.066 pg - mL™!) enzyme-linked

immunosorbent assay (ELISA) kits (assay sensitivity: 0.066 pg - mL™), Bio-techne,
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Minneapolis, USA). All samples were analysed in duplicate and concentrations were
obtained from a standard curve of known IL-2 concentration. The manufacturer
reported intra- (2.13%) and inter-assay (6.57%) variability that aligned with our

laboratory.

4.3.11 Statistical Analysis

GraphPad Prism 10.2.2 analysis software (San Diego, CA) was used to perform any
statistical analysis and graph creation. Data at three timepoints of each trial were
assessed for normal distribution via the Shapiro-Wilk test. Data that weren’t normally
distributed were analysed using Wilcoxon or Kruskal-Wallis’s test. However, normally
distributed variables were analysed each timepoint (Pre-Ex, Post-Ex, and Recovery)
and across exercise trials (RT, CT-1, and CT-2) by mixed-effects two-way analysis of
variance (Two-way ANOVA). Post hoc analyses of any interaction effects (Time x cell
type) were performed by a test of multiple comparisons, with either Tukey test,
depending on variable normality, and one-way analysis of variance (One-way ANOVA)
was used to compare data between timepoints (Pre-Ex, Post-Ex, and Recovery) to
assist effect sizes calculation. Statistical significance was accepted at the P < 0.05
level. All values are presented as means * standard deviation (SD). 95% confidence
intervals (Cl) are presented when describing significant differences in metabolic
profiling (section 4.4.5 and 4.4.6) identified in post hoc testing, and effect sizes
(Cohen's d) were computed to aid in evaluating the practical significance of the results.
An effect size of 0.2 was considered the minimal value for a meaningful difference.

Effect sizes of 0.5 and 0.8 were considered moderate and large respectively (28,29).
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4.4 Results

4.4.1 Participant Characteristics, Sleep Efficiency and Anxiety
Mean participant characteristics including anthropometrics, cardiorespiratory fitness,

maximal power output and LT1 are reported in Table 4.2.

Table 4.2 Participant characteristics

Variable All (n = 10)
Age (years) 20.70 £ 1.06
Height (cm) 175.25+12.03
Body mass (kg) 65.85 + 8.06
BMI (kg - m?) 21.48 + 2.04
VO2zmax (ML - kgt - min?) 53.94 +9.78
Maximum Power output (W) 262.44 + 53.35
LT-1 (mmol/L) 2.09 +0.39

Data displayed as mean + SD.

Abbreviations: BMI, body mass index; VO2zmax,
maximum rate of oxygen uptake; LT, lactate
threshold.

Fluctuations in sleep quality and levels of anxiety in the weeks between trials might
perturb immunometabolic parameters. A repeated measures ANOVA showed no
significant differences in sleep efficiency (F (1.25, 11.26) = 1.87, P = 0.20), state

anxiety (F (1.62, 14.62) = 0.69, P = 0.49) or trait anxiety (F (1.91, 17.17) = 0.23, P =
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0.79) (Table 4.3). Sleep efficiency and anxiety were therefore not included as

covariates in subsequent statistical analyses of primary and secondary variables.

Table 4.3 Sleep efficiency and state and trait anxiety score prior to each experimental

trial

Experimental Trial

Variable RT CT-1 CT-2 P-Value

Sleep Efficiency (%) 83.80+11.74 83.83+£8.06 88.60+4.48 > 0.05
Anxiety State (Sanxiety) 44.40+£2.07 45.80+4.87 45.40+3.41 > 0.05

Anxiety Trait (Tanxiety) 45.00 +5.50 45.10+5.26 44.20 +£3.97 >0.05

Data displayed as mean £ SD. P > 0.05 indicates no significant differences
between trials.

Abbreviations: RT, rest trial; CT-1, cycling trial 1; CT-2, cycling trial 2.

4.4.2 Physiological and Subjective Responses

Physiological data in response to CT-1 and CT-2 are presented in Table 4.4. A
repeated measures ANOVA revealed no significant differences in HR at rest between
the three trials (F (1.54, 13.82) = 1.67, P =0.22). Similarly, average HR (F (1.13, 10.20)
= 178.40, P = 0.70), absolute VO uptake (F (2, 18) = 420.00, P = 0.89), relative VO,
uptake (F (2, 27) = 176.90, P = 0.96) and total energy expenditure (F (1.34, 12.08) =
403.40, P = 0.92) during exercise were not significantly different between CT-1 and
CT-2. For subjective perceptions, there was no significant difference in the affective
response (F (1.29, 11.65) = 49.39, P = 0.23), or RPE (F (1.57, 14.16) = 65.14, P =
0.84) between CT-1 and CT-2.
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Table 4.4 Mean physiological responses during identical cycling trials

Experimental Trial

Variable CT-1 CT-2 P-Value
HR (bpm) 137 £ 16 135+ 16 >0.05
RPE 11.05 £ 1.92 10.84 + 1.54 >0.05
Affective Response 210+1.13 2.50 +0.64 > 0.05
Average VO, Uptake (mL - min'1) 2311 £ 337 2268 £ 333 >0.05
Total Energy Expenditure (kcal) 1363 + 207 1351 + 198 > 0.05
Relative VO, Uptake (%VO,, ..) 67 + 11 66 + 11 > 0.05
Respiratory Exchange Ratio 0.89+0.03 0.90 £ 0.02 >0.05
Carbohydrate Oxidation (g/min) 1.86 + 0.36 1.86 £ 0.38 > 0.05
Fat Oxidation (g/min) 0.41+£0.16 0.38 £0.12 > 0.05

Data displayed as mean + SD. P > 0.05 indicates no significant differences between

trials.

Abbreviations: CT-1, cycling trial 1; CT-2, cycling trial 2; HR, heart rate; RPE, rating of
perceived exertion; VO, rate of oxygen uptake.

4.4.3 Immune Cell Concentrations

Blood volume adjusted immune cell concentrations at Pre-Ex, Post-Ex and Recovery

during CT-1 and CT-2 are displayed in Table 4.5. Total WBC (cells/uL, Pre-Ex: 5700

+ 1080 vs. Post-Ex: 9330 £+ 1937, P < 0.001), neutrophil (Pre-Ex: 2913 + 794 vs. Post-

Ex: 6056 £ 1782, P < 0.001) and monocyte (Pre-Ex: 490 + 137 vs. Post-Ex: 691 + 220,

P < 0.01) concentrations significantly increased immediately after CT-1 and CT-2 and
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remained elevated at Recovery. Lymphocyte concentration increased immediately
after CT-1 and CT-2, but this did not reach statistical significance (cells/pL, Pre-Ex:
1960 * 457 vs. Post-Ex: 2222 + 582, P = 0.33). There was a significant decrease in
lymphocyte concentration at Recovery, relative to the end of CT-1 and CT-2 (Post-Ex:
2222 + 582 vs. Recovery: 1803 + 508, P < 0.01), but this was not different to Pre-Ex
(P = 0.30). When comparing concentrations of WBC's, neutrophils, monocytes and
lymphocytes between CT-1 and CT-2, there were no significant differences in either

trial or at any timepoint (all Time x Trial interactions, P > 0.05).

Table 4.5 Differences in Peripheral Blood Immune Cell Concentrations

Experimental Trial

sultg?srgtu(r;;f:):n_) Pre-Ex Post-Ex Recovery P-Value
WBCs 5700 + 1080%2 9330 + 1937 9463 +1135> <0.001
Neutrophils 2913 £ 79412 6056 +1782! 6852+ 11352 <0.001
Lymphocytes 1960 + 457 2222 +582% 1803 + 5083 <0.01
Monocytes 490 + 13712 691 + 220° 577 + 1272 <0.01
T cells 701 + 5011 1248 + 50713 546 + 4623 <0.05
CD4* T cells 435 + 364 722 + 3043 300 £ 2793 <0.001

N 283 + 280 430 + 2303 177 + 1843 <0.001

CM 53 + 351 108 + 4713 42 + 323 <0.05

EM 92 +52 172 +135 76 £ 61 > 0.05

161



TEMRA 7%5 12 + 63 5+6° <0.05

CD8* T cells 183 + 140 348 + 1653 139 + 1073 <0.01
N 98 + 751 171 + 9513 70 + 483 <0.05
CM 77 11+73 5+43 <0.05
EM 63 + 59¢ 116 + 7713 49 + 513 <0.05
TEMRA 15 + 14¢ 50 + 4413 15 + 158 <0.05

Data displayed as mean + SD. P > 0.05 indicates no significant differences
between trials.

1, significant difference between Pre-Ex and Post-Ex (P < 0.05)

2, significant difference between Pre-Ex and Rec-Ex (P < 0.05)

3, significant difference between Post-Ex and Rec-Ex (P < 0.05)

Abbreviations: Pre-Ex, pre-exercise; Post-Ex, post-exercise; Rec-EX,
Recovery-Exercise; WBC, white blood cell; N, Naive; CM, central memory; EM,
effector memory; TEMRA, terminally differentiated effector memory.

To further examine the composition of the lymphocyte population, specifically T cell
memory subsets, flow cytometry was subsequently employed. Blood volume adjusted
concentrations of CD4* and CD8* T cells and their daughter populations (N, CM, EM,
and TEMRA) at Pre-Ex, Post-Ex and Recovery are reported across the 3 trials in Table
4.5 (see study design, section 4.3.2). There were increases in total CD3* (Pre-Ex: 701
+ 501 vs. Post-Ex: 1248 £ 507, P = 0.03), CD8* (Pre-Ex: 183 + 140 vs. Post-Ex: 348 +
165, P =0.008), and CD4* (Pre-Ex: 435 £ 363.54 vs. Post-Ex: 722 + 303.90, P = 0.07)
T cell concentrations, but the latter did not reach statistical significance. Within the
CD8* population, these changes were driven by naive (Pre-Ex: 98 £ 75 vs. Post-Ex:
171 £ 95, P = 0.05), EM CD8* (Pre-Ex: 63 + 59 vs. Post-Ex: 116 + 77, P = 0.03), and

TEMRA CD8* (Pre-Ex: 15 £ 14 vs. Post-Ex: 50 + 44, P = 0.02), but not CM T cells
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(Pre-Ex: 7.14 £ 7.48 vs. Post-Ex: 10.90 + 6.57, P = 0.33). The concentrations of CD3"
(546 + 462, P = 0.0006), CD4* (300 £+ 279, P = 0.0006) and CD8" (139 + 107, P =
0.0002) T cells significantly decreased at Recovery relative to Post-Ex, but these were

not different to Pre-Ex across all T cell subsets (P > 0.05).

4.4.4 Changes in the Metabolic Phenotype of PBMCs vs. Isolated Naive T cells in

Response to Prolonged Cycling

Absolute and relative changes in the metabolic phenotype of PBMCs and naive CD4*
and CD8* T cells immediately after and 2 hours into recovery from prolonged cycling
are presented in Figure 4.3 and Figure 4.4 respectively. EFA data was coupled to cell
proportions determined by flow cytometry to calculate the contribution of naive CD4*
and CD8" T cells to each parameter within the PBMC fraction. To interpret these
findings, data on the composition of the PBMC fraction (4.4.4.1) and purity of the naive

CD4* and CD8* T cell populations (4.4.4.2) are first presented.

4.4.4.1 Composition of PBMC Fraction

Given the dynamic changes in the concentrations of T cell subsets in response to
prolonged cycling (4.4.4), the composition of seeded PBMCs used to measure
metabolic phenotype were first examined. A repeated measures ANOVA indicated
significant differences in the frequency of immune cell subsets across timepoints (Time
x cell subset Interaction: F (24, 234) = 7.14, P < 0.0001). Post-hoc analysis revealed
an increase in the proportions of monocytes (Pre-Ex %: 20.25 + 5.15 vs. Post-Ex %:

23.86 £5.02, P = 0.01) and total CD8* T cells (Pre-Ex %: 7.28 + 4.39 vs. Post-Ex %:
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11.09£3.52, P =0.01) in Post-Ex relative to Pre-Ex, with the latter driven CD8* TEMRA
(Pre-Ex %: 0.61 £ 0.50 vs. Post-Ex %: 1.62 £1.31, P =0.01) (Figure 4.3C-D). Between
Post-Ex and Recovery timepoints, there was a significant decrease in the proportion
of CD3" T cells (Post-Ex %: 40.45 + 11.25 vs. Recovery %: 21.33 + 14.10, P = 0.0003),
driven by naive CD4* (Post-Ex %: 14.13 + 6.51 vs. Recovery %: 7.09 + 6.40, P <
0.0001), CD4" CM (Post-Ex %: 3.60 *+ 1.46 vs. Recovery %: 1.70 £ 1.08, P = 0.001),
naive CD8" (Post-Ex %: 5.48 + 2.54 vs. Recovery %: 2.89 + 1.77, P < 0.0001), and

CD8+ TEMRA (Post-Ex %: 1.62 + 1.31 vs. Recovery %: 0.56 + 0.45, P =0.02) T cells.

4.4.4.2 Purity of Enriched CD4" and CD8* Naive T cells

The purity of naive T cells was confirmed by flow cytometry. Prior to enrichment, the
average frequency of naive CD4* and naive CD8* T cell within the PBMC fraction was
67.15 + 16.08 and 52.12 + 14.69 respectively. After MACS enrichment, there were no
significant differences in the purity (%) of naive CD4* (98.85 = 1.18, P = 0.39) and

naive CD8* (99.84 £ 0.14, P = 0.11) T cells across participants or experimental trials.

4.4.4.3 Absolute Changes in Metabolic Parameters

Live-cell absolute measurements of OCR in response to modulators of mitochondrial
respiration (Mito Stress assay) are presented in (Figure 4.3A-B) and used to calculate
parameters of mitochondrial function (Figure 4.3E). There were no significant
differences in basal, ATP-linked, maximal respiration, proton leak and spare
respiratory capacity in naive CD4* and CD8* T cells, and PBMCs between Pre-EX,
Post-Ex and Recovery (P > 0.05). The Mito stress assay can also provide real-time

measurements of glycolytic flux by measuring PER (Figure 4.3F) and energy
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phenotype by determining the contributions of glycolysis and mitochondrial respiration
to ATP synthesis (Figure 4.3G). There were no significant changes in glycolytic PER
or ATP synthesis rates in naive CD4* and CD8* T cells, and PBMCs across timepoints.
Across all absolute measurements, a two-way ANOVA revealed that OCR, glycolytic
PER and ATP synthesis rates were significantly greater in PBMCs than naive CD4+

and CD8+ T cells for Pre-Ex, Post-Ex and Recovery samples (P < 0.0001).

Given the logistical challenges of conducting lengthy laboratory analysis on fresh
human samples (=14 hours per trial day), this study maybe underpowered. To assist
with data interpretation, 95% confidence intervals of the mean differences and effect
sizes (Cohen’s d) were calculated and presented in Table 4.6. There were consistent
trends for an increase in all metabolic variables between Pre-Ex and Post-Ex for all
cell subsets, demonstrating small (0.2 - 0.5) to moderate (0.5 — 0.8) effect sizes.
Furthermore, there were consistent trends for a decrease in the same variables
between Pre-Ex and Recovery, demonstrating moderate (0.5 — 0.8) to large effect
sizes (> 0.8). However, the large confidence intervals spanning negative and positive
values for the mean differences indicate variable responses between participants

within our participant cohort.
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Figure 4.3 Mitochondrial profile of naive CD4* and CD8" T cells within 200 x 103
seeded PBMCs/well. (A) Schematic representation of changes in oxygen consumption
rate (OCR) monitored using a Seahorse XFe96 Analyzer when oligomycin, BAM 15
and rotenone + antimycin A + monensin were injected. Basal (yellow), ATP-linked
(grey), maximal respiration (blue), proton leak (red), and spare respiratory capacity
(blue) were calculated (B) Representative live traces of OCR in naive CD4* (red
circles) and CD8* T cells (grey circles) and total PBMCs (blue circles). OCR was
measured continuously throughout the experimental period at baseline followed by the
addition of the 3 indicated drugs, (C). A heat map presents the proportions of immune
cell populations determined using flow cytometry within Pre-Ex, Post-Ex and Recovery
PBMC samples. N.B. monocyte, B cell and NK cell frequencies were calculated from
negative populations acquired during flow cytometry analysis and not directly using
antibody conjugates. (D) Frequencies of naive CD4* and CD8* T cells in seeded
PBMCs from each timepoint for OCR measurement are graphically depicted. (E)
Basal, ATP-linked, maximal respiration, proton leak, and spare respiratory capacity (F)
Glycolytic PER, (G) Mitochondrial and Glycolytic ATP production rate are presented
for naive CD4* T cells (red stacked bars), CD8* T cells (grey stacked bars) and PBMCs
(total bar). N.B. Blue stacked bars represent values for ‘PBMC — naive CD4* and CD8"*
T cells’. Data were presented as the mean + SD of 10 participants x 3 timepoints. *
indicates significant differences between Pre-Ex and Post-Ex or Recover, and +
indicates significant differences between Post-Ex and Recovery: P > 0.05, *P < 0.05,

**P <0.01, *P < 0.05, P < 0.01, P < 0.001, ****P < 0.0001.
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Table 4.6 Descriptive statistics of the effect sizes (Cohen’s d) in listed variables and cell types between timepoints with threshold:

Positive Effect <0.2-0

Negative Effect| >-0.2-0 -0.2--05 0.5 - -0.8-

Panel E (OCR) - Basal Respiration

0.2-0.5

05-0.8

Mean

STDev.

Cell Type Comparison P-Value Mt_ean Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%) STDev. Cohen's d
Pre-Ex VS. Post-Ex 042 -0.93 -2.73t00.87
. 4+
NalveCD4™ 168 261 133 135 211 126 PreExVS. Reo 088 035 -145t02.15
T cells
Post-Ex VS. Rec 0.20 1.28 -0.52to 3.07
Pre-Ex VS. Post-Ex 0.85 -0.15 -0.82t00.53 0.70
Naive CD8*
awe 1.07 1.22 0.60 0.71 0.69 0.37 Pre-Ex VS. Rec 0.22 047 -0.21to1.15 0.57
T cells
Post-Ex VS. Rec 0.08 062 -0.06t01.29 0.55
Pre-Ex VS. Post-Ex  0.10 0.28 -26.831t027.39 25.42 -0.01
PBMCs 69.06 68.78 53.09 24.58 26.23 22.39 Pre-ExVS. Rec 0.33 1597 -11.141043.08 23.51
Post-Ex VS. Rec 0.34 1569 -11.42t042.80 24.39
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Panel E (OCR) - ATP-linked Respiration

Cell Type Mean STDev. Comparison P-Value M(?an Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%) ~ STDev. Cohen's d
Pre-ExVS. Post-Ex 0.94 -0.16 -1.28100.97 1.02 0.15
Naive GD4™ 4 a9 155  0.82 117 0.84 1.02  Pre-ExVS. Rec 043 057 -055t01.70 1.10
T cells
Post-Ex VS. Rec 0.26 0.73 -0.40to 1.86 0.93
Pre-ExVS. Post-Ex 0.85 -0.12 -0.67 to 0.43 0.56
NaveCD8" 182 094 049 062 050 033 PreExVS. Rec 032 033 -0.22t00.88 0.50
T cells
Post-Ex VS. Rec 0.13 045 -0.10to01.00 0.43
Pre-Ex VS. Post-Ex  0.99 1.01 -23.821t025.83 22.27 -0.04
PBMCs 58.90 57.90 44 .51 22.59 21.94 22.64 Pre-ExVS. Rec 0.34 1439 -10.44t039.21 22.62
Post-Ex VS. Rec 0.39 13.38 -11.45t038.21 22.29
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Panel E (OCR) - Proton Leak

Cell Type Mean STDev. Comparison P-Value M(?an Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%)  STDev. Cohen’s d
Pre-ExVS. Post-Ex 0.86 -0.09 -0.54t00.35 0.30 0.31
I} D4+
Naive G 032 0411 057 027 033 053 PreExVS.Rec 034 -025 -0.69t00.19 042 | 060
T cells
Post-Ex VS. Rec 0.67 -0.16 -0.60to 0.29 0.44 0.36
Pre-ExVS. Post-Ex 0.96 -0.03 -0.241t00.19 0.23 0.11
Nalve GDB™ 28 0.31 012 015 030 009 PreExVS.Rec 019 0.16 -0.06to 0.38 0.12
T cells
Post-Ex VS. Rec 0.11 0.18 -0.04 to 0.40 0.22
Pre-Ex VS. PostEx 0.96 -0.80 -7.65t06.05 7.21 0.1
PBMCs 11.19 11.99 8.59 7.65 6.74 3.26 Pre-Ex VS. Rec 0.62 2.60 -4.251t09.46 5.88 -0.44
Post-Ex VS. Rec 0.45 340 -3.45t010.25 5.29 -
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Panel E (OCR) - Maximal Respiration

Cell Type Mean STDev. Comparison P-Value M(?an Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%)  STDev. Cohen’s d
Pre-Ex VS. Post-Ex 0.92 -0.78 -5.921t04.36 4.76 0.16
NalveCD4™ 4,87 565 342 592 320 439  Pre-ExVS.Rec 077 145 -3.69t06.59 521 | -0.28
T cells
Post-Ex VS. Rec 0.54 224 -291t07.37 3.84 -
Pre-ExVS. Post-Ex 0.95 -0.33 -2.90to 2.24 2.54 0.13
NaveCGDB" 334 367 219 292 210 179  Pre-ExVS. Rec 052 115 -1.42t03.72 242 | -0.48
T cells
Post-Ex VS. Rec 0.34 148 -1.09to0 4.05 1.95 -
Pre-Ex VS. Post-Ex 0.93 8.95 -5262to70.51 55.35 -0.16
PBMCs 14420 135.30 126.20 59.23 51.18 55.86 Pre-ExVS. Rec 0.75 18.03 -43.53t079.59 57.57 -0.31
Post-Ex VS. Rec 0.93 9.08 -52.48to070.65 53.57 -0.17
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Panel E (OCR) - Spare Respiratory Capacity

Mean

STDev.

Cell Type Comparison P-Value M(?an Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%) ~ STDev. Cohen's d
Pre-Ex VS. Post-Ex  0.99 0.15 -3.67to 3.97 3.48 -0.04
Naive CD4* 5 19 3.04 2.33 463 1.69 3.33  Pre-ExVS. Rec 085 085 -3.07t04.78 403 | -0.21
Tcells
Post-Ex VS. Rec 090 071 -3.22t04.63 264 | -0.27
Pre-ExVS. PostEx  0.97 -0.18 -2.25t0 1.89 204  0.09
Naive CD8™ 5 57 2.45 1.59 2.41 1.59 145  Pre-ExVS. Rec 070 068 -1.39t0275 199 | -0.34
T cells
Post-Ex VS. Rec 057 086 -1.21t02.93 1.52 -
Pre-ExVS. PostEx 0.99 208 -48.37t052.53 4955  -0.04
PBMCs 7517 7309 76.86 46.64 5229  36.06 Pre-ExVS. Rec 099 -169 -52.14t048.76 4169  0.04
Post-Ex VS. Rec 098 -3.77 -5422t046.68 4491  0.08
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Panel F - Glycolytic PER

Cell Type Mean STDev. Comparison P-Value Mean Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%)  STDev. Cohen's d
Pre-Ex VS. Post-Ex 0.98 0.20 -2.40to02.80 2.63 -0.08
Naive CD4*
3.83 3.63 1.32 3.36 1.61 1.63  Pre-Ex VS. Rec 0.06 251 -0.09to05.11 2.64
T cells
Post-Ex VS. Rec 0.09 2.31 -0.29 t0 4.91 1.62
Pre-Ex VS. Post-Ex 0.79 0.33 -0.92to0 1.58 1.37 -0.24
Naive CD8*
1.22 0.88 0.47 1.81 0.68 0.28 Pre-Ex VS. Rec 0.32 0.74 -0.51t01.99 1.30
T cells
Post-Ex VS. Rec 0.68 041 -0.81t01.63 0.52
Pre-Ex VS. Post-Ex 0.67 -40.87 -159.00 to 77.29 99.58 0.41
PBMCs 162.20 203.10 192.60 90.14 108.20 119.30 Pre-ExVS. Rec 0.80 -30.40 -148.60to 87.76 105.73 0.29
Post-Ex VS. Rec 0.97 10.47 -107.70to 128.60 113.89 -0.09
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Panel G — Mitochondrial ATP Synthesis Rate

Mean

STDev.

Cell Type Comparison P-Value Mean Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%)  STDev. Cohen's d
Pre-Ex VS. Post-Ex 0.91 -1.00 -6.87t04.86 5.26 0.19
Naive CD4*
7.32 8.32 4.38 6.12 4.23 5.34  Pre-Ex VS. Rec 0.44 294 -293108.80 5.75
T cells
Post-Ex VS. Rec 0.24 3.94 -1.93 to 9.81 4.82
Pre-Ex VS. Post-Ex 0.84 -0.65 -3.561t02.26 2.97
Naive CD8*
4.32 4.97 2.57 3.26 2.66 1.73 Pre-Ex VS. Rec 0.31 1.75 -1.161t04.66 2.61
T cells
Post-Ex VS. Rec 0.12 240 -0.51t05.31 2.24
Pre-Ex VS. Post-Ex 0.99 507 -124.80t0 13490 116.66 -0.04
PBMCs 309.60 304.50 234.20 118.00 115.30 117.90 Pre-ExVS. Rec 0.33 75.39 -54.44 to 205.20 117.95
Post-Ex VS. Rec 0.38 70.32 -59.51 to 200.10 116.61
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Panel G - Glycolytic ATP Synthesis Rate

Cell Type Mean STDev. Comparison P-Value Mean Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%)  STDev. Cohen's d
Pre-Ex VS. Post-Ex 0.99 -0.11  -3.04 t0 2.83 2.91 0.04
Naive CD4*
4.39 4.50 1.76 3.74 1.70 2.02 Pre-ExVS. Rec 0.09 263 -0.30t05.56 3.01
T cells
Post-Ex VS. Rec 0.07 2.74 -0.20 to 5.67 1.87
Pre-Ex VS. Post-Ex 0.95 0.17 -1.19to0 1.52 1.47 -0.11
Naive CD8*
1.45 1.29 0.67 1.88 0.90 0.36 Pre-Ex VS. Rec 0.34 0.78 -0.57t02.13 1.35
T cells
Post-Ex VS. Rec 0.51 062 -0.74t01.97 0.69
Pre-Ex VS. Post-Ex 0.68 -40.77 -161.20 to 79.64 103.90 0.39
PBMCs 185.30 226.10 210.40 95.70 111.50 117.40 Pre-ExVS. Rec 0.86 -25.07 -145.50 t0 95.34 107.10 0.23

Post-Ex VS. Rec 0.94 15.70  -104.70 to 136.1 114.49 -0.14
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4.4.4.4 Relative Changes in Metabolic Parameters

Measurements of OCR and PER in response to modulators of mitochondrial
respiration were used to calculate the relative contributions of mitochondrial
parameters within naive CD4 + and CD8 + T cells and PBMCs (Figure 4.4). There
were no significant differences in coupling efficiency (% basal OCR) in naive CD4 + (F
(2, 20) = 0.88, P = 0.43), naive CD8 + (F (2, 23) = 1.28, P = 0.30) T cells and PBMCs
(F (2,24) = 1.31, P = 0.29) or spare respiratory capacity (% maximal OCR) in naive
CD4 + (F (2, 25) = 0.44, P = 0.65), naive CD8 + (F (2, 26) = 1.14, P = 0.34) T cells and
PBMCs (F (2, 25) = 0.87, P = 0.43) across timepoints (Table 4.7 and Figure 4.4A-B).
Similarly, there were no changes observed in the proportional contributions of proton
leak (naive CD4 + (F (2, 24) = 1.37, P = 0.27), naive CD8 + (F (2, 26) = 0.57, P = 0.57)
T cells and PBMCs (F (2, 23) = 0.05, P = 0.95), ATP-linked respiration (naive CD4 +
(F (2,24)=2,56,P =0.10), naive CD8 + (F (2, 26) =0.82, P =0.45) T cells and PBMCs
(F (2, 23) = 0.62, P = 0.55), and spare respiratory capacity (naive CD4 + (F (2, 24) =
0.13, P = 0.88), naive CD8 + (F (2, 26) = 1.14, P = 0.34) T cells and PBMCs (F (2, 23)
= 0.55, P = 0.58) in any cell type or between timepoints (Table 4.7 and Figure 4.4C).
When comparing the relative contribution of glycolysis and mitochondrial respiration to
ATP synthesis rates, total ATP production was driven by mitochondrial respiration
relative to glycolysis across all cell types (F (1, 18) = 97.07, P < 0.0001), with the
contribution greater in naive T cells vs. PBMCs (F (2, 27) = 10.52, P = 0.0004) (Table
4.8). This pattern was present across all timepoints, except PBMCs at recovery (P =
0.78) (Figure 4.4D). Although this indicates a shift in metabolic energy phenotype at

this timepoint, there were no differences in mitochondrial or glycolytic driven ATP
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production between timepoints for naive CD4 + (P = 0.87), naive CD8 + (P =0.61) T

cells or PBMCs (P = 0.29).
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Figure 4.4 Relative data (% maximal OCR) on changes in metabolic parameters in
isolated naive CD4* and CD8" T cells vs. PBMCs in response to prolonged cycling. (A)
Coupling Efficiency. (B) Spare Respiratory Capacity. (C) Differences in proton leak,
ATP-linked respiration, and spare respiratory capacity in mitochondrial respiration. (D)
ATP synthesis rate (% total). Data were presented as the mean + SD of 10 participants.
* indicates significant differences between ATPmito and ATPglyc: P > 0.05, *P < 0.05,

**P <0.01, **P < 0.001, ****P < 0.0001.
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Table 4.7 Descriptive statistics of the effect sizes (Cohen’s d) in listed variables and cell types between timepoints with threshold:

Positive Effect <0.2-0 0.2-0.5 0.5-0.8 >0.8
Negative Effect| >-02-0  -02--05  -05--0.8 <-0.8
Panel A - Coupling Efficiency (% Basal OCR)
Cell Type Mean STDev. Comparison P-Value I\If:lﬁan Confidencoe Pooled Effect ?ize
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery if. Interval (95%) STDev. Cohen's d
PreExVS.PostEx 094 -1.60 -13.66t010.47 843  0.19
NaveCD4™ 2063 7422 675 943 731 1325 Pre-ExVS.Rec 061 513 -829t01854 11.50 = -0.45
T cells PostExVS.Rec 042 672 -6371t019.81  10.70
Pre-Ex VS. Post-Ex 0.48 -4.63 -14.44t05.19 5.56
NalveCD8" 745 7643 704 588 522 1044 Pre-ExVS. Rec 095 110 -822t01041 847  -0.13
T cells PostExVS.Rec ~ 029 573 -359t01504  8.25
PreExVS.PostEx 072 3.80 -8.62t0 1640  4.78
PBMCs  79.00 7511 7089 346 580  17.12 Pre-ExVS.Rec 026 811 -440t02062 1235
PostExVS.Rec  0.68 4.22 -8.29t016.73 12.78 | -0.33
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Panel B - Spare Respiratory Capacity (% Maximal OCR)

Mean STDev. Mean Confidence Pooled Effect Size

Cell Type Comparison P-Value . o .
Diff. Interval (95% STDev. Cohen's d
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery ! (95%)

Pre-Ex VS. Post-Ex  0.92 273 -1529t020.75 12.26 -0.22

Naive CD4™ =233 5460 5044 1301 1147 2139 Pre-ExVS. Rec 063 689 -1160t02538 17.70 | -0.39
T cell
cers PostExVS.Rec  0.83 416 -13.871022.18 17.16 | -0.24
Pre-ExVS. PostEx  0.99 -0.30 -1546t014.86 1550  0.02
Naive CD8*
60.60 6090 6900 1549 155 8.03  Pre-ExVS. Rec 039 -840 -23.97t07.17 12.34
T cell
eels PostExVS.Rec 041 -8.10 -2367t0747 1234
Pre-ExVS. PostEx 076  4.44 -11.31t020.20 13.11
PBMCs  53.00 4856 5670 883 163  13.94 Pre-ExVS.Rec 082 -370 -19.06t011.66 11.67  0.32

Post-Ex VS. Rec 040 -8.14 -2350t07.211 15.17 0.54
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Panel C - Proton Leak (% Maximal OCR)

Cell Type Mean STDev. Comparison P-Value M(?an Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%) ~ STDev. Cohen's d
Pre-Ex VS. Post-Ex 0.95 -2.33 -2198t017.31 14.76 0.16
Naive CD4*
10.67 13 23.63 8.41 19.11 21.31 Pre-Ex VS. Rec 0.28 -12.96 -33.73t07.82 16.20 0.80
T cells
Post-Ex VS. Rec 0.40 -10.63 -30.90to 9.65 20.24 0.53
Pre-Ex VS. Post-Ex  0.98 0.70 -8.70to 10.10 9.88 -0.07
NaveCD8" 1060 990 667 846 1112 357 PreExVS. Rec 058 393 -572t01359  6.49 -
T cells
Post-Ex VS. Rec 0.69 3.23 -6.42to 12.89 8.26 -0.39
Pre-Ex VS. Post-Ex 0.99 -045 -8.05t07.15 6.58 0.07
PBMCs 8.30 8.75 7.75 7.68 5.26 5.57 Pre-Ex VS. Rec 0.98 0.55 -7.05t08.15 6.71 -0.08
Post-Ex VS. Rec 0.95 1.00 -7.01to 9.01 5.42 -0.18
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Panel C - ATP-linked Respiration (% Maximal OCR)

Cell Type Mean STDev. Comparison P-Value M(?an Confidence Pooled Effect Size
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery Diff. Interval (95%)  STDev. Cohen’s d
Pre-ExVS. Post-Ex 0.99 -0.30 -11.93t0o11.33 9.87 0.03
Naive CD4*
alve C 3200 3230 2250 7.94 1149 1052 Pre-ExVS.Rec 015 950 -2.80t021.80  9.32
T cells
Post-Ex VS. Rec 0.12 980 -2.21to021.81 11.02
Pre-ExVS.Post-Ex 0.99 -0.20 -10.97to 10.57 10.66 0.02
Naive CD8*
29.00 29.20 241 13.44 6.84 7.01 Pre-Ex VS. Rec 052 489 -6.17t015.95 10.72 -0.46
T cells
Post-Ex VS. Rec 0.51 5.09 -5.971t016.15 6.93
Pre-ExVS. Post-Ex 092 -2.10 -16.00t011.80 12.18 0.17
PBMCs 42.40 44 50 38.13 11.69 12.66 10.67 Pre-ExVS. Rec 0.72 428 -9.63to 18.18 11.19 -0.38
Post-Ex VS. Rec 053 6.38 -8.28t021.03 11.71 -
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Panel C - Spare Respiratory (% Maximal OCR)

Cell Type Mean STDev. Comparison P-Value I\If:l;?an Confidenc:e Pooled Effect ?ize
Pre-Ex Post-Ex Recovery Pre-Ex Post-Ex Recovery . Interval (95%) ~ STDev. Cohen's d
Pre-Ex VS. Post-Ex  0.92 273 -1430t019.77 12.26 -0.22
NalveCD4" 5733 5460 5400 1301 1147  19.82 Pre-ExVS. Rec 0.89 333 -14681t021.35 16.76 | -0.20
T cells PostExVS.Rec ~ 099 0.60 -16.98t018.18 1619  -0.04
PreExVS. PostEx 099 -0.30 -1546t014.86 1550  0.02
NalveCD8" 6060 6090 69.00 1543 1550  8.03  Pre-ExVS. Rec 0.39 -840 -2397t07.17 1234 | 0.68
T cells PostExVS.Rec 041 -8.10 -2367t07.47 1234 | 066
PreExVS. PostEx 093 235 -14.14t018.84 1568  -0.15
PBMCs 4910 4675 53.88 14.88 1644  8.86 Pre-ExVS.Rec 075 -478 -2127t011.72 1224  0.39
PostExVS.Rec 057 -7.13 -2451t01026 13.20 | 0.54
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Table 4.8 Comparative data between mitochondrial vs. glycolytic ATP synthesis rate

Mean (%) and STDev. Comparison

Cell Type Timepoints P-Value
(ATPmito vs. ATPglyc)
Pre-Ex 63.30 £ 11.60 vs. 36.70 £ 11.55 <0.0001
Naive CD4*
Post-Ex 62.50 £ 13.72 vs. 37.50 £ 13.73 0.0007
T cells
Recovery 65.44 + 25.02 vs. 34.56 + 25.01 0.006
Pre-Ex 78.00 £11.13 vs. 22.00 £ 10.99 < 0.0001
Naive CD8"
Post-Ex 80.00 £ 5.45 vs. 20.00 £ 5.52 <0.0001
T cells
Recovery 75.60 + 16.18 vs. 24.40 + 16.15 < 0.0001
Pre-Ex 62.80 £ 9.69 vs. 37.20 £ 9.73 < 0.0001
PBMCs Post-Ex 57.30+11.76 vs. 42.70 £ 11.83 0.01
Recovery 51.30 + 20.26 vs. 48.70 + 20.35 0.78

4.4.5 Effect of Prolonged Cycling on Ex vivo T cell Metabolic Profile upon Activation

4.4.5.1 Composition of PBMC Fraction

To determine real-time metabolic responses to T cell activation in collected blood
samples, enriched naive T cells and PBMCs were incubated with CD3/CD28 beads.
All samples were seeded at 200 x 102 cells per well, thus enriched naive CD4* and

CD8" T cell numbers were equal across Pre-Ex, Post-Ex and Recovery. However,
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given the fluctuations in T cell concentrations throughout prolonged cycling (Figure
4.5A-B), the numbers of T cell subsets may vary within the 200 x 102 PBMCs that were

seeded and therefore these numbers were calculated using flow cytometry data.

A repeated measures ANOVA showed significant differences in the number of T cell
subsets within the PBMC fraction across timepoints (Time x cell subset Interaction: F
(24, 234) = 6.78, P < 0.0001). Post-hoc analysis revealed that relative to Pre-Ex, there
were greater numbers of CD4* CM (Pre-Ex: 4,362.25 + 2,697.09 vs. Post-Ex: 7,200.77
+ 2928.60, P < 0.03) and both CD8* EM (Pre-Ex: 4,888.71 + 3724.54 vs. Post-EXx:
7,260.22 £4351.20, P <0.04) and CD8* TEMRA (Pre-Ex: 1,227.14 + 1000.43 vs. Post-
Ex: 3,241.03 + 2620.02, P < 0.01) Post-EX, but lower numbers in Recovery (CD4* CM:
3,408.03 +2150.57, P =0.001, CD8* EM: 3,565.91 + 2940.79, P = 0.02, CD8* TEMRA:
1,112.80+898.41, P =0.02). Moreover, total T cell number was significant higher Post-
Ex vs. Recovery (Post-Ex: 69,592.28 + 21,199.11 vs. Recovery: 34,897.79 =*
23,682.26, P < 0.0001) but not vs. Pre-Ex (49,516.98 + 33,522.09, P = 0.08). (Figure

4.5A).

4.4.5.2 Absolute Changes in Metabolic Parameters upon Stimulation

There were significant differences in PER (Table 4.9 and Figure 4.5D) at each time
point between control vs. activated naive CD4* T cells and CD8* T cells, and PBMCs,
but there was no main effect of time (P = 0.06) observed across cell types naive CD4*
(F(2,27)=2.41, P =0.11) and CD8" (F (2, 27) = 0.33, P = 0.72) T cells, and PBMCs
(F (2, 27) = 0.42, P = 0.66) which resulted in significant increases in glycolytic ATP

synthesis rate after activation across all timepoints for naive CD4* T cells (Pre-EX,
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Control: 42.03 = 20.94 vs. Activation: 96.94 + 37.11, P < 0.0001, Post-Ex, Control:

35.67 = 12.81 vs. Activation: 70.14 + 26.10, P = 0.003, Recovery, Control: 27.12 +

15.51 vs. Activation: 71.45 = 28.84, P = 0.0002) and Naive CD8* T cells (Pre-Ex,

Control: 32.69 + 26.54 vs. Activation: 53.65 + 31.18, P = 0.04, Post-Ex, Control: 23.19

+ 8.50 vs. Activation: 44.72 + 21.06, P = 0.03, Recovery, Control: 28.51 + 19.48 vs.

Activation: 52.99 £ 18.69, P = 0.02), but not PBMCs (Figure 4.5F). Absolute PER was

significantly greater in PBMCs vs naive T cells (F (2, 54) = 79.67, P < 0.0001).

Table 4.9 Comparative PER data between Control and Activation

Mean and STDev. Comparison

Cell Type Timepoints P-Value
(Control vs. Activation)
Pre-Ex 36.04 £ 20.02 vs. 87.21 + 37.66 < 0.0001
Naive CD4*
Post-Ex 29.39 + 13.58 vs. 61.13 + 24.17 0.0002
T cells
Recovery 20.85 + 16.36 vs. 61.68 + 29.05 < 0.0001
Pre-Ex 26.03 + 26.97 vs. 43.92 + 30.34 0.0002
Naive CD8"
Post-Ex 15.64 + 7.01vs. 36.82 + 20.14 0.0001
T cells
Recovery 21.12 + 20.52 vs. 43.74 = 20.60 < 0.0001
Pre-Ex 162.25 + 90.14 vs. 257.14 + 153.24 0.01
PBMCs Post-Ex 203.12 £ 108.19 vs. 302.81 + 142.49 0.008
Recovery 192.65 +119.32 vs. 270.15 + 100.67 0.03

186



Moreover, the significant differences in glycolytic ATP synthesis rate co-changed
mitochondrial ATP synthesis which altered ATP-linked respiration rate, but the
changes were significantly greater in activated naive CD4* T cells at Recovery
between Control: 11.21 + 6.66 vs. Activation: 17.87 + 5.59, (P = 0.03) only (Figure
4.5E). No differences in ATP synthesis rate were observed across cell types and
timepoints (Figure 4.5F) in response to activation (Naive CD4* (P = 0.06), Naive CD8*
(P =0.49), PBMCs (P = 0.26) or mitochondrial respiration and Glycolysis (Naive CD4"*

(P = 0.31), Naive CD8* (P =0.43), PBMCs (P = 0.32).
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Figure 4.5 Real-time metabolic responses to CD3/CD28 activation in enriched naive
CD4 *and naive CD8 *T cells, and PBMCs. (A) a stacked graph presents the numbers
and (B) a heat map shows the frequency of T cell subsets within the seeded PBMC
fraction for the activation assay. (C) Representative traces of Glycolytic PER vs.
Mitochondrial OCR upon activation were recorded with a Seahorse XFe96 Analyzer.
CD3/CD28 activation beads were injected at 14 — 20 minutes, and PER was measured
continuously throughout the experimental period after 3 measurements at baseline.
(D) PER (E) ATP-linked respiration of activated naive CD4 *(red bars), naive CD8"
(grey bars) T cells, and PBMCs (blue bars) vs. control (white bars) were then
calculated. (F) Differences in ATP synthesis rate between mitochondrial respiration
(blue bars) and glycolysis (red bars). Data were presented as the mean + SD of 10
participants. # indicates significant differences between Pre-Ex and Post-Ex, and *
indicates significant differences between timepoints or condition: P > 0.05, #P < 0.05,

*P <0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001.

4.4.6 Prolonged Ex Vivo T-cell Stimulation

Two further indicators of naive T cell activation upon stimulation are an increase in cell
diameter (30), and secretion of IL-2, measured in the cell supernatant (31) and these
data are presented in Figure 4.6. In response to a 12-hour incubation (prolonged
activation) with CD3/CD28 beads, the mean diameter (um) of naive CD4* (control:
6.37 £ 0.49 vs. activation: 7.50 + 0.53, Main Effect of Condition: P < 0.0001) and CD8"*
(control: 6.05 = 0.59 vs. activation: 7.95 *+ 0.54, Main Effect of Condition: P < 0.0001)
T cells significantly increased across all timepoints, but there was no differences

between timepoints (P = 0.13). The concentration of IL-2 (pg/mL) measured in the
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supernatant isolated from naive CD4* and naive CD8" T cells was greater after
activation across all timepoints, but this did not reach statistical significance (F (2, 20)
=0.29,P=0.75and F (2, 29) = 0.20, P = 0.82). There were no significant differences
across timepoints (P = 0.18) and no correlation between changes in IL-2 concentration

and PER within naive CD4" or naive CD8* T cells across timepoints (Figure 4.6).
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Figure 4.6 (A) Different cell diameters and mean IL-2 concentrations of naive CD4 *T
cells (red bar) vs. controls after prolonged-activation, and Correlation between IL-2
concentration and PER (B) Different cell diameters and mean IL-2 concentrations of
naive CD8 T cells (grey bar) vs. controls after prolonged-activation, and the IL-2
concentration was plotted against PER of naive CD4 *or CD8 T cells, and Pearson

and Spearman correlation coefficients determined. Data were presented as the mean
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+ SD of 10 participants. * indicates significant differences between control and

activation: P > 0.05, **P < 0.001, ***P < 0.0001.

To evaluate changes in circulating nutrient availability in response to prolonged
moderate-intensity cycling, the concentrations of glucose, glutamine, and triglycerides
were quantified (Figure 4.7A-C). There were no differences in glucose (F (2, 27) =
1.89, P = 0.17) and triglyceride (F (2, 25) = 2.17, P = 0.14) concentrations across
timepoints, but glutamine concentration (Figure 4.7B) significantly decreased at
Recovery compared to Pre-Ex (Pre-Ex: 331.50 + 56.00 vs. Recovery: 255.50 + 52.56,
P =0.02). Moreover, there were no significant correlations between changes in plasma
glucose, glutamine or triglyceride concentration and metabolic parameters in all cell

types across any timepoints.
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Figure 4.7 Changes in the concentrations of (A) glucose, (B) glutamine, and (C)

triglycerides in response to prolonged cycling. A representative correlation between

the individual nutrient and basal respiration is provided. Data were presented as the

mean x SD of 10 participants. * indicates significant differences between timepoints: P

> 0.05, *P < 0.05.
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4.5 Discussion

This study investigated changes in the bioenergetic profiles of isolated naive CD4*and
CD8" T cells vs. PBMCs in response to prolonged moderate intensity cycling. The
primary finding was that relative to rest, 2 hours of cycling at 95% LT-1 elicited no
change to the metabolic phenotypes of naive CD4" and CD8* T cells, and PBMCs
immediately after and 2 hours into recovery. Absolute and relative measures of
mitochondrial respiration, glycolytic flux and ATP synthesis rate were similar across alll
timepoints. The contribution of mitochondrial respiration to ATP production was greater
than glycolysis in naive T cells across all timepoints; however, the contribution was not
different in PBMCs 2 hours into recovery. In addition, there were no differences in
cellular bioenergetic responses to ex vivo activation in all cell types isolated before,
immediately after or 2 hours into recovery. Collectively, these data indicate that the
metabolic phenotype and ex vivo responses to activation of the total PBMC fraction
and isolated naive T cells were unaltered within 2 hours of prolonged moderate

intensity cycling.

The current study demonstrated an expected exercise-induced lymphocytosis (32—-35),
with significantly greater concentrations of CM CD4* (+204%), and naive (+174%), EM
(+184%) and TEMRA CD8* T cells (+333%) in peripheral blood immediately after
prolonged cycling at 95% LT-1, relative to rest. A pattern of preferential mobilisation of
antigen experienced T cells was present for CD8* (TEMRA > EM > N), but not CD4* T
cells. The mobilisation of antigen experienced T cells during bouts of exercise has
been a reproducible finding in the field of exercise immunology (34,36,37). The

subsequent redeployment of these cells from the circulation is believed to govern
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immunosurveillance during recovery (35,38,39) and shifts in cellular metabolism likely
facilitate this (4,10,33,40,41). Recent studies have examined immunometabolic
changes within circulating PBMCs after exhaustive exercise, sampling immediately
following the bout (4,11). Data from the present study indicates no statistically
significant difference in the bioenergetic profile of the total PBMC fraction immediately
after prolonged moderate intensity cycling. This corroborates previous data indicating
no effect of moderate-to-vigorous intensity cycling (30 minutes at 65—70% VO2max) (11)
or maximal swimming (4) on the mitochondrial respiratory function of PBMCs. Analysis
of PBMCs 2 hours into recovery was a novel element of the present study design. Our
data indicate modulation of energy phenotype at this timepoint, whereby the
contribution of mitochondrial respiration and glycolysis to ATP production were equal
(Figure 4.4D). Before and immediately after prolonged cycling, the contribution of
mitochondrial respiration to ATP production was significantly greater than glycolysis in
PBMCs, and across all timepoints in naive T cells. This finding is challenging to
interpret within a mixed cell population and results either from shifts in the composition

of cells or cell-by-cell shifts in bioenergetics.

A conundrum persists when evaluating changes in immunity after single bouts of
exercise in PBMCs, such that the exchange of cells between the peripheral blood
compartment and tissues may hinder analysis of the cells of interest. To overcome
these challenges, the present study employed immunomagnetic separation to enrich
naive T cells from the PBMC fraction and examine metabolic phenotype. The differing
patterns of N, CM, EM and TEMRA mobilisation observed in peripheral blood (Table

4.5) underpin the importance of providing single cell resolution on measures of cellular
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bioenergetic responses to acute exercise. This was exemplified by the substantially
higher rates of OCR (Figure 4.3E) and PER (Figure 4.5D) in PBMCs vs. naive T cells.
These differences are independent of any effect of exercise, making interpretation of
changes within the mixed PBMC fraction challenging due to distinct metabolic profiles
between T cell subsets (4). However, like PBMCs, there were no statistically significant
differences in the bioenergetic profiles of naive CD4* and CD8" T cells both
immediately and 2 hours after cessation of cycling. Specifically, absolute and relative
OCR measures of basal, maximal and ATP-linked respiration, proton leak and spare
respiratory capacity were unaltered (Figures 4.3E). Furthermore, rates of glycolysis
and the contribution of both this and mitochondrial respiration to ATP production were
not different across timepoints (Figures 4.3F-G). Common trends with moderate to
large effects sizes (Table 4.6) were observed for all metabolic variables in naive T
cells, but not PBMCs, and these changes appeared to mirror changes in naive T cell
concentrations, namely 1) an increase in OCR and PER from Pre-Ex to Post-Ex and
2) a decrease in OCR and PER from Rest to Recovery. Naive T cell concentrations
increased immediately after cycling (% difference relative to rest, CD4*: +51.9, P =
0.10 and CD8": +74.5, P = 0.05) and there was a decrease (% difference relative to
rest, CD4*: -37.5, P = 0.40 and CD8*: -28.6, P = 0.32) to marginally below resting
values within 2 hours of recovery (Table 4.5), although not all of these changes were
statistically significant (42). Circulating metabolites that support T cell function were
also examined and although glucose and triglyceride concentrations remained stable
throughout the trial, there was a significant decrease in glutamine concentration in
Recovery, relative to Rest (Figure 4.7). Given the role of glutamine in regulating

multiple aspects of T cell function (43,44), this may in part, explain the lower OCR and
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PER values in recovery compared to Rest. However, no associations were found
between changes in naive T cell concentrations or glutamine after prolonged cycling
with changes in any metabolic variable. Regardless this is speculative given that no
statistically significant differences in OCR and PER variables were observed and the
large confidence intervals indicate variable responses between participants. More
importantly, whereas the decrease in glutamine levels was observed following
exercise, this did not affect immune cell biologically as previous studies showed that
the concentration remains significantly higher than the minimum levels required for

optimal lymphocyte function (45-48).

To determine the impact of prolonged cycling on functional metabolic changes in naive
and antigen experienced T cells (CM, EM and TEMRA), their real-time metabolic
responses to activation were examined ex vivo using CD3/CD28 activation beads
(Figure 4.5D). This approach enabled specific T cell responses to be examined within
PBMCs and enriched naive T cells. In response to ex vivo activation, there was an
increase in maximal glycolytic flux defined by PER, cell diameter and IL-2 production
(P > 0.05); however, there were no differences observed between timepoints. This
indicates preserved metabolic reprogramming of T cells in the recovery from prolonged
cycling. An ongoing narrative in the exercise immunology literature purports that
prolonged arduous exercise may impair aspects of immune function (49-53). For the
current study population of aerobically trained males and females, 2 hours at a
moderate intensity (~65% VO2max) Was subjectively perceived as ‘fairly light' (RPE:
11.1 £ 1.9) and ‘fairly good’ (affective response: 2.5 + 0.6) for physical exertion and

enjoyment respectively. Although not arduous, there is no evidence presented herein
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to indicate impairment of immune function (with single cell resolution) within 2 hours of

continuous exercise in healthy and young males and females.

Collectively, these data indicate that the bioenergetic profile and metabolic responses
to activation of naive CD4* and CD8" T cells and the total PBMC fraction were
unaltered in response to prolonged moderate intensity cycling. These analyses
included measurements both immediately and 2 hours into recovery under controlled
laboratory conditions, whereby nutrition and rest were controlled. It is noteworthy that
recent studies employing single cell RNA sequencing have revealed pro-glycolytic
shifts within mobilised EM T cells after bouts of exhaustive exercise (10), independent
of shifts in cell composition. This study directly examined naive T cells, due to their
high proportion within the PBMC fraction (section 4.4.4.2) and ease of isolation
compared to antigen experienced T cells which are at a lower frequency (CM, EM, and
TEMRA). Although significant mobilisation of CD8* naive T cells was reported in the
present study, the preferential mobilisation of TEMRA > EM > CM > N (34,36) warrants
bioenergetic examination of antigen experienced T cell subsets, and other cell types

(e.g., NK cells, monocytes and B cells) after exercise bouts of different intensity.

Many previous studies examining immunometabolic responses to bouts of exercise
have mostly defined ‘intensity’ based on a proportion of VO2zmax (13), which doesn’t
account for inter-individual variation in metabolic thresholds that occur at different
stages of VOzmax (13). The current study therefore used 95% LT-1 to prescribe a
metabolically controlled bout of cycling near aerobic threshold. At this intensity,

exercise can be sustained for prolonged durations with minimal fatigue and metabolite
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(such as lactate) accumulation (54,55). However, an increase in intensity above LT-1,
may only sustain exercise for a short period (~15 minutes) (54,56) which differed from
2-hour cycling protocol applied in the current study. Nonetheless, our data adds to the
growing body of literature examining immunometabolic responses to exercise bouts of

moderate intensity, notably changes at the single cell level (12).

In conclusion, this was the first study to examine the effect of a metabolically controlled
bout of moderate intensity cycling on the bioenergetic phenotype and acute metabolic
responses to activation of naive T cells. These data indicate no perturbations in naive
T cell bioenergetics either immediately or 2 hours after cycling and a similar pattern
was observed within the total PBMC fraction. The moderate physiological strain

aerobically trained individuals may, in part, explain these findings.
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Chapter 5: General Discussion

The overarching theme of this thesis was to explore the effect of single sessions of
exercise on the number and function of immune cells in peripheral blood, with two

primary aims:

1. To establish whether low and high-volume interval cycling increased peripheral
blood HSPC and CD56%™ NK cell concentrations to a greater degree than

continuous cycling (Chapter 2).

2. Toinvestigate the effect of prolonged moderate intensity exercise (defined by 95%
LT-1) on the metabolic phenotypes and real-time responses to activation of naive
CD4*and CD8* T cells compared to the peripheral blood mononuclear cell (PBMC)

fraction (Chapter 4).

The General Discussion chapter will provide a concise summary of the key findings
presented in each experimental chapter. Subsequent sections will discuss a more
comprehensive analysis of each chapter, specifically examining how the chapters align
with the aforementioned objectives, and common themes and concepts that link the
experimental chapters. The thesis will also address study limitations and provide

recommendations for further research.
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5.1 Summary of Key Findings

Chapter 2 compared the effect of high-intensity interval exercise (HIIE) of both low
volume (LV-HIIE) and high volume (HV-HIIE) vs. moderate-intensity continuous
exercise (MICE) on the peripheral blood concentrations of HSPCs and CD569™ NK
cells after each of 4 bouts of LV-HIIE and HV-HIIE. The data in this chapter revealed
that performing 2 x 2-minute bouts of LV-HIIE and 3 x 4-minute bouts of HV-HIIE were
effective in elevating the peripheral blood concentration of CD38" HSPCs compared to
rest. However, there was no significant increase in CD38* HSPC concentrations
throughout MICE. Following MICE and the 4™ bout of HIIE, the concentration of HSPCs
was only higher than at rest in LV-HIIE. Moreover, following all trials, there was a small
reduction in the expression of bone marrow homing receptor VLA-4, but no change in
the expression of CXCR-4 on exercise-induced mobilised HSPCs. In addition, the
number of CD569™ NK cells in peripheral blood was markedly higher after bouts of LV-
HIIE and HV-HIIE compared to MICE. Overall, these data indicate that exercise
intensity is a prominent driver for stimulating the movement of immune cells into

peripheral blood that are relevant to HSPC transplantation.

Chapter 3 optimised experimental methods to examine immunometabolic processes
in T cells for implementation in Chapter 4 by conducting EFA assays in a Jurkat cell
line and enriched primary naive CD4* and CD8* T cells. The choice of Jurkat cells was
taken in light of the COVID-19 pandemic. Despite best endeavours, the high rates of
basal glycolysis in these cells made it challenging to manipulate glycolytic rates after
CD3/CD28 bead activation and thus efforts were halted when COVID-19 restrictions

were lifted. Chapter 3 showed that primary naive CD4* and CD8* T cells (200 x 103
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cells) required a specific quantities of nutrients, namely as glucose and glutamine to
maximise PER following CD3/CD28 bead-induced activation using Seahorse XFe96
EFA. Moreover, Chapter 3 demonstrated that activation induced changes in glycolysis
(defined by PER) in naive CD4* and CD8" T cells were significantly greater when
PBMCs and naive T cells were isolated and analysed immediately from sodium heparin
blood collection tubes at room temperature. Finally, the utilisation of silicone inserts for
cell seeding and standard assay media in EFA resulted in accurate and enhanced

changes in PER following activation.

In conjunction with the development of methods in Chapter 3, Chapter 4 employed a
novel human study design and methodology to elucidate the effect of prolonged
moderate intensity exercise on T cell bioenergetics, providing single cell resolution for
naive CD4+ and CD8+ T cell subsets. This chapter demonstrated that 2-hours of
moderate intensity cycling at a power output eliciting 95% lactate threshold-1 did not
alter the metabolic phenotypes of naive CD4* and CD8* T cells, or PBMCs immediately
after and into recovery, relative to rest. Absolute and relative measures of
mitochondrial respiration, glycolytic flux and ATP synthesis rate were similar across all
timepoints. The contribution of mitochondrial respiration to ATP production was greater
than glycolysis in naive T cells across all timepoints; however, the contribution
balanced in PBMCs 2 hours into recovery. In addition, in response to ex vivo activation,
there were no differences in cellular bioenergetic responses in all cell types isolated

before, immediately after or 2 hours into recovery.
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5.2 The Link between Experimental Chapters

Supporting findings from previous studies, our data in Chapter 2 showed that exercise-
induced leukocytosis was intensity-dependent (1). Exercise-induced leukocytosis was
likely driven by increases in haemodynamic shear stress and [2-adrenergic (f2-AR)
signalling (1,2), which drives preferential mobilisation of effector immune cells such as
cytolytic NK cells (CD569™) (2,3). When comparing exercise-induced leukocytosis
between cycling protocols used in Chapters 2 and 4, both HIIE protocols applied in
Chapter 2 resulted in greater fold increases in lymphocytes (HV-HIIE: +1.39 and LV-
HIIE: +1.47) and NK cells (HV-HIIE: +4.60 and LV-HIIE: +4.83) than 2 hours of cycling
at a power output eliciting 95% LT-1. This was likely driven by a higher exercise
intensity used in Chapter 2 vs. 4, exemplified by greater objective and subjective
physiological responses such as HR (+37.12%) and RPE (+55.39%) respectively. Both
Chapters employed acute cycling studies, with similarities with regards to study design,
control of confounding variables (e.g., environmental conditions, monitoring of illness,
sleep quality, anxiety, restriction of alcohol and caffeine intake prior to trials) and
participant characteristics (except biological sex), including sample size, age, fitness
level. Collectively, data in this thesis confirms the most reproducible finding in exercise
immunology, namely a rapid exercise intensity-dependent induced leukocytosis.
These responses were then used as a model to examine our two primary research

guestions, outlined above.

With regards to the outcome measures examined in Chapters 2 and 4 of this thesis,
Chapter 4 examined immune function using more sophisticated analytical methods

such as real-time bioenergetic profiling. Chapter 2 measured cell surface marker
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expression on immune cell subsets to perform cell counts and phenotyping, focussing
primarily on the peripheral blood concentration of HSPCs and the bone marrow homing
potential of these cells. Although more basic, this chapter had a very applied approach,

which was novel.

5.3 Novelty of Methodological Approaches in Experimental Studies

Chapter 2 was the first study to comprehensively investigate changes in peripheral
blood HSPC concentrations over a detailed timecourse for bouts of HIIE of different
volumes. The broader aim of this chapter was to establish a feasible and safe cycling
protocol suitable for use in a PBSC donation setting. To design high and low-volume
HIIE procedures, we adopted the lower (85%) and upper intensity (95%) thresholds for
maximal heart rate respectively, to align with clinical HIIE guidelines (4,5). A further
novel aspect of the study was applying serial blood sampling during and post-exercise
to explore detailed changes over time in HSPC mobilisation into the bloodstream
following each interval of HIIE vs. time-matched samples during MICE. This was novel,
given that many studies simply examine changes before and after the complete
exercise bout. We were therefore able to establish that just 4 minutes of LV-HIIE and
12 minutes of HV-HIIE significantly increased HSPC concentrations compared to rest.
At the end of the cycling bouts, there were significantly greater numbers of CD56%™
NK cells in peripheral blood compared to steady state cycling. Collectively, these
findings indicate that compared to duration, the mobilisation of HSPCs and CD569™
NK cells were more determined by exercise intensity with only 4 minutes HIIE

significantly increasing these cell concentrations in peripheral blood.
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The International Society of Hematotherapy and Graft Engineering (ISHAGE)
established a reliable method for measuring the concentration of HSPCs in whole
blood in 1998 (6) and this is used clinically for PBSC donations and HSCTs. When
comparing studies that have examined changes in HSPCs in response to exercise, the
reported variance between studies is marked and this gold standard method outlined
by ISHAGE has not been used. High variance across studies can possibly be attributed
to the selection of either whole blood or purified PBMCs for the labelling of cell surface
antibodies and the utilisation of quantitative single or double platform methodologies.
The ISHAGE single platform method utilises whole blood to quantify HSPCs and
demonstrates intra- and inter- laboratory variance > 5% and > 9%, respectively (6) but
the double platform method has been reported to have inter-laboratory variance as
high as 21% (7). With a validated Boolean gating strategy applied under ISHAGE

guidance, Chapter 2 employed this method to precisely enumerate CD34* HSPCs.

A recent scoping review found a lack of research examining immunometabolic
responses of isolated immune cell subsets to exercise (8). In addition, most of the
studies have predominantly set the intensity based on the fraction of VOzmax of HRmax,
rather than use metabolic thresholds like the LT to determine the appropriate exercise
intensity (9). Since metabolic thresholds occur at different fractions of VO2zmax (10), this
method may result in a different metabolic stimulus between participants of the study
(9). The cycling protocol in Chapter 4 therefore employed a hybrid test, combining LT
and VO2zmax measurements to define individual fitness level where LT was used to set
exercise intensity and VO, uptake data in corresponding recorded LT was used to

monitor workload during 2-hour exercise protocol.
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Engaging in exercise at a low-moderate intensity leads to more stable peripheral blood
concentrations of T cells. Most of studies examining immunometabolic responses to
exercise have evaluated changes in the heterogenous PBMC fraction immediately
after maximal exercise. The substantial fluctuations that acute exercise exerts on
peripheral blood immune cell composition and the unique metabolic profiles that
different cells, such as T cells possess, renders examination of the PBMC bioenergetic
profile limited. Therefore, enrichment of peripheral blood with antigen experienced T
cells with higher basal respiration may, in part, underpin the heightened metabolic
activity of the PBMC fraction during exercise, rather than individual T cell changes per
se (11). Arecent study conducted by Batatinha et al., (2023) employing single cell RNA
sequencing reported that genes associated with metabolic regulation were enriched in
CD4* and CD8" T cells after maximal exercise, most notably in EM, rather than CM or
naive subsets (12). Chapter 4 of this thesis, therefore employed single cell analysis to
provide better understanding on exercise-induced regulation of immune cell

bioenergetics.

Ex vivo T cell activation augments shifts in bioenergetic processes to fulfil the energy
demands of the cell. These metabolic changes reflect T cells encountering pathogens
in vivo (13). Investigating the effects of exercise on ex vivo T cell activation permits
modelling of how bouts of exercise influence functional metabolic regulation of T cells
in response to a challenge. Metabolic pathways such as glycolysis and mitochondrial
respiration that are responsible for ATP production in T cells (14) can be measured

simultaneously using EFA. The Seahorse XF analyser interrogates real-time metabolic
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assessments of cellular OCR and ECAR using small quantities of cells and provides
flexibility to construct customisable experiments that enable exposure of bead-
conjugated antibodies, ligands, inhibitors, and substrates to robustly evaluate the
metabolic phenotype of different cells. By employing these methods, data from this
chapter has shown that in response to 2 hours of moderate intensity cycling, the
metabolic profiles of naive CD4* and CD8" T cells were unaltered immediately after,

and 2 hours into recovery, relative to rest.

5.4 Limitations

Although the study population in Chapter 4 included both male and female participants
(n = 10), experimental Chapter 2 (n = 11) included only male participants due to
constraints in recruitment following lifting of COVID-19 restrictions. Hence, sample size
and population in both experimental studies, from a biological standpoint were low in
numbers and not representative with regards to biological sex for Chapter 2. Another
limitation was the limited control over participants' activities and diets prior to laboratory
visits in all experimental sessions. In Chapter 2 and 4, participants were asked to
refrain from vigorous exercise 48 hours before each trial to prevent alterations in
resting immune function and to replicate their diet before undertaking an overnight fast
before the laboratory visits in the morning, but there was no supervision or monitoring
of these procedures. Objectively monitoring participants’ activity using accelerometery
and providing meals would have reduced any potential influence of these factors on

immunity.
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5.5 Future Work and Conclusions

Chapter 2 offers preliminary evidence to justify the utilisation of HIIE protocols in a
PBSC donation setting, but at present, only in healthy young males. Physiologically,
our data show that only 4 minutes of LV-HIIE resulted in a greater increase in
peripheral blood HSPCs compared to 30 minutes of continuous cycling. However, the
application of these findings is currently limited. Clinical trials are necessary to examine
if intermittent cycling during apheresis (with prior G-CSF administration) is safe and
can increase the harvest of HSPCs and whether this promotes better engraftment and
health outcomes (survival and relapse) for patients. However, prior to conducting these
trials, it is necessary to first investigate whether implementing HIIE throughout a typical
PBSC collection period, which is approximately 3 hours can maximise HSPC
concentrations in peripheral blood. If HSPC concentrations can be maintained over
this time, then this provides compelling evidence to explore cycling during apheresis.
The impact of this approach on immune composition, notably NK cells is equally
important given the importance of these cells in offsetting GvHD following allogenic
transplantation (15). Notably, our data revealed a striking increase (+324.63%) in
CD569™ NK cells after just 8 minutes of interval cycling. It is conceivable that spacing
intervals over 3 hours (with adequate rest periods) could sustain concentrations of
these cells in peripheral blood. In addition to the physiological potential of exercise to
optimise the quantity of HSPC, further research is needed to evaluate the feasibility
and acceptability of such an approach for both allogeneic and autologous donors who
are undergoing G-CSF treatment. A recent study conducted by Kuehl et at., (2023)
reported that patients undertaking HIIE as prehabilitative care (for future cancer

treatment) prior to allogeneic HSCT had very high adherence (92%) over 4-12 weeks
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(16). This data is highly encouraging to support the concept of HIIE in clinical

populations that might benefit from cycling during apheresis.

Chapter 3 provides a robust protocol design which worked well in experimental chapter
4. However, chapter 4 demonstrated that prolonged moderate intensity cycling protocol
applied did not alter the metabolic phenotypes of naive CD4* and CD8" T cells, or
PBMCs immediately after and 2 hours into recovery, relative to rest. This indicate that
the physiological strain may be insufficient to create changes in the metabolic
phenotype of immune cells. Therefore, future studies are needed to apply the series
of validated assays with more intense bouts of exercise or periods of intensified

training/overtraining to investigate exercise effect on immunometabolic profiles.

Conclusion

The main objective of the thesis was to investigate the impact of single bouts of cycling
on the number and function of peripheral blood immune cells. Chapter 2 revealed that
interval cycling evokes greater changes in peripheral blood haematopoietic stem and
progenitor and cytolytic natural killer cell concentrations than continuous cycling. For
HSPCs, this was apparent after just 2 x 2-minute bouts of LV-HIIE and 3 x 4-minute
bouts of HV-HIIE, and not 30 minutes of continuous cycling. Chapter 4 reports that a
2-hour bout of moderate intensity cycling does not alter the metabolic phenotypes of
naive CD4* and CD8* T cells or the mixed PBMC fraction within 2 hours of recovery.
This thesis presents mechanistic data to advance knowledge of the acute immune
response to exercise (Chapters 3 and 4) and data to support future applied work that

may exploit acute changes in clinically relevant immune cells for patient benefit
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(Chapter 2). Collectively, these studies support the growing area of exercise

immunology and its emerging applications in multiple areas of human health.
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