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As part of an ageing society understanding the science behind the ageing process is paramount in
lightening the burden of age-related diseases such as cancer, diabetes and cardiovascular disease.
Extending the number of years lived disease-free is of great importance in alleviating the
detrimental effect ageing populations have on the medical and social sectors. Mitochondria are
referred to as the powerhouse of the cell, providing energy and controlling metabolism for normal
cellular function. However, mitochondrial dysfunction throughout the ageing process has been
highlighted as one of the hallmarks of ageing, alongside senescence of the immune system. The aim
of this study was to analyse mitochondrial dysfunction and metabolic efficiency in the context of
ageing using both murine and human models of ageing. The murine models used within the study
have previously been observed to have shortened lifespan due to low-grade chronic inflammation
and senescence. For the human models, naive T cells and senescent terminal effector T cells as well
as peripheral blood from individuals partaking in the Singapore Longitudinal Ageing Study were
analysed. This study utilised several methods to analyse metabolism and mitochondrial structure
of immune cells, including advanced microscopy techniques, flow cytometry, cell sorting and live-
cell metabolic analysis. This study established a variety of parameters contributing to mitochondrial
dysfunction in each of the models tested. Mice with low-grade chronic inflammation showed
reduced flexibility of mitochondrial structure in the bone marrow compared to wild-type mice
alongside alterations in immune cell compartmentalisation in the spleen associated with a
reduction in mitochondrial membrane potential of these cells, a marker of mitochondrial function.
Mice with increased levels of senescence showed a similar phenomenon of reduced mitochondrial
membrane potential as well as reductions in mitochondrial mass. These changes affected both the
innate and adaptive arms of the immune system in these mice. In humans, measuring mitochondrial
parameters associated with the development of senescence in CD4+ T cell populations, increased

mitochondrial membrane potential was identified with the formation of memory which was



reduced in senescent cells. Despite conservation of some glucose transporter proteins, alterations
in the control of mitochondrial network dynamics were observed resulting in decreased optic
atrophy 1 (Opal) expression following the formation of memory which was further reduced upon
senescence. Finally, comparison of peripheral blood cell metabolism between young and old
individuals revealed a reduction in maximal respiration rate with age in humans. This effect did not
result in alterations in adenosine triphosphate production as increased glucose uptake was
observed in peripheral blood cells with age. Subsequent analysis of resident immune cells
populations revealed an age-associated increase in mitochondrial mass in both innate and adaptive
immune cells. Taken together these results point towards mitochondrial dysfunction. In conclusion,
mitochondrial dysfunction in ageing was attributed to alterations in mitochondrial mass and
membrane potential as well as Opal expression within the models used for this study. Therefore,
it is proposed that mitochondrial dysfunction is involved in the ageing process of mice and humans

and excessive mitochondrial dysfunction is associated with shortened lifespan.
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Chapter 1

Chapter1 Introduction

1.1 Ageing

1.1.1 Population restructuring and global ageing

Due to worldwide success in treating childhood disease and reducing mortality in old age, today
most people can expect to live to the age of 60 years and often beyond. However, whilst life
expectancy has increased dramatically over the last 100 years fertility rates have been steadily
declining (Figure 1.1). Due to this the global population is currently undergoing massive
restructuring, termed global ageing. In 2015 the World Health Organisation (WHO) produced their
latest report on human ageing. The main finding from this report was that the percentage of people
aged over 60 years will increase from 12% to 22% of the global population by 2050 (World Health
Organization, 2015). This trend is currently being observed in many Westernised nations including
France, Sweden, the United Kingdom (UK) and Japan where the percentage of the population aged
over 60 years has already reached 20%. Other countries such as the United States, China and Brazil

will see the proportion of this population rise to 1 in 5 before the end of 2050 (Figure 1.2).

3.4 78

3.2 76

2.8 72
2.6 70

2.4 - 68

Life expectancy at birth (years)

2.2 66

Average number of live births per woman

1990 2019 2050

Fertility Rates —Life expectancy

Figure 1.1 Comparison of global fertility rates and life expectancy from 1990 to 2050 (Adapted
from (United Nations, 2019))
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Figure 1.2  Rate of growth of the 60 years old and over age demographic from 10% to 20% of the

total population (Adapted from (Geneva: World Health Organization, 2015))

Due to its complexity ageing is particularly hard to define and has been a cause for debate among
scientists for many years. Put simply, ageing can be defined as the development of structural and
functional decline with the passing of time. This decline causes a loss of adaption with age due to a
non-linear time-progressive decline in physical, mental and functional abilities. This has been linked
to decreasing pressure on natural selection with increasing age. However, loss of function and
adaption are difficult to measure in organisms and often involve invasive techniques. Therefore,
chronological age remains the mainstay for categorising ageing. In line with other studies described
in this introduction, individuals aged 65 years and over have been termed ‘older’ within this study.

Moreover, ageing is the greatest known risk factor for the development of disease, including:

e Atherosclerosis and cardiovascular disease

e (Cancer

e Neurodegenerative diseases and Alzheimer’s disease
e Type 2 diabetes

e Osteoporosis and osteoarthritis

e (Cataracts and macular degenerative disease

e  Chronic lower respiratory disease

Of the 150,000 people which die each day due to natural causes, around 66% (100,000) of these
are attributed to age-related disease (de Grey Aubrey, 2007). This causation is even higher in

Westernised nations, where age-related diseases contribute to 90% of deaths. Therefore,
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understanding what influences health and vitality has become an important factor in ageing

research.

Both the UK and Singapore expect to see major demographic shifts in population structure over the
next decade. Children born currently in the UK and Singapore can expect to have a lifespan of 83.1
years and 81.2 years of age, respectively (World Health Organization, 2016). Population
restructuring will see over 70% of population growth in the UK fall within the over 60 years age
category, increasing from 14.9 to 21.9 million between 2014 and 2039 (Leeson, 2014). The latest
population data release for the UK in 2018, states that 18% of the UK population is currently aged
65 years and over, almost one in five people (Office for National Statistics, 2018). This figure is
projected to reach ~24% by the year 2036, whilst the percentage of the population aged 85 years
and over could total 4% (Office for National Statistics, 2018). Further improvements in healthcare
and lifestyle mean that life expectancy at birth will increase from 82.8 years to 86.6 years for
females and from 79.1 years to 83.7 years for males between 2015 and 2036 (Office for National

Statistics, 2018).

In Singapore the age demographic aged 65 years and over has quadrupled between 1970 and 2015,
increasing from 3% to 13% of the total population (Figure 1.3) (Ministry of Health, 2016). This figure
is expected to double again by the year 2030 with one in four Singaporeans aged 65 years or over
(Ministry of Health, 2016). These population changes are not limited to the UK and Singapore. This
degree of population ageing is expected to occur across the European Union and in other

industrialised Asian countries, putting further strain on global economy.

1970 2015 2030

] <65 years B >65 years

Figure 1.3  Projected growth of the Singaporean population aged 65 years and over from 1970 to

2030 as a percentage of the total population (Adapted from (Ministry of Health, 2016))
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1.1.2 Social impact

Living longer can have an incredibly positive impact on society particularly during this time of global
ageing. Contributing to society through remaining in the workforce, mentoring younger people and
acting as consumers can have both a positive impact on society and increase the well-being of the
elderly through continued social engagement. However, this positive impact is dependent on the

health status of the ageing population.

More than two-fifths of National Health Service (NHS) funding is spent on people over the age of
65 years in the UK (Age UK, 2019). In 2018 £109 billion of this funding came from the Department
of Health and Social Care budget, leaving £16 billion for spending on social care, training and
infrastructure. Acute conditions, such as the common cold and infections, have seen an increase in
the number of hospital admissions since 2013 particularly in older age groups (Age UK, 2019). These
conditions should not usually require hospital admission and represent the shortfall in primary care
services and their inability to meet current demand. Due to this the number of people presenting

at emergency rooms has steadily been increasing along with triage waiting times in the elderly.

In 2018 more than 1in 7 older people required help with one or more essential daily activities, such
as going to the bathroom, making a cup of tea or buying groceries. A total of £21.7 billion was spent
on adult social care in 2017/2018, which has been steadily declining over the past decade. This
supply of funding is not enough to keep up with the growth of the older population. Spending per
capita fell by 17.5% in the older population between 2011 to 2018 (Age UK, 2019) whilst cost per
capita has steadily been increasing. The gap in spending and the cost of care is expected to reach
£6.1 billion by 2030. This shortfall is increasingly being met by the older populations and the family

members supporting them.

These issues are also prevalent in Singapore. A 2016 report stated that healthcare costs stand at $5
billion. By 2030 this cost is expected to rise to $49 billion, with costs per capita rising from $8,196
to $37,427 (Tai, 2016). The Singaporean government has recently put together an action plan for
investing an additional $3 billion on supporting healthy ageing, with $200 million of this budget

expected to be set aside for improving ageing research (Ministry of Health, 2016).

1.1.3 Healthy ageing

In recent years there has been a significant shift in global health priorities. Previous efforts focused
on reducing mortality rates in younger generations which has been successful worldwide. However,
these populations are now becoming older and focus has shifted to helping people age in a healthy

way and increase the quality of the extra years recent health advances have awarded us. Currently
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healthy life expectancy, the number of years expected to be lived disease-free, stands at 73.9 years

in Singapore and 71.4 years in the UK (World Health Organization, 2016).

“Healthy ageing... is the process of developing and maintaining the functional ability that

enables well-being in older age”

World Health Organization, World Report on Ageing and Health, 2015 (Geneva: World
Health Organization, 2015)

Figure 1.4 shows several trajectories in functional capacity which can occur with age. The blue line
represents the ideal trajectory, maintenance of functional capacity which suddenly declines just
before death. The orange line represents a second trajectory whereby functional capacity is
maintained before premature death. The third trajectory follows the grey line, a period of reduced
functional capacity in mid-life is followed by a period of recovery prior to sudden functional decline
at death. There is the possibility for this period of reduced functional capacity to plateau prior to
sudden decline (yellow line). Finally, the green line represents a trajectory following gradual
reduced functional decline throughout the lifetime. This trajectory is commonplace today, with the
elderly suffering from a multitude of age-related diseases which affect their independence and

quality of life.

Understanding healthy ageing is a complex issue as it integrates well-being within numerous areas
of life. This includes but is not limited to; physiological factors such as ageing at the biological level
and environmental factors including social and psychological status which all affect intrinsic
capacity. The diversity of health seen in individuals of the same chronological age is influenced by
these trajectories. As shown in Figure 1.5, individuals of the same chronological age can exhibit
varying degrees of health. The most healthy individuals (following the blue trajectory from Figure
1.4) experience a far greater health span than less healthy individuals (following the green
trajectory from Figure 1.4), despite having the same lifespan. This highlights the importance in
undertaking a life course approach to understanding ageing and the diversity between older

members of the population.

“This represents a significant shift from previous global health priorities, where the
emphasis was often on reducing mortality at younger ages. Instead, the focus of the

strategy is on the extra years that these interventions now allow us to enjoy.”

World Health Organization, Global Strategy and Action Plan on Global Ageing and
Health, 2017 (Geneva: World Health Organization, 2017)
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Functional capacity

v

Age (years)

Figure 1.4 Possible trajectories of functional capacity during ageing showing an optimal (blue)
and less optimal (orange) healthy ageing trajectory, interrupted ageing trajectories
with (grey) and without (yellow) recovery and a steadily declining trajectory (green).

(Adapted from (Geneva: World Health Organization, 2015))

The top conditions noted to affect health span include musculoskeletal and neurological disorders,
cardiovascular disease and diabetes (World Health Organization, 2016). All these diseases increase
in prevalence with age, affecting up to 90% of the population over the age of 65 years. Current
research is focusing on understanding why some individuals become more burdened by disease
than others during their lifetime. Understanding this issue will be paramount in providing better

guidance, treatment and support for the older population.
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Figure 1.5 Effect of poor and good health on health status during ageing and the variability

between individuals of the same age

1.1.3.1 Promoting healthy ageing

In 2017 the World Health Organization (WHO) released their vision, goals and strategic objectives
for supporting healthy ageing in 2020 (Table 1.1). The report highlights that healthy ageing is not

just the absence of disease but focuses instead on functional ability.

Table 1.1  World Health Organization action plan on healthy ageing taken from (Geneva: World
Health Organization, 2017)

VISION A WORLD IN WHICH EVERYONE CAN LIVE A LONG AND HEALTHY LIFE
Strategic 1. Commitment to action on Healthy Ageing in every country
objectives Developing age-friendly environments

2
3. Aligning health systems to the needs of older populations
4

Developing sustainable and equitable systems for providing long-term
care (home, communities and institutions)

o

Improving measurement, monitoring and research on Healthy Ageing
Action plan 2016- | 1. Five years of evidence-based action to maximise functional ability that
2020 Goals reaches every person

2. By 2020, establish evidence and partnerships necessary to support a
Decade of Healthy Ageing from 2020 to 2030




Chapter 1

The health issues that affect the older population are either preventable or can be delayed by

improving the guidelines surrounding healthy ageing. This has involved increasing healthy

behaviours not just during retirement, but across the life course. The strategy developed by WHO

integrates the sustainable development goals produced in 2016 (World Health Organization, 2016).

Changes in population structure result in alterations in social positions that require psychosocial

growth and environments that require improvement for those with limited functional capacity.

Each of the five strategic objectives has three priority areas for action.

1) Objective 1: Commitment to action on healthy ageing in every country

2)

3)

a)

b)

c)

National frameworks for action on healthy ageing: Focus on building relationships between
the government, healthcare providers, academics and the general population to ensure
people live long and healthy lives. Develop national and regional strategies and policies to
address ageing and health.

Strengthen national capacity to produce evidence-based policies: Increase awareness of
the main findings from ageing research to improvement healthcare and the local
environment in a cost-effective manner.

Combat ageing and improve understanding: Remove restrictive social constructs with a
negative view of ageing to foster personal growth and productivity of these populations, as

well as including these groups in society.

Objective 2: Developing age-friendly environments

a)

b)

Foster autonomy: Develop the ability to make lifestyle choices in the older population to
improve well-being regardless of gender and functional capacity. Improve social and
financial resources for these populations to meet basic needs and to support decision-
making.

Enable engagement: Increase participation of the older population into general society, by
increasing access to facilities and community groups.

Promote multi-sectoral action: Build relationships between the government, local councils

and general population to improve local services and meet these goals.

Objective 3: Aligning health systems to the needs of older populations

a)

b)

Orient health systems around functional capacity: Improve collection and recording of
health data to improve health trajectory projections. Review the availability of medicines
and assistive devices required to improve functional capacity and increase quality of life in
the older population.

Develop affordable access to person-centred quality healthcare: Develop comprehensive

personalised care plans to provide support across healthcare sectors. Fund further research
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and drug development for age-related diseases to improve functional capacity and self-
management of healthcare needs.

Ensure sustainability in the healthcare workforce: Improve training, deployment and
management of healthcare staff and increase knowledge of dealing with the older

population and age-related diseases.

4) Objective 4: Developing sustainable and equitable systems for long-term care

a)

b)

c)

Establish a sustainable long-term care system: Identify the key barriers to improving long-
term care systems and develop guidance with a focus on building communities and social
networks aligned to population needs.

Build caregiver workforce and improve support: Improve the training and support of
caregivers and improve the value of the workforce in society.

Ensure quality of person-centred long-term care: Allow caregivers the opportunity to
provide care and support the functional capacity and well-being of the older population.
Provide condition-specific services to increase caregiver support and management of

disease.

5) Objective 5: Improve measurement, monitoring and research on healthy ageing

a)

b)

1.14

Agree on ways to measure and monitor healthy ageing: Produce a common approach for
metrics, biological markers, data collection methods and reporting approaches across the
board. Integrate this knowledge to inform ageing and functional capacity trajectories.
Strengthen research capacities and incentives: Develop collaborations for voluntary
knowledge exchange, resulting in better provision of assistive devices and medicines.
Include the older populations in pharmaceutical and bioengineering research to foster
improvements in health care.

Synergise evidence on healthy ageing: Foster more research to help develop political,
social, biological and environmental aspects of ageing. Use ageing trajectories to improve

these systems and improve the well-being of the older population.

Biology of ageing

The biology of ageing is a complex issue. Ageing occurs at both the biological level and physiological

level in organisms as part of a multi-systemic process. The accumulation of several factors

influences biological ageing over time leading to decreases in physiological capacity, an increase in

disease development and a decline in functional capacity. This research into ageing has been

hampered by the fact that ageing is contributed to by a variety of factors and is not linked to one

single disease. The classification of ageing as a disease has been debated for centuries (Bulterijs et

al., 2015), however as ageing does not have a specific cause it is hard to place within this category.
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Rather ageing is characterised by a multi-systemic group of pathologies which are collectively seen

with increasing age.

1.14.1 Theories of ageing

Over 300 theories of ageing have been postulated since ageing research began highlighting the
multifaceted nature of the ageing process. However, deciphering these theories into the causes
and effects of ageing has been difficult. In order to aid understanding of these concepts, a seminal
paper “The hallmarks of ageing” written by Lépez-Otin et al was published in 2013 (Lépez-Otin et
al., 2013). This article summarised the nine major contributors to ageing which are the most widely
accepted and studied in modern ageing research. Despite being published over 6 years ago these
hallmarks are still highly regarded today. This section will summarise each of the nine hallmarks of

ageing.

e Genomic instability: The accumulation of cellular and genetic damage over time is widely
regarded as a general cause of ageing. Throughout our lifetime both nuclear and
mitochondrial deoxyribonucleic acid (DNA) are subjected to exogenous and endogenous
damage, resulting in their disruption. Although the majority of this damage is repaired in a
timely manner, some mutations arising from replication errors, reactive oxygen species
(ROS) damage and biological agents can accumulate over time (Sohal et al., 1994, Yehuda
et al.,, 2001). Mutations arising from damage such as DNA mis-match repair, non-
homologous end joining and adduct formation are highly diverse and rarely conserved
between ageing individuals. Mouse models with increased mutation rates caused by
defective DNA repair mechanisms typically exhibit drastically shortened life span and
humans with premature ageing diseases, such as Werner syndrome and Progeria, display
elements of genomic instability (Yamagata et al., 1998, Liu et al., 2005a, McCord et al.,
2013), although these syndromes only recapitulate some aspects of ageing. DNA mutations,
including single nucleotide polymorphisms, chromosomal aneuploidy and gene copy
number variations have long been associated with ageing, from model organisms to
humans (Lee et al., 1999, Kujoth et al., 2005). These mutations result in dysfunctional cells
which contribute to the loss of cellular fitness observed within ageing and diseased tissues.
Ineffective DNA repair mechanisms contribute to lifespan deficiencies in model organisms,
mice and premature ageing syndromes. Mutations within mitochondrial DNA co-exist with
wild-type mitochondrial genomes throughout our lifetime. Mouse models which lack the
mitochondrial DNA proofreading enzyme, DNA polymerase y (Vermulst et al., 2008, Joseph
et al., 2013) exhibit many aspects of the natural ageing process, from hair loss to

sarcopenia, during their premature ageing and drastically shortened lifespan (Joseph et al.,

10
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2013, Trifunovic et al., 2004). Interestingly these mice simulate many of the other ageing
hallmarks, including stem cell exhaustion and mitochondrial dysfunction (Trifunovic et al.,

2004).

Telomere attrition: Telomeres are susceptible to age-related attrition due to the lack of
DNA polymerase ability to bind to the terminal ends of nuclear DNA. Telomerase is a special
enzyme which can add nucleotide bases to the terminal ends of chromosomes in order to
protect them (Harrington, 2003). However telomerase activity is often lost following
differentiation from stem cells (Sharma et al., 1995). Once telomeres reach a critical level
cells are no longer able to divide and become either senescent or undergo apoptosis
resulting in degeneration and disease appearance over time. Decreased telomerase activity
has been observed in both mice and humans with age, alongside the development of
degenerative and inflammatory disease such as fibrosis and anaemia (Harley et al., 1990,
Alder et al., 2008, Rudolph et al., 1999, Yamaguchi et al., 2005). Various mouse models have
shown that telomere length is directly related to organismal lifespan, with shortened
telomeres and reduced telomerase activity in mice reducing lifespan by up to 13-24%
(Rudolph et al., 1999, Bernardes de Jesus et al., 2012). This effect has previously been

revealed in humans through meta-analysis (Bischoff et al., 2006).

Epigenetic alterations: The epigenomes of cells continuously change over time in order to
control gene expression and cell functionality. Epigenetic markers associated with ageing
include increases in H4K16 acetylation and trimethylation of H4K20 and H3K4, H3K9
methylation has been also shown to be reduced with age alongside H3K27 trimethylation
(Dang et al., 2009, Shumaker et al., 2006, Han et al., 2012, Greer and Shi, 2012, Kawakami
et al., 2009, Kuzumaki et al., 2010). Disruption of histone methylation in nematodes and
flies, as well as histone demethylases in C. elegans, extends longevity (Greer et al., 2010).
Although the reasons behind this still remain unclear, it is believed that perturbation of
pathways under the control of these genetic modifications affect the ageing process
(reviewed in (D’Aquila et al.,, 2013)). For example, epigenetic modification of the
insulin/insulin-like growth factor-1 (IGF-1) pathway has been implicated in the

development of diabetes and other age-related diseases in humans (Jin et al., 2011).

Loss of proteostasis: Maintaining proteostasis involves a variety of mechanisms for protein
degradation and quality control to maintain function of the proteome. These systems
prevent the aggregation and accumulation of misfolded or damaged proteins, however this

protein maintenance system has been shown to be altered with age (Ben-Zvi et al., 2009,

11
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Demontis and Perrimon, 2010, Schneider et al., 2015). Unrestrained accumulation of
misfolded and damaged proteins results in the development of age-related diseases. These
include the accumulation of amyloid beta and alpha-synuclein in neurodegenerative
conditions such as Alzheimer’s and Parkinson’s disease (reviewed in (Morawe et al., 2012,
Bosco et al., 2011)). Heat shock proteins are intimately involved within the stress-response
pathway to unfolded proteins. Numerous animal models, including mice, show reduced
longevity when deficient in heat shock proteins (Walker and Lithgow, 2003, Gifondorwa et
al., 2007). Both the ubiquitin-proteasome and autophagy-lysosome protein degradation
systems are deteriorated with ageing which contributes to dysregulated proteostasis
(Carrard et al., 2002, Gray et al.,, 2003, Cuervo et al., 2005). In accordance with this,
restoration of autophagic processes including chaperone-mediated autophagy has been

shown to increase health span in aged mice (Zhang and Cuervo, 2008).

Dysregulated nutrient sensing: Dysregulated nutrient sensing in mammalian cells generally
involves the insulin/IGF-1 axis which plays a role in the development of Type 2 diabetes
(Junnila et al., 2013). This pathway responds to glucose levels in the microenvironment and
regulates signalling pathways which have been previously implicated in ageing. This
includes the mammalian target of rapamycin (mTOR) pathway, adenosine
monophosphate-activated protein kinase (AMPK) pathway and the Sirtuin protein family
pathway (Anisimov, 2003, Wang et al., 2018, Lemieux et al., 2005, Mazucanti et al., 2015).
Many components of the insulin/IGF-1 axis have been implicated in ageing across model
organisms and are involved in enhancing lifespan following caloric restriction (CR) (Masoro,
2005, Fontana et al., 2008). Decreased insulin/IGF-1 signalling extends longevity in mice.
However, growth hormone and IGF-1 levels are reduced with ageing as a response to
cellular damage (reviewed in (Berryman et al., 2008)). Downregulation of mTOR and
upregulation of AMPK and Sirtuins extend longevity by employing a diverse range of
pathways. The manipulation of these proteins affects how nutrients are metabolised by the
mitochondria enhancing the metabolic response and protection from some aspects of

ageing in model organisms, ageing mice and humans (Lopez-Otin et al., 2013).

Cellular senescence: Irreversible cell growth arrest, also known as cellular senescence, is a
major hallmark of ageing resulting in increased beta-galactosidase (B-Gal) activity, altered
gene expression and dysregulated protein processing (Kurz et al., 2000). Senescence can be
induced by a number of factors including but not limited to, oxidative stress, oncogene
activation and genomic instability (Kurz et al., 2004). The first studied inducer of senescence

was telomere shortening, however DNA damage and expression of the INK4/ARF (inhibitor
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of cyclin-dependent kinase 4/alternate reading frame) locus with age can prompt cellular
senescence (Hirosue et al., 2012, Di Micco et al., 2006). The INK4/ARF locus contains three
tumour suppressor genes (INK4A, INK4B and ARF) which act to coordinate Retinoblastoma
protein and p53 dependent inhibition of cell-cycle progression (Sherr, 2012). Expression of
the INK4/ARF locus is the gene most robustly correlated with human ageing and age-related
pathologies. These include cardiovascular disease, Type 2 diabetes and Alzheimer’s disease
(Matheu et al., 2009, Burd et al., 2010, Gonzalez-Navarro et al., 2013, Popov and Gil, 2010).
The clearance of senescent cells requires an intact cell replacement system in order to
maintain tissue homeostasis, involving the replication of neighbouring cells and
differentiation of stem and progenitor cells to replace the old. However, both the removal
of senescent cells and the differentiation of stem cells are repressed with age (Wagner et
al., 2009). The senescence-associated secretory phenotype (SASP) contributes to the
development of age-related pathologies including neuronal degradation, cancer and frailty
(Salminen et al., 2011, Cahu et al.,, 2012, Xu et al., 2015). SASP is enriched with pro-
inflammatory cytokines and matrix metalloproteinases (MMPs), which contribute to ageing
by affecting proliferation, inflammation and tissue repair (Salminen et al., 2011, van
Deursen, 2014). The appearance of senescence and chronic inflammation with age forms

the basis of many of the murine models employed in ageing research.

Stem cell exhaustion: Over time tissues exhibit a decline in their regenerative potential,
due to the exhaustion of stem cells. Haematopoietic stem cells (HSCs) are one of the most
affected by the ageing process (Chen et al., 2003). HSCs derived from aged mice show
drastically reduced cycling than those derived from young mice (Chen et al., 1999, Liang et
al.,, 1998). This reduced cycling is correlated with the appearance of DNA damage and
increased INK4/ARF locus expression. This links stem cell exhaustion to senescence and
genetic instability respectively, alongside telomere shortening (Rossi et al., 2007, Liu et al.,
2011). Exhaustion of HSCs may lead to senescence of the immune system, termed
immunosenescence, and relates to the gradual deterioration of the immune system
brought on by natural ageing. Whilst this aspect of stem cell exhaustion theory focuses on
senescence, excessive proliferation of stem cells has been shown to be detrimental to the
ageing process in flies (Boyle et al., 2007, Castilho et al., 2009). This highlights the fact that
stem cell exhaustion and subsequent senescence is a cause of ageing rather than
uncontrolled induction of senescence itself, as stem cells employ quiescence to maintain

their vitality and regenerative capacity (Wilson et al., 2008).

13
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Altered intercellular communication: Increased inflammation is one attribute of altered
intercellular communication which contributes to organismal ageing, termed “inflamm-
ageing”. Inflamm-ageing results from a variety of factors including but not limited to SASP,
tissue damage and immunosenescence, contributing to Type 2 diabetes and atherosclerosis
development (reviewed in (Franceschi et al., 2007)). Overactivation of the nuclear factor-
kappa beta (NF-kB) inflammatory pathway has been implicated in inflamm-ageing through
transcriptional profiling of aged tissues, including mouse HSCs and human fibroblasts
(Salminen et al., 2008, Chambers et al., 2007, Kriete et al., 2008). These studies showed
upregulation of the NF-kB cascade with ageing and increased nuclear localisation of the p65
NF-kB isoform. Nuclear localisation was increased from 3% to 71% in HSCs between 2
months and 22 months of age in mice (Chambers et al., 2007). Extensive communication
between tissues occurs within mammalian organisms and inflammation in one tissue can
affect distant tissues through the secretion of systemic factors (Zhang et al., 2012,
Franceschi and Campisi, 2014). Parabiosis experiments also show this effect, where joining
the circulation of young and old mice demonstrates that systemic factors derived from
young mice can extend the health span of the old (Katsimpardi et al., 2014). This pioneering
experiment by Katsimpardi et al (Katsimpardi et al., 2014) demonstrated that
vascularisation of the neural stem cell niche and rates of neurogenesis were increased in
the older of the parasymbiotic pair, ameliorating cognitive declines seen with age in these

mice.

Mitochondrial dysfunction: Mitochondrial dysfunction and improper regulation of
mitochondrial biogenesis have been highlighted as a hallmark of ageing (Liu et al., 2002).
Mitochondrial biogenesis and functionality are uniquely linked with the Sirtuin protein
family which shields against mitochondrial dysfunction and age-associated disease (Van de
Ven et al.,, 2017). The onset of age-related pathologies has been well-linked to
mitochondrial dysfunction, including cardiovascular disease, Alzheimer’s disease, diabetic
kidney disease and Parkinson’s disease among others (Lesnefsky et al., 2001, Reddy and
Beal, 2008, Qi et al., 2017, Abou-Sleiman et al., 2006). Throughout the ageing process, the
efficiency of the mitochondrial electron transport chain weakens, reducing the amount of
adenosine triphosphate (ATP) production and increasing electron leakage and ROS
production. Telomerase-deficiency in mice has been shown to impact mitochondrial
biogenesis by downregulating the master regulator of mitochondrial production,
peroxisome proliferator-activated receptor gamma coactivator proteins 1 alpha and beta.
Decline in mitochondrial mass and reduced telomerase activity have been shown in wild-

type mice with normal ageing (Birch et al., 2018, Baek et al., 2019, Sanderson and Simon,
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2017). The free-radical theory of ageing highlights the production of ROS with age which
cause progressive cellular damage, including that of the mitochondria which are more
susceptible due to their close proximity (Kowaltowski and Vercesi, 1999). This damage
reduces the efficiency of the electron transport chain (ETC) further, increasing ROS output
and causing more damage in a never-ending cycle (Zorov et al., 2000). Over time this causes
mitochondrial dysfunction and cells undergo apoptosis causing degeneration and the
development of age-related disease (Kujoth et al., 2005). In fact, ROS have been implicated
in the development of numerous age-related diseases. Recent findings and reviews on the
role of ROS in disease pathogenesis are detailed in Table 1.2. Similarly the production of
ROS has been shown to be increased with ageing in rat heart and increased anti-oxidant
expression has been observed in Type 2 diabetic patients and obese rodents (Valerio et al.,
2006, Petrosillo et al., 2009, Avila et al., 2012, Hartman et al., 2014). Despite the original
evidence for the clear role of ROS in the ageing process, recent evidence has in fact shed
light on a beneficial role for ROS in increasing longevity in worms, flies and mice (Wang et
al., 2003, Lee et al., 2010). Antioxidant defence mechanisms have been shown to have
limited effects on longevity (Ristow, 2014). In support of this Pérez et al. (2009) showed
that genetic overexpression of catalase and two variants of superoxide dismutase (SOD),
copper-zinc SOD and manganese SOD, are not sufficient to extend lifespan in male mice
compared to wild-type controls (Pérez et al., 2009). However, previous evidence from
Schreiner et al. suggests that overexpression of catalase localised to the mitochondria is
enough to extend maximum lifespan by up to 5.5 months, delaying the development of
age-related cardiac and optical pathology (Schriner et al., 2005). These developments have
confused the causal role of ROS in accelerating the ageing process. Recent studies have
suggested that ROS production is not an indication of cognitive decline in Alzheimer’s

disease (Desler et al., 2015).
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Table 1.2  Age-related diseases associated with reactive oxygen species (ROS) production

AGE-RELATED PATHOLOGY REFERENCE

ALZHEIMER'’S DISEASE (Ahmad et al.,, 2017, Cheignon et al., 2017,
Ramachandran et al., 2016)

PARKINSON’S DISEASE (Campolo et al., 2016, Casili et al., 2017, Pavshintcev et
al., 2017)

CARDIOVASCULAR DISEASE (Xiaetal., 2017, Kietzmann et al., 2017, Abid and Sellke,
2016)

ATHEROSCLEROSIS (Dorighello et al., 2017, Nowak et al., 2017, Yang et al.,
2017)

CANCER (Durand and Storz, 2017, Rey et al., 2016, Bousquet et
al., 2017)

DIABETES (Dong et al., 2016, Newsholme et al., 2016, Alves-Lopes
et al., 2016)

MACULAR DEGENERATIVE DISEASE (Kaarniranta et al., 2019, Chen et al., 2018, Bellezza,
2018)

1.1.5 Models for studying ageing

1.1.5.1 C. elegans and Drosophila

Model organisms provide one of the basic tools for biological research and, due to our in-depth
knowledge of their genetics, they provide an ideal basis for studying complex conditions such as
ageing. Model organisms such as Caenorhabditis elegans and Drosophila melanogaster are readily
available and cheap to maintain. These organisms make ideal model systems for ageing research

due to their relatively short lifespan and easy manipulation of their genetic make-up.

The nematode C. elegans has been used widely in biological research since the details of its genetics
were studied by Sydney Brenner in 1974 (Brenner, 1974). Since then, C. elegans research has been
pivotal in deciphering the pathways involved in programmed cell death, control of gene expression,
testing methodology for genome cloning and DNA sequencing. Early studies for ageing research in
C. elegans focused on measuring lifespan and longevity and this measurement remains the
mainstay for ageing research today. The first experiments conducted into modulators of lifespan in
C. elegans, by Klass in 1977 (Klass, 1977), revealed the importance of metabolic rate and CR in
controlling lifespan by regulating temperature and food intake. This research has highlighted the

implications of metabolism in ageing. Subsequent mapping of organisms with altered lifespan
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identified a single genetic locus, age-1 (Friedman and Johnson, 1988). With the introduction of
health span research, C. elegans studies have begun measuring rate of movement, fitness and stress
levels as parameters of health span. In 1993, mutation of a second gene was shown to confer
lifespan extension in C. elegans mutants (Kenyon et al., 1993). This gene originally named dauer
formation-2 (daf-2) was shown to double the lifespan of C. elegans when mutated, which required
the activity of a second gene daf-16. Subsequent research has identified these genes as key players
in the insulin/IGF- 1 signalling pathway (Table 1.3). The role of these genes and components in
regulating lifespan and longevity have since been confirmed in D. melanogaster and genome wide-

wide association studies in humans (Deelen et al., 2013, Clancy et al., 2001, Tatar et al., 2001).

Table 1.3  Components of the insulin/IGF-1 pathway encoded by genes implicated in lifespan

extension in C. elegans

C. ELEGANS GENE COMPONENT

age-1 Phosphoinositide 3-kinase (PI3K) catalytic subunit
daf-2 IGF-1 receptor

daf-16 Forkhead box (FOXO) transcription factor

More than 50% of Drosophila genes have homologs in humans and 715 known human disease
genes have homologs in Drosophila (Reiter et al., 2001). Many of these disease genes are implicated
in the pathogenesis of age-related disease, such as amyloid precursor protein in Alzheimer’s disease
(Luo et al., 1992). Measurement of lifespan forms the basis of studying genetic and environmental
effects on ageing in flies. Studies in Drosophila formed the preliminary experimental evidence for
the free radical theory of ageing and have aided our understanding of the effects of CR on lifespan.
The induction of oxidative stress in flies has shown that long-lived mutants are more resistant to
oxidative stress than those with a shorter lifespan (Arking et al., 1991). However, studies reporting
no increase in oxidative stress in long-lived mutants have formed scientific opposition to the free
radical theory of ageing (Force et al., 1995). D. melanogaster presents a unique opportunity for
studying additional parameters of ageing due to their greater complexity than C. elegans. Health
span can be easily measured by assessing mobility, sleep patterns and cognitive function in
Drosophila, parameters too complex to be studied in C. elegans. A reduction in locomotor function
in Drosophila has been associated with ageing (reviewed in (lliadi and Boulianne, 2010)). Due to its
increased complexity Drosophila has been utilised as a model system to study the effects of

immunosenescence and inflammation in ageing (McCarroll et al., 2004). Flies show increased innate

17



Chapter 1

immune responses with age in a similar manner to humans and have been instrumental in the
discovery of dysregulated innate immune signalling in the intestine (Guo et al., 2014). This
dysregulation has been associated with increased NF-kB signalling with advancing age resulting in

a trade-off between immunity and longevity (Guo et al., 2014, Libert et al., 2006).

1.1.5.2 Murine studies
1.1.5.2.1 Tissue inhibitor of metalloproteinase 3 knock-out (Timp3“-) mice

Tissue inhibitor of metalloproteinase 3 (TIMP3) is one of the natural inhibitors of matrix
metalloproteinases (MMPs) a group of peptidases involved in degrading the extracellular matrix
(ECM). TIMP3 is the only member of the TIMP family which is localised to the ECM and has the
widest range of MMP targets. These targets include MMP-1, MMP-2, MMP-3, MMP-7, MMP-9,
MMP-13, MMP-14 and MMP-15. TIMP3 forms a complex with MMPs and irreversibly inactivates
them by binding to their catalytic region. TIMP3 expression is tightly regulated to the G1 stage of
the cell cycle and is involved in processes such as cell cycle progression and cellular senescence

(Wick et al., 1994).

Loss of the TIMP3 gene in humans has been linked to the development of Sorsby’s Fundus
Dystrophy (SFD) and Pseudoinflammatory Fundus Dystrophy (PFD) which causes symptoms of age-
related macular degeneration (AMD). Other than being involved with ECM maintenance, TIMP3 has
been shown to modulate angiogenesis by inhibiting vascular endothelial factor binding to its
receptor (Qi et al., 2003). This mechanism is involved in the pathogenesis of SFD and PFD. The
relationship between TIMP3 and ageing is largely understudied, however TIMP3 expression has
been shown to increase with age in most tissues and is associated with AMD in the elderly

population (Kamei and Hollyfield, 1999, Macgregor et al., 2009).

The Timp3”- mouse model was developed by the Khokha group at the University of Toronto in 2001
(Leco et al., 2001). These mice develop spontaneous air space enlargement in the lung from 2 weeks
after birth which progresses with age. This process has been attributed to enhanced degradation
of collagen and disorganisation of collagen fibrils in the alveoli (Leco et al., 2001). Ageing of Timp3"
/“ mice has been shown to increase the development of arthritis (Sahebjam et al., 2007). Through
these disease processes Timp37" mice have been shown to accelerate inflammation as a result of
increased pro-inflammatory tumor necrosis factor-alpha (TNF-a) processing by the tumour necrosis
factor alpha-converting enzyme (ADAM17) (Sahebjam et al., 2007), as Timp3 acts as an inhibitor of
ADAM17. Due to increased processing of TNF-a in the liver, Timp3”" mice present with decreased

liver regeneration following partial hepatectomy and dysregulated innate immunity characterised
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by enhanced TNF-a processing and elevated serum levels of interleukin 6 (IL-6) due to chronic liver

inflammation (Mohammed et al., 2004, Smookler et al., 2006).

Female Timp3”7 mice bred on a C57BL/6J background, typically display a lifespan of 50 weeks within
the laboratory at Southampton compared to a lifespan of 2 years for female wild-type C57BL/6J
mice (data not shown). Low-grade chronic inflammation is prevalent in human ageing, age-related
disease and chronic inflammatory conditions (reviewed in (Franceschi et al., 2007, Franceschi and
Campisi, 2014)). Therefore, Timp37- mice represent an ideal model for studying inflammation in the

context of ageing and the development of age-related diseases.

1.1.5.2.2 Senescence-accelerated mice (SAM) model

The senescence-accelerated mouse (SAM) strains were developed by Takeda et al. in 1981. By out-
breeding AKR/J mice with another unknown albino mouse strain a series of five senescence prone
(SAMP) and three senescence resistant (SAMR) strains were developed (Takeda et al., 1981). SAMP
mice are characterised by a tripled senescence score compared to SAMR strains. Senescence scores
are based on hair loss, loss of reactivity, increased skin coarseness and lordokyphosis of the spine
(Takeda et al., 1981). The SAMP strains have a shortened lifespan of 9.7 months which is 40%
shorter than that observed for SAMR strains of 16.3 months (Takeda et al., 1994). Subsequent in-
breeding of the SAMP and SAMR strains and out-breeding with other strains led to the development
of thirteen SAMP and four SAMR strains by 1997, each carrying their own series of genetic
mutations (Takeda et al., 1997). The SAM strains all show different pathobiological phenotypes
associated with accelerated ageing. The main three phenotypes observed within each strain are
summarised in Table 1.4. Ensuing reports have suggested that SAM strains can now live longer than
originally believed due to genetic deviations from the original strains. Studies on SAMP8 mice have
been conducted up to 18 months of age (Nakahara et al., 1998). Traditionally SAMR were designed
to be utilised as controls for the SAMP strains. However, due to the costs of maintaining SAMR
strains, the C57BL/6 strain can be interchanged as a model of normal ageing for SAMP mouse strains
(Hasegawa-Ishii et al., 2016, Lok et al., 2013, Teramoto et al., 1995). Very few differences between

SAMR1 and C57BL/6 mice have been observed, even in terms of their metabolism (Liu et al., 2017).
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Table 1.4  Pathobiological phenotypes observed in senescence-accelerated mouse (SAM) strains

(Adapted from (Takeda et al., 1997))

STRAIN MAIN PHENOTYPES

SAMP1 | Senile amyloidosis Contracted kidney Impaired immune
response

SAMP2 | Senile and secondary Contracted kidney Impaired immune
amyloidosis response

SAMP3 | Degenerative joint disease

SAMP6 | Senile osteoporosis Secondary amyloidosis
SAMP7 | Lymphoblastic lymphoma Senile amyloidosis
SAMP8 | Learning and memory Impaired immune

deficits response
SAMP9 | Cataracts Lymphoblastic lymphoma  Senile amyloidosis
SAMP10 | Brain atrophy Learning and memory

deficits

SAMP11 | Contracted kidney Senile amyloidosis
SAMR1 | Lymphoma Histiocytic sarcoma Ovarian cyst
SAMR4 | Lymphoma Histiocytic sarcoma

SAMRS5 | Colitis

SAM strains are extremely useful tools for conducting ageing research as they allow for studies of
normal ageing, senescence and pathogenesis of age-related disease. The SAMP6 and SAMP8 strains
are one of the most utilised strains in ageing research, as they recapitulate age-related diseases
observed in humans. This includes osteoporosis in the case of SAMP6 mice and sarcopenia and
Alzheimer’s disease in the SAMPS8 strain (Chang et al., 2019, Azuma et al., 2018, Akiguchi et al.,
2017). Indicators of sarcopenia include decreased gastrocnemius muscle mass and cross-sectional
area compared to SAMR1 mice, alongside decreased grip strength (Chang et al., 2019). Other than
senescence the SAMP mouse strains are subject to other factors which accelerate ageing including
decreased autophagy, inflammation, oxidative stress and mitochondrial dysfunction (Morley et al.,

2012, Ma et al., 2011, Eckert et al., 2013, Jiang et al., 2014).

Due to observations of impaired immune responses in SAMP strains, these animals are regularly
used for studying ageing of the immune system. Even the SAMR1 strain shows reductions in
splenocyte proliferation, decreased proportions of helper T cells, suppressor T cells and B cells with

age (Wang et al.,, 2016). The immunosenescence observed within these mice influences the
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cytokine profile, switching towards a pro-inflammatory environment at 24 months of age compared
to 12 months of age. This modulation of the pro-inflammatory cytokine profile with age has been
observed in SAMP8 mice as a result of altered macrophage polarisation (Karuppagounder et al.,
2016). The appearance of immune system dysfunction has been linked to increased ROS production
and altered nutrient sensing pathway signalling in the bone marrow of SAMP10 mice (Li et al.,
2016). Decreases in the number of naive B cells and increased lymphocyte recruitment and
activation have been observed in SAMP8 mice with age (Cortegano et al., 2017, Miré Marti et al.,

2017).

1.1.5.3 Human studies

Longitudinal studies of human ageing are cumbersome, could take up to 120 years to complete and
are hampered by excessive drop-out rates. Because of these issues, studies covering the entirety of
the human life course are unpractical. Several countries have begun developing their own short-
term longitudinal studies following the elderly population. These include the Singapore
Longitudinal Ageing Study (SLAS), English Longitudinal Study of Ageing (ELSA), Berlin Ageing Study,
United States Normative Ageing Study and Netherlands Maastrict Ageing Study (Baltes and Mayer,
2001, Bell et al., 1972, Jolles et al., 1995, Lu et al., 2016, Steptoe et al., 2012). These studies have
been able to look at associations between the hallmarks of ageing and the development of age-

related disease in this population. The main findings from the SLAS and ELSA studies are:

e Singapore longitudinal ageing study (SLAS): The SLAS follows over 6,000 participants from
5 districts in the South East region of Singapore aged 55 years and over which commenced
in 2003. This study has implicated type 2 diabetes and metabolic syndrome in the
development of mild cognitive impairment and the progression of dementia (Ng et al.,
2016, Feng et al., 2013, Ho et al., 2008). Social factors have been investigated using the
SLAS cohort. Tze Pin Ng et al. have shown that living in solitude significantly increases
mortality risk independent of health status (Ng et al., 2015b). Work at the Singapore
Immunology Network (SIgN) has linked T cell senescence and inflammation with both frailty
and cognitive decline within the elderly population (Ng et al., 20154, Lu et al., 2016, Gao et
al., 2016). Other groups investigating frailty in the SLAS cohort have found relationships
with age, type 2 diabetes, arthritis, poor perceptions of health and C reactive protein, a
marker of inflammation (Cheong et al., 2019). Antioxidant vitamins A, C and E have been

linked to increased health within ageing Singaporeans (Ng et al., 2014).

o English longitudinal study of ageing (ELSA): The ELSA consists of a representative multi-

centre cohort of over 11,000 English residents aged 50 years or over which commenced in
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2002. This study has been instrumental in linking healthy ageing with increased physical
activity. An 8 year study following 3,454 ELSA participants, moderate or vigorous activity at
least once per week was associated with healthy ageing as measured by disease status,
physical impairment, depression and cognitive impairment (Hamer et al., 2014). Those who
implemented an exercise regime or remained active during the course of the study were
found to have improved health parameters. Similar relationships to those observed in the
SLAS have been found in the ELSA cohort regarding social isolation, cognitive function and
cardiovascular disease risk (Shankar et al., 2013, Valtorta et al., 2018). Associations
between quality of life and age have been observed within ELSA participants which are

dependent on psychological, socioeconomic and health parameters (Zaninotto et al., 2009).

As an alternative model normal human cells can be aged using cell culture systems. Human cells
can typically divide up to 50 times before reaching the Hayflick limit and undergoing senescence
(Hayflick and Moorhead, 1961). Non-invasive techniques for isolating cells from the skin and blood
are useful in generating short-term ageing studies of specific cell types. Studies of ageing of human
fibroblasts using these systems are the most common in ageing research. Early studies aided in
identifying telomere length, telomerase activity and dysregulated proteostasis as hallmarks of
ageing (Goldstein et al., 1976, Allsopp et al., 1992). Recent progress has been made in identifying
altered transcriptomes and proteomes in aged cells in vitro as well as the induction of stress
responses (Fleischer et al., 2018, Tan et al., 2018, Rattan et al., 2018). However, cell culture

techniques do not fully recapitulate the complexity of the ageing process seen in human systems.

1.2 Cellular metabolism

Metabolism within organisms has three main goals. These are to convert fuel into energy for cellular
processes, convert fuel to metabolites for generating proteins, lipids and nucleic acid for cellular
growth and to eliminate metabolic waste. At the cellular level metabolism consists of both energy-
releasing catabolic and energy-consuming anabolic processes which break down and synthesise
metabolic components respectively. These systems are organised into a multitude of complex
metabolic pathways which run in parallel and feed into one another. Catabolic processes often
release energy which can be used for anabolism and vice-versa. All of these pathways require a
series of enzymes which regulate the flux of metabolites through these pathways and sustain
metabolism within a variety of microenvironments. This allows switching between metabolic

pathways depending on nutrient availability.

The components involved in metabolism have a variety of roles within the cell. Amino acids which

join together to make proteins form enzymes which are central for metabolism, generate the
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cytoskeleton and are important in cellular signalling, immune responses and the cell cycle. Lipids
make up both intracellular and extracellular biological membranes, whilst carbohydrates store and
transport energy. Finally, nucleotides are involved in generating new genetic material during

division and are required for gene expression.

1.2.1 Mitochondria

Mitochondria are known as the powerhouse of the cell as they produce the majority of energy
required for cellular processes, this energy is called adenosine triphosphate (ATP). In order to
produce energy intermediates derived from the catabolism of carbohydrates, proteins and lipids
are fed into the Krebs cycle, also known as the citric acid or tricarboxylic acid cycle. This aspect of
metabolism occurs within the matrix of the mitochondrion and was first discovered by Hans Krebs
and William Johnson in 1937 (Krebs and Johnson, 1937). The Krebs cycle is summarised in Figure
1.6. The aim of the Krebs cycle is conversion of oxidised nicotinamide adenine dinucleotide (NAD+)
into its reduced form (NADH). Alongside NADH the Krebs cycle produces the energy-containing
compounds guanosine-5’-triphosphate (GTP) and flavin adenine dinucleotide hydroquinone
(FADH,). This cycle requires the input of acetyl-CoA generated by glycolysis, proteolysis and the
oxidation of fatty acids as discussed in Section 1.2.2 Catabolism. The Krebs cycle continuously
oxidises acetyl-CoA during the cycle generating CO; as a waste product. The oxidation of acetyl-CoA
is performed by eight enzymes resulting in the production of CO, and water. The reaction catalysed
by each of Krebs enzymes has been reviewed extensively elsewhere (Kornberg, 2000, Akram, 2014).

NADH and FADH; are utilised by the electron transport chain (ETC) in order to fuel ATP production.

The ETC utilises a series of reactions to produce the majority of cellular ATP through a process called
oxidative phosphorylation (OXPHQOS). The inner mitochondrial membrane acts as the site of ETC
and utilises proton (H*) pumping into the intermembrane space as shown in Figure 1.7. H* pumping
is accomplished by a series of reduction and oxidation reactions that transfer electrons from
Complex | to Complex IV of the ETC. Details of the ETC have been reviewed extensively elsewhere
(Guo et al., 2018, Zhao et al., 2019). Briefly, Complexes | and Il accept electrons from NADH and
FADH; respectively and pass them sequentially down the ETC to coenzyme Q, Complex lll,
Cytochrome ¢ and Complex IV. The electrochemical gradient produced as a result of H* pumping,
known as mitochondrial membrane potential, drives the synthesis of ATP by ATP synthase (ATPase;
Complex V). Due to electron leakage the ETC is the main source of superoxide free-radical
generation within the cell. This leakage has previously been linked to the biology of ageing as

discussed in Section 1.1.4.1 Theories of ageing.

23



Chapter 1

NADH \’

Malate

Fumarate

FADH,

Acetyl-CoA
Oxalo-
Citrate
acetate
Isocitrate
\» NADH
a-ketoglutarate
) Succinyl ( NADH
Succinate |
¢mm -CoA

4

GTP

Figure 1.6 The Krebs cycle oxidises acetyl-CoA derived from carbohydrates, fats and proteins into

reduced nicotinamide adenine dinucleotide (NADH), guanosine-5’-triphosphate (GTP)

and flavin adenine dinucleotide hydroquinone (FADH;) for use in the electron

transport chain
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Figure 1.7 Components of the electron transport chain showing the location of ETC complexes I-
V on the inner mitochondrial membrane. Intermediates derived from the Krebs cycle
buffer the transfer of protons (H*) into the intermembrane space. Red arrows show

the flow of electrons through complexes I-1V. (Q=Coenzyme Q; C=Cytochrome c)

1.2.2 Catabolism

The breakdown of glucose, proteins and fats produces ATP through catabolic processes. The

transport and breakdown of each of these macronutrients is described in detail below.

e Glycolysis: Glucose is transported into the cell by transmembrane proteins called glucose
transporters (GLUTs). There are several classes of GLUTs, however the most well
characterised and highly expressed are GLUT1-4. All cells express GLUTs however the most
well-conserved transporter is GLUT1 which sustains basal glucose uptake in response to
extracellular glucose availability (Mueckler et al., 1985, Galochkina et al., 2019). After
transport into the cell glucose is converted into glucose-6-phosphate by hexokinase thus
beginning the glycolytic pathway summarised in Figure 1.8. Briefly, glucose-6-phosphate is
converted to pyruvate through a series of chemical reactions. Pyruvate is then transported
into the mitochondria and converted to Acetyl-CoA by pyruvate dehydrogenase for use in
the Krebs cycle (Figure 1.9). Glycolysis on its own produces 2 molecules of ATP per glucose
molecule and can produce energy independently of OXPHOS in a process called aerobic

glycolysis.
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Figure 1.8 Reactions in the glycolytic pathway showing the enzymes (right panel) and their

products (left panel) which is used to fuel the next step

Figure 1.9 Role of glucose in fuelling mitochondrial ATP production integrating glycolysis to
produce pyruvate, conversion to acetyl-coA in the mitochondria and its use in the

Krebs cycle to produce NADH and FADH; fuelling the electron transport chain
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Proteins: Proteins are catabolised by specific enzymes called proteases which break
proteins into their constituent amino acids. Glucogenic amino acids and ketogenic amino
acids can be synthesised into pyruvate molecules and acetyl-CoA respectively to fuel the
Krebs cycle (Munro, 2012). Glucogenic amino acids include alanine, cysteine, glycine, serine
and threonine; whilst ketogenic amino acids such as phenylalanine, leucine and lysine
undergo ketone oxidation. Alternately metabolic intermediates from other amino acids can
enter the Krebs cycle directly. For examples, glutamine and tyrosine aid synthesis of a-
ketoglutarate and fumarate respectively. The role of protein metabolism in ageing has been

reviewed recently (Soultoukis and Partridge, 2016).

Fatty acids: The catabolism of fatty acids is performed in a process termed fatty acid
oxidation or B-oxidation (Schulz, 1991). B-oxidation generates acetyl-CoA for entry into the
Krebs cycle as well as FADH, and NADH intermediates to drive the ETC. Fatty acids are
typically oxidised within the mitochondria, however long chain fatty acids can be
metabolised in peroxisomes. Fatty acids are transported into the cell using specific
transport proteins called solute carriers. Once inside the cell, fats must be taken up by the
mitochondria which involves carnitine shuttles. The main carnitine shuttle used to
transport fatty acids into the mitochondria is carnitine palmitoyltransferase 1 which

localises to both the inner and outer mitochondrial membranes (Schlaepfer et al., 2014).

Mitochondria and ageing

“The accumulation of dysfunctional mitochondria has been implicated in ageing, but a

deeper understanding of mitochondrial dynamics and mitophagy during ageing is

missing”

(Rana et al., 2017)

Mitochondrial dysfunction has been hailed as both a marker and foundation for ageing for many

years. However, mild mitochondrial distress can have beneficial effects on longevity in model

organisms Drosophila melanogaster (Owusu-Ansah et al.,, 2013, Copeland et al., 2009),

Caenorhabditis elegans (Dillin et al., 2002, Liu et al., 2005b) and Saccharomyces cerevisiae

(Kirchman et al., 1999), through the process of mitohormesis. Therefore, the current role for

mitochondrial dysfunction in ageing is under debate. Here recent research into the varying roles of

mitochondria in ageing will be examined, from their life-hindering to life-extending effects and their

influence on health span.
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Inhibition of glycolysis by 2-deoxy-D-glucose (2DG) treatment or glucose withdrawal, impacts upon
the lifespan of C. elegans. By increasing the reliance of these organisms on mitochondrial
respiration and B-oxidation by activating the metabolic regulator AMPK, the lifespan of C. elegans
was increased by transiently increasing ROS production and oxidative stress. Surprisingly, pre-
treatment of C. elegans with anti-oxidants prior to 2DG treatment, diminished the extension of
lifespan. This highlights the fine balance between mitochondrial stress and anti-oxidant capacity.
This finding has been recently observed in D. melanogaster (Owusu-Ansah et al.,, 2013).
Independently of their ability to produce ROS, which may both help and hinder ageing,
mitochondrial dysfunction can contribute to the ageing process through a variety of mechanisms.
These include: increasing apoptotic signalling, triggering inflammation and impacting on cellular

signalling (reviewed in (Lopez-Otin et al., 2013)).

Ageing-related diseases such as cardiovascular disease can have a profound effect on the
metabolism of distant organs. For example, Derlet et al. (Derlet et al., 2016) studied the effect of
cardiac health on the metabolism of bone marrow mononuclear cells (BMC), which have recently
been introduced as a pioneering treatment for chronic heart failure. Assessing BMC in healthy
patients, those with acute myocardial infarction and chronic heart failure, showed that BMC from
patients in cardiac failure have significantly reduced basal and maximal respiration compared to
those from healthy subjects alongside reduced colony formation. Concurrently, BMC derived from
patients following acute myocardial infarction showed increased basal and maximal rates of

glycolysis compared to healthy controls (Derlet et al., 2016).

Whilst the life extending effects of CR have been well-studied, the effects of CR on health span
extension are less well-known although overall CR appears to attenuate the onset of age-related
disease. For example, McKiernan et al and Colman et al have shown that CR increases disease-free
health span in rhesus monkeys, delaying the onset of sarcopenia (muscle wastage) and other age-
related diseases (Colman et al., 2009, McKiernan et al., 2011, McKiernan et al., 2012). CR also
reduced the incidence of diabetes, cancer, cardiovascular disease and neurodegenerative disease
(Colman et al., 2009). Strikingly, no animals under CR developed diabetes or pre-diabetic symptoms
through-out Colman et al’s longitudinal study, and showed consistent benefits to metabolic
function (Colman et al., 2009). Defects in mitochondrial function were observed from mid-life in
the vastus lateralis of these rhesus monkeys prior to the onset of sarcopenia, an effect reversed by
CR (Pugh et al., 2013). Overall, rhesus monkeys were shown to have 3 times higher rate of death

from an age-related cause when fed a normal diet compared to those under CR.
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1.3 The immune system, immunometabolism and ageing

The immune system protects against disease by responding to pathogens such as bacteria, viruses
and parasites and removing cancerous cells. In order to protect against disease, the immune system
must first be able to discriminate between these pathogens and the organisms own healthy cells.
There are two main arms of the immune response: the innate and adaptive systems, which work in
synergy to neutralise pathogens. The innate immune system response to pathogens is non-specific
and is conserved within many organisms, whilst the adaptive immune response is pathogen-specific
and found only in vertebrates. In this section, cells of the immune system and their
immunometabolism during ageing will be discussed. These cells are summarised in Figure 1.10
(Metcalf, 2007). Increased susceptibility to infection, autoimmunity and vaccine failure in the
elderly have been linked to deterioration and exhaustion of the immune system with age (Martelli,
2017). These changes will be introduced in this section alongside their contribution towards
immune-senescence in the elderly. Cells contained within both the innate and adaptive arms of the

immune system will be discussed, with a focus on the cell types studied within this work.
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Figure 1.10 Immune cell lineages from hematopoietic stem cell to common myeloid and lymphoid
progenitors to form cells of the innate and adaptive immune systems (adapted from

(Metcalf, 2007))

Following activation immune cells require high levels of anabolism in order to produce
inflammatory mediators, such as cytokines, and for proliferation in the case of the adaptive immune
system. In order to achieve this high level of anabolism, immune cells have been shown to undergo
the Warburg effect. This was originally attributed cancer cells which require high levels of anabolism
to grow and proliferate (Warburg, 1956). The Warburg effect describes the predominant use of
glycolysis by cancer cells where the end-product pyruvate is not used to produce acetyl-CoA for the
Krebs cycle to fuel OXPHOS. Instead pyruvate is metabolised to lactate. This effect occurs despite
the presence of sufficient oxygen and is commonly called aerobic glycolysis. The use of glycolysis in
this manner allows cells to produce key intermediates for the pentose phosphate pathway (PPP)
and nucleotide biosynthesis. The use of aerobic glycolysis by the immune system has been well-
reviewed within the past decade and immunometabolism has become a hot topic within the
immunology community (Ganeshan and Chawla, 2014, Jung et al., 2019). Only recently has the role

of immunometabolism been contemplated in health, ageing and disease.
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13.1 Innate immune system

The innate immune response provides the first-line defence against pathogens which enter the
body. Cells contained within the innate arm of the immune response typically identify pathogens
using pattern recognition receptors (PRRs) on their cell surface. PRRs detect both pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) that
are expressed on the surface of pathogens or released from damaged or dead cells respectively. By
identifying PAMPs and DAMPs the innate immune system can clear pathogens and damaged cells
from the organism. The innate immune system is made up of many different cell types, each of

which will be discussed in turn.

13.1.1 Monocytes

Monocytes are derived from bone marrow precursors and circulate in the blood (Figure 1.10). A
large pool of monocytes resides within the spleen, which migrate towards sites of inflammation
following infection (Swirski et al., 2009). Monocytes patrol the blood looking for signs of infection
and have the ability to cross into tissue and differentiate into tissue-resident macrophages.
Monocyte subsets can be distinguished by their cell surface expression of Ly6C in mice and the
expression of CD14 and CD16 in humans. Ly6C+ or CD14+ monocytes, known as classical
monocytes, represent those that are able to cross the epithelium whilst Ly6C- or CD16+ monocytes,
known as non-classical monocytes, remain within the blood (Ingersoll et al., 2010). There is
however a third subset of monocytes which express both CD16 and CD14 in humans, these have

been termed intermediate monocytes.

Maturation of monocytes is induced by tissue alterations at the site of infection which is often
accompanied by increased inflammation (Jakubzick et al., 2017). Following entry into the tissue
monocytes upregulate C-C chemokine receptor type 7 (CCR7) and major histocompatibility complex
(MHC) Class Il molecules to facilitate migration (Zigmond et al., 2012, Sponaas et al., 2009).
Following maturation into macrophages, these cells can engulf microorganisms and clear cellular
debris from infected tissue. Upon activation macrophages release high levels of the pro-
inflammatory cytokines IL-1B, IL-6, TNF-a and nitric oxide (NO) (Serbina et al., 2003, Kim et al.,
2011). These TNF-a and NO-producing macrophages are involved in clearing infected tissues
(reviewed in (Shi and Pamer, 2011)). Following pathogen clearance, it has been shown that pro-
inflammatory monocytes can switch towards an anti-inflammatory phenotype to aid tissue repair
(Arnold et al., 2007). Anti-inflammatory monocytes release I1L-10 and transforming growth factor

beta (TGF-B).
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Monocytes have the ability to induce adaptive immune responses by acting as antigen-presenting
cells (APCs) due to their ability to differentiate into monocyte-derived dendritic cells (DCs) under
certain conditions (Jakubzick et al., 2013, Leon et al., 2007). Monocyte-derived DCs have the ability
to migrate to the lymph nodes following antigen uptake due to their CCR7 expression
(Tamoutounour et al., 2013). Once in the lymph node these cells have been shown to induce both
helper CD4+ T cell responses and cytotoxic CD8+ T cell responses in a TNF-a-dependent manner,
eliciting increased interferon gamma (IFNy) responses from these cells (Langlet et al., 2012, Flores-

Langarica et al., 2011, Cheong et al., 2010, Kuhn et al., 2015).

During the differentiation of monocytes to macrophages and monocyte-derived DCs, new
mitochondria are created in a process called mitochondrial biogenesis (Zaccagnino et al., 2012,
Daigneault et al., 2010, Sonoda et al., 2007). Following stimulation monocytes and macrophages
both use glucose as the main source of energy production (Ganeshan and Chawla, 2014,
Newsholme et al., 1986). Markers of glycolysis are increased three-fold in monocytes stimulated
with Mycobacterium tuberculosis, substantially decreasing the oxidative to glycolytic metabolic
ratio (Lachmandas et al., 2016). This glycolytic switch is regulated by mTOR activity. Production of
TNF-a within human monocytes and macrophages has recently been shown to be dependent on
glycolytic metabolism (Millet et al., 2016). Interestingly, ROS generation by mitochondria plays a
large role in the killing of intracellular pathogens in macrophages (Sonoda et al., 2007). Following
phagocytosis mitochondria are recruited to the phagolysosome and contribute to bactericidal
activity following toll-like receptor (TLR) signalling (West et al., 2011, Arnoult et al., 2009).
Mitochondrial ROS production is required for the maturation of inflammasomes in macrophages,
involved in the production and release of IL-1B (Zhou et al., 2011). Whilst the pro-inflammatory
action of macrophages and monocytes is dependent on glycolytic metabolism, it would appear that
anti-inflammatory actions are mediated by fatty acid oxidation (FAO) (Vats et al., 2006, Odegaard
et al., 2007, Mills and O'Neill, 2016).

Increased numbers of non-classical monocytes have previously been shown with age (Pence and
Yarbro, 2018, Hearps et al., 2012). Simultaneous increases in intermediate monocytes have been
detected with age in humans, although not within all studies (Pence and Yarbro, 2018, Hearps et
al.,, 2012). In line with this data, ageing is associated with increased markers of innate immune
activation including soluble CD163 and the chemokine ligand (CXCL)-10 in plasma. Non-classical
monocytes have been shown to produce more pro-inflammatory cytokines following stimulation
and as a result of senescence, so increased numbers may be responsible in part for the increased
levels of IL-6 and TNF-a observed with age (Cros et al., 2010, Bruunsgaard et al., 2003, Leng et al.,
2011, Ong et al., 2018). Concurrently numbers of classical monocytes have been shown to decrease

with age through linear regression analysis (Hearps et al., 2012).
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In terms of monocyte function, ageing has been shown to both impair and enhance pro-
inflammatory cytokine production in response to TLR1/2 and TLR4 stimulation respectively (Hearps
et al., 2012, Van Duin et al., 2007, Nyugen et al., 2010, Cros et al., 2010). This suggests that altered
monocyte function with age is specific to the source of stimulation. Enhanced production of pro-
inflammatory cytokines following TLR4 stimulation was not associated with increased phagocytosis
however, which was shown to be reduced with age in classical and intermediate monocytes (Hearps
etal., 2012). Ageing has not been shown to affect the phagocytotic ability of monocyte-derived DCs

however, particularly in regards to Candida albicans (Nascimento et al., 2015).

The involvement of monocytes in health and disease has been reviewed extensively elsewhere
(Karlmark et al., 2012, Narasimhan et al., 2019). However, the relationships between monocytes
and age-related disease such as atherosclerosis, Alzheimer’s disease and cancer progression should
be noted. Both non-classical and intermediate monocytes have previously been implicated in the
development of cardiovascular disease and the autoimmunity of rheumatoid arthritis (Shantsila et
al., 2011, Tsukamoto et al., 2017). Some effects of the ageing process on monocyte metabolism
have previously been observed. For example, Pence and Yarbro found that classical monocytes
derived from individuals aged 60-80 years had reduced mitochondrial maximal respiratory capacity
and spare capacity than young controls aged 18-35 years (Pence and Yarbro, 2018). No alterations
in glycolytic metabolism were observed with age in this study. Classical monocytes have been
shown to retain mitochondrial mass and membrane potential with age in human studies (Pence
and Yarbro, 2018), however their transcriptional profile has been shown to be altered. Reynolds et
al found that both mitochondrial ribosomal and oxidative genes were differentially expressed with

ageing in classical monocytes (Reynolds et al., 2015).

1.3.1.2 Neutrophils

Neutrophils are the most abundant type of phagocyte and embody up to 70% of circulating
leukocytes (Dancey et al., 1976). Like monocytes and the majority of white blood cells, neutrophils
develop in the bone marrow before entering the circulation. The main functions of neutrophils are
phagocytosis and degranulation in order to kill microorganisms, however they produce cytokines
and are involved with the resolution of inflammation (Nauseef and Borregaard, 2014, Tecchio and
Cassatella, 2016, Greenlee-Wacker, 2016). Neutrophils are characterised by their nuclei, which
have a lobulated morphology, as well as their cell surface expression of chemokine receptor
(CXCR)2 and TLR4 (Rosales, 2018). Mature neutrophils contain antimicrobial enzymes stored in the

form of granules which degrade and kill invading pathogens (Hager et al., 2010).

Following infection, neutrophils exit the circulation and enter tissues during activation by a series

of integrins (Hajishengallis and Chavakis, 2013). Once in the tissue neutrophils mobilise their
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granules which contain NADPH oxidase and other associated factors to clear bacterial and fungal
infections. In order to mobilise their neutrophils must first be activated by PAMPs through their
PRRs and phagocytose the pathogen. Granules are then delivered to the phagosome (Ley et al.,
2018). Neutrophils have the ability to activate macrophages through their expression of TLR2-5/7-
9 (Tsuda et al., 2004). Following pathogenic clearance, neutrophils undergo apoptosis and are
cleared by surrounding macrophages. This triggers an anti-inflammatory response involving IL-23

and IL-17 leading to the resolution of inflammation (Stark et al., 2005).

According to research neutrophils contain very few mitochondria and derive the majority of their
energy from glycolysis (Rodriguez-Espinosa et al., 2015). Following stimulation neutrophils
dramatically upregulate expression of GLUT1 and increase their rate of glycolysis (Rodriguez-
Espinosa et al., 2015). The formation of neutrophil extracellular traps is entirely glucose dependent,
requires mTOR signalling and flux through the PPP (MclInturff et al., 2012, Azevedo et al., 2015). The
PPP is involved in the production of NADPH for the activity of NADPH oxidase, rendering
mitochondria negligible in supporting neutrophil functions (Azevedo et al.,, 2015). However,
neutrophil differentiation in the bone marrow requires the generation of fatty acids (Riffelmacher
et al., 2017). These fatty acids support mitochondrial respiration and ATP production, proving the

reliance of these cells on FAO during their generation.

Research has found that non-stimulated release of ROS and NO can be up to 38% higher in human
neutrophils in individuals aged 65 years and over compared to younger controls (Nogueira-Neto et
al., 2016). As CD11b is upregulated on the surface of neutrophils with age, which homes neutrophils
to the vasculature, it is believed that increased ROS production by these cells may contribute
towards vasculature damage and the development of atherosclerosis. In fact, increased oxidative
stress and neutrophils numbers have already been observed in atherosclerotic plaques of aged mice
(Wang et al., 2017). Analysis of neutrophils derived from aged individuals with increased frailty
scores has suggested that neutrophils exist in a state of basal activation and show defects in
maturation (Verschoor et al., 2015). This effect is thought to occur due to increased circulating

levels of TNF-a with age associated with inflamm-ageing.

1.3.1.3 Dendritic cells (DCs)

After development in the bone marrow and exit into the circulation, DCs home to tissues where
they have the potential for high phagocytic activity (Banchereau et al., 2000). DCs are recruited to
sites of inflammation much the same as other immune cells, by the production of chemokines
(McWilliam et al., 1996, McWilliam et al., 1994). At this stage DCs are referred to as immature, even
as they phagocytose pathogens in order to capture antigen. Following antigen capture DCs migrate

tothe lymph nodes and present their antigen to CD4+ helper T cells where they mature. It is through
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this purpose that DCs are referred to as APCs. DCs express high levels of MHC Class Il, CD80 and

CD86, which are required for engaging T cell responses (Steinman et al., 1999, Dudek et al., 2013).

Two types of DC exist within the circulation, plasmacytoid DCs (pDC) which mainly process viral
particles and myeloid DCs (mDC) (Villani et al., 2017, Guilliams et al., 2016). pDCs are defined by
CD141 and CD8a expression in humans and mice respectively, whilst mDCs are identified by CD1c
and CD11c expression. Many subdivisions have recently been identified within the pDC and mDC

populations but are beyond the scope of this study (Villani et al., 2017).

Activation of DCs through their TLRs induces a switch from OXPHOS to glycolysis (Krawczyk et al.,
2010, Pantel et al., 2014). Immature DCs typically undergo active OXPHOS whilst mature DCs switch
to glycolysis following pathogen sensing (Wculek et al., 2019). Monocyte-derived DCs show
increased mitochondrial mass, higher ATP production and higher oxygen consumption rate (OCR)
than monocytes (Zaccagnino et al., 2012). This has been observed in differentiated pDCs and mDCs
(Krawczyk et al., 2010, Kratchmarov et al., 2018, Chougnet et al., 2015). Hypoxia-inducible factor-1
alpha (HIF-1a) is a key regulator of glycolytic metabolism in DCs downstream of the
phosphoinositide 3-kinase (PI13K)/mTOR pathway, which induces both glycolytic and oxidative

metabolic pathways (Wculek et al., 2019, Sathaliyawala et al., 2010).

The differentiation of DCs from monocytes involves the PI3K/mTOR pathway and the control of lipid
metabolism, causing the activation of anabolic fatty acid synthesis (FAS) pathways (Szatmari et al.,
2007, Gogolak et al., 2006). Simultaneously the activation of pDCs and mDCs following pathogen
sensing requires FAS mediated by upregulation of glycolytic pathways and metabolic energy into
the PPP (Scheffler et al., 2014, O’neill and Pearce, 2016, Thwe et al., 2017). The production of NO
is increased using these pathways which dampens metabolic flux through the Krebs cycle and ETC,
supporting the production of more NO, ROS and pro-inflammatory DC functions (Ryan and O'Neill,
2017, Everts et al., 2012). Disruption of the glycolytic pathway in DCs impairs their ability to engage
CD4+ and CD8+ T cell responses (Everts et al., 2014, de Lima Thomaz et al., 2018).

DCs change their inflammatory profile with age, contributing towards a pro-inflammatory
environment (Agrawal et al., 2017). A decrease in the number of pDCs has previously been observed
with age whilst mDC numbers remain stable (Jing et al., 2009, Panda et al., 2010). However, both
the mDC and pDC subsets have been reported to show functional defects with age (Panda et al.,
2010). pDCs show a decrease in IFNy following stimulation by west nile virus and influenza virus
(Qianetal., 2011, Sridharan et al., 2011, Jing et al., 2009). On the other hand, mDCs show significant
reductions in TNF-a, IL-6 and IL-12 production following stimulation with TLR agonists (Panda et al.,
2010, Della Bella et al., 2007). The ability of DCs to engage T cell responses is decreased with age.

Following DC stimulation, T cells from elderly individuals show reduced production of IFNy and
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Granzyme B (GZB) from CD4+ and CD8+ T cells respectively (Prakash et al., 2014, Bricefio et al.,
2016). Previous research has linked this age-related dysfunction to mitochondrial dysfunction in
humans, reflected in reduced mitochondrial membrane potential, ATP production and OXPHOS,

alongside increased ROS production (Chougnet et al., 2015).

1.3.14 Basophils and eosinophils

Basophils and eosinophils exist in low numbers in the circulation, however these cell arise in the
bone marrow and exist in higher numbers in the spleen (Uciechowski and Rink, 2018). Basophils are
known for their role in allergic responses, whilst eosinophils are involved in parasitic defence as

well as allergic responses.

The granules contained within basophils contain high levels of histamine which is released in
response to Immunoglobulin (Ig)E and TLR2/4 signalling (Steiner et al., 2016, Ishizaka et al., 1970,
Sabroe et al., 2002). IgE stimulation causes signalling through the PI3K pathway, resulting in the
production of a number of pro-inflammatory cytokines in response to allergic pathogens including
IL-4, IL-13, IL-6 and TNF-a (Mukai et al., 2005, Kepley et al., 1998). Basophils are involved in
mounting T helper 2 (Th2) cell responses to infection by generating IL-4 and IL-13 (van Beek et al.,
2013, Moore et al., 2009). Basophil activation has been implicated in B cell responses to infection,
including Streptococcus (Chen et al., 2009, Denzel et al., 2008). IL-5 is a key cytokine for the
proliferation and priming of eosinophils (Wen and Rothenberg, 2016). Eosinophils are recruited to
sites of infection by local Th2 cells which produce both IL-5 and IL-13 chemokines (Munitz et al.,
2008). Eosinophils then induce further Th2 and effector T cell recruitment to the site (Jacobsen et
al., 2008, Shen et al., 2003). Like basophils, eosinophils are capable of acting as APCs to induce Th2
responses, as they express MHC class Il, CD80 and CD86 (Shi et al., 2000).

Van Beek et al. found that basophils become more pronounced with age in mice, whilst other
groups have found relationships between basophil numbers and autoimmunity (Van Beek et al.,
2018, Charles et al., 2010, Warde, 2010). Previously, Bochner et al. found that basophils reduce
expression of CD11b following stimulation, which is involved in basophil adhesion (Bochner et al.,
1990). Comparing asthmatic patients aged 60 years and over and aged under 30, has shown that
both neutrophil and eosinophils numbers increase with age in humans, however these changes

have not been observed in mice (Busse et al., 2017).

Very limited information is known about the metabolic requirements of basophils and eosinophils.
As these cells form part of the granulocyte family alongside neutrophils, it is plausible that these
cells may have similar metabolic requirements. In fact eosinophil differentiation and IL-4 expression

have been linked to glycolysis, whilst a role for fatty acid metabolism has been observed in these
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cells (Marques-Mejias et al., 2019, Arita, 2016, Ochkur et al., 2019). In addition, manipulation of
glycolytic metabolism has been linked to basophil allergic responses. Increases in glycolysis in
response to activation have been shown to occur through HIF-1a signalling as described for DCs

(Sumbayev et al., 2009, Sumbayev et al., 2012).

1.3.1.5 Natural killer (NK) cells

Within humans, NK cells can be classified into three subclasses depending on their expression of
CD56 and CD16. CD56+CD16+ (cytotoxic) NK cells are terminally differentiated, whilst CD56+CD16-
(inflammatory) and CD56-CD16+ (regulatory) NK cells are immature cytokine-secreting cells which
are poorly proliferative and cytotoxic respectively (Martelli, 2017). In mice, NK cells can be
identified by their varying expression of CD27 and CD11b along the NK cell maturation pathway
(CD27+CD11b-: immature, CD27+CD11b+: mid-maturation, CD27-CD11b+: mature) (Martelli,
2017). Whilst NK cells were originally considered to be myeloid cells, more recent research has
identified them as innate cells of lymphoid lineage (ILCs) due to their production of IFNy (Artis and
Spits, 2015).

NK cells use either granule exocytosis or death receptor ligation to kill their target cells (Smyth et
al., 2005). Granule exocytosis involves the secretion of cytotoxic molecules including perforin and
GZB by cytotoxic NK cells, which form pores in the cell membrane of the target cell and activate
caspase mediated apoptosis (Thiery et al., 2011, Goping et al., 2003). Death receptor ligation
involves upregulation of Fas ligand and TNF-related apoptosis-inducing ligand on the surface of NK
cells following cytokine stimulation and activating signals (Lavrik et al., 2005). These interact with
molecules on the surface of the target cell to induce a similar mechanism of caspase-mediated
apoptosis involving caspase 3. Regulatory NK cells act in a different manner, following activating
signals these cells secrete high levels of TNF-a, IFNy and several members of the interleukin family
(2/5/10/13) to promote DC maturation, T cell function and the APC ability of macrophages (Vitale
et al., 2005).

With age a decrease in humber of mature (CD27-CD11b+) NK cells has been observed in mice,
characterised by reduced expression of maturation markers such as killer cell lectin-like receptor
subfamily G member 1 (KLRG1) (Beli et al., 2014, Martelli, 2017). This effect has been attributed to
antagonistic IL-15 signalling (Chiu et al., 2013, Nair et al., 2015). Analysis of NK populations in
humans have previously shown mixed results, however research within the Larbi group has
identified accumulation of inflammatory and regulatory NK cells with age, with a particular increase
in cells expressing CD57 as a marker of terminal differentiation (Martelli, 2017). These results have

been corroborated by other groups (Hayhoe et al., 2010, Solana et al., 2006, Campos et al., 2014).
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NK cell functions have been reported to be reduced with age, including their ability to induce NK

maturation (Solana et al., 2012, Hazeldine and Lord, 2013).

1.3.2 Adaptive immune system

The adaptive immune system can form memory after the first encounter with a pathogen. This
leads to an enhanced response to subsequent encounters. The adaptive immune system relies upon
proper presentation of antigens and activation by cells of the innate immune response. This process
takes much longer to initiate an immune response than the innate immune system, however

following the acquisition of memory immune responses can occur rapidly.

1.3.2.1 T cells

T cells consist of both CD4+ T helper cells and CD8+ cytotoxic T cells. CD4+ T cells release a variety
of cytokines to aid the function and activation of cells such as B cells, whilst CD8+ T cells use
perforins and granzymes to induce apoptosis in infected and damaged cells, much in the same way
as NK cells. Several other populations of T cell exist, including regulatory T cells which are involved

in self-tolerance and gamma/delta T cells which have been less well studied (Martelli, 2017).

T cell precursors are first generated in the bone marrow before moving to the thymus for
maturation into CD4+ and CD8+ T cells. Maturation of T cells begins with T cell receptor (TCR)
rearrangement to increase the T cell repertoire and to remove T cells reactive to self-MHC
molecules (Godfrey et al., 1994, Salam et al., 2013). Following maturation T cells are released from
the thymus into the circulation and patrol the lymph nodes and spleen. Successful immune
responses are dependent on engagement and activation of the TCR by foreign peptides loaded on
MHC molecules of APCs (Figure 1.11). A successful response requires co-stimulatory signals and is
mediated by CD28 via engagement with CD80/86 on APCs. Downstream of TCR/CD28 activation a
number of signalling pathways are activated, including the mitogen-activated protein
kinase/extracellular-signal-regulated kinase (MAPK/ERK) and PI3K which lead to the nuclear
translocation of NF-kB and IL-2 to induce effector functions and expansion (Acuto and Michel,
2003). Populations induced as a result of TCR/CD28 stimulation include effector T cells and memory
T cells resulting in cytotoxic and helper T cell responses to infection and the formation of memory
following contraction (Salam et al., 2013). Memory cells are able to generate fast and efficient
responses to pathogens which have been previously encountered and are characterised by
increased IFNy, perforin and granzyme levels (Sallusto et al., 2004). Central memory (CM) T cells
are the most long-lived subset as they have the greatest proliferative capacity. Effector memory
(EM) T cells on the other hand have a lower proliferative capacity and are shorter lived but have a

greater range of effector functions (Gaber et al., 2015).
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Diminishing numbers of naive T cells were originally thought to occur through involution of the
thymus with age (Busse and Mathur, 2010, Bains et al., 2009). Reduced numbers of naive CD8+ T
cells in the circulation is a well-accepted marker of immune ageing in adults (Whiting et al., 2015).
However, thymic involution does not track changes in naive T cell numbers, beginning within the
first years of life with complete involution by 50 years of age. Maintenance of the T cell pool through
these ages is therefore thought to occur through homeostatic proliferation of circulating T cells
(Min, 2018, Goronzy and Weyand, 2019). Homeostatic proliferation is driven by low-level IL-15/7
and IL-2 stimulation of the TCR in CD8+ and CD4+ T cells respectively (van der Geest et al., 2015).
The loss of CD28 expression on the surface of T cells with age is striking leading to altered co-

stimulatory activity of these cells (Weng et al., 2009).

Repeated antigenic stimulation of T cells may contribute to immune senescence in the elderly by
leading to T cell exhaustion and replicative senescence (Martelli, 2017). Chronic antigen stimulation
occurs through chronic infections such as cytomegalovirus (CMV), human immunodeficiency virus
(HIV) and hepatitis B and C viruses. T cell exhaustion is linked to increased expression of CD45R0,
loss of CD27/CD28 and upregulation of inhibitory T cell receptors such as programmed cell death
protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (Martelli, 2017,
Blackburn et al., 2009). Blockage of PD-1 and CTLA-4 have previously been shown to partially
reverse exhaustion by blocking inhibitory effects of T cell function (Barber et al., 2006, Sakuishi et
al., 2010). Replicative senescence of T cells has been associated with the Hayflick limit as discussed
in Section 1.1.5.3 Human studies relating to human fibroblast culture. T cells cultured over long
periods of time begin to express cell cycle inhibitors, such as p21 and p16, which are both markers
of senescence (Liu et al., 2009). Alongside this markers of SASP become apparent with replicative
senescence, characterised by expression of IL-6 and TNF-a from CD8+ T cells (Coppe et al., 2010,

Parish et al., 2009).

Age-related diseases can have a profound effect on the T cell population profile. Patients suffering
from Parkinson’s disease have a significantly reduced percentage of T effector memory cell re-
expressing CD45RA (TEMRA) cells, with increased expression of the activation marker CD28 within
the CD8"* population compared to age-matched controls (Williams-Gray et al., 2018). Strikingly,
changes within the CD4+ population were not observed. A longitudinal study of TCR diversity in 6
individuals spanning 20 years concluded that there is a significant reduction in CD8* TCR diversity
and an increase in clonality which is not observed within the CD4* T cell compartment (Yoshida et

al., 2017). This data suggests that the CD8+ and CD4+ T cell populations age differently.

Throughout their development T cells dynamically switch between periods of quiescence and

activation. This switching requires a high level of metabolic flexibility and adaptation in order to
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meet the metabolic requirements of the cell. When they are first released from the thymus
following maturation both CD4+ and CD8+ T cells prioritise oxidative phosphorylation and fatty acid
oxidation to generate ATP. These metabolic pathways along with IL-7 signalling, support naive T
cells within peripheral blood and during homeostatic proliferation. TCR and co-stimulatory
signalling activates these quiescent T cells and invokes a programme of anabolic growth for the
accrual of biomass. Engaging anabolism marks the engagement of aerobic glycolysis, generating
intermediates for proliferation and cell growth during clonal expansion. TCR and co-stimulatory
signalling promotes the activation of mTOR, the master switch between oxidative phosphorylation
and glycolysis, and enhances PI3K activation resulting in the phosphorylation of Akt to further

promote mTOR activity (Le Page et al., 2018).

Deletion of Glutl specifically within T cells dramatically impairs CD4+ T cell activation, expansion
and survival (Macintyre et al., 2014), whilst CD8+ T cells with Glutl deletion show reduced
functional capacity (Jacobs et al., 2008, Cham et al., 2008). Previous data indicates that there are
many metabolic differences between naive, memory and effector T cells (van der Windt et al., 2013,
van der Windt et al., 2012). Whilst naive and memory T cells utilise OXPHOS in their quiescent state,
effector cells tend to utilise glycolysis and reduce their mitochondrial mass. Memory T cells on the
other hand have been shown to maintain their high levels of mitochondrial mass to support re-

activation following secondary stimulation (Everts et al., 2012, van der Windt et al., 2013).

1.3.2.2 B cells

B cells have the ability to produce a diverse set of antibodies which are indispensable for proper
functioning of the immune system (Cooper, 2015). B cells are first generated in the bone marrow,
arising from pro-B-cells to form pre-B-cells and finally immature B cells. These immature B cells
then exit the bone marrow before reaching maturity in the circulation (Ma et al., 2019). During their
generation and maturation B cells develop a diverse range of B cell receptors (BCR) which are
essential for host defence (Hoffman et al.,, 2016). Following antigen binding B cells integrate
signalling from the BCR and helper T cells to become activated (Figure 1.11). B cells produce five
different types of antibody: IgM, IgD, IgG, IgA and IgE. These antibodies act in three different ways
to kill pathogens, by neutralising the target, activating innate immune responses by binding to Fc

receptors or activating the classical complement pathway (Hoffman et al., 2016).

In mice, ageing is associated with a decline in the production of immature B cells from the bone
marrow, although the number of B cells in the periphery tends to remain stable in humans (Blanco
et al., 2018, Zharhary, 1988, Akkaya et al., 2018). As with T cells, B cells have the propensity to
produce SASP markers following chronic stimulation which requires activation of AMPK and NF-kB

(Frasca et al.,, 2017). Impaired humoral responses are characteristic of ageing alongside an
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increased tendency for autoimmunity (Ma et al., 2019). B cells contribute to this phenomenon by

producing autoantibodies (Grubeck-Loebenstein et al., 2009).

Mitogen- and antigen-stimulated B cells upregulate GLUT1 and their rate of glycolysis following
activation of the PI3K pathway (Caro-Maldonado et al., 2014, Akkaya et al., 2018). A subset of pro-
inflammatory B cells accumulates in the blood with age in humans which have been shown to
produce autoantibodies (Frasca et al., 2019, Colonna-Romano et al., 2009). The appearance of
these cells is associated with increased glucose utilisation and aerobic glycolysis to support their
function with age, whilst these cells have minimal metabolic requirements in young individuals.
These cells require the production of ROS and AMPK signalling to sustain their metabolic function

(Frasca et al., 2019).

Monocyte/ Antigen-presenting Helper (CD4+) Activated
Dendritic cell cell (APC) T cell B cell

/ Antibody
Al n
MHC Class II- Y o
Antigen TCR complex - -
Pathogen r

Pathogen

Cytotoxic (CD8+) Effector T cell
Tcell

Figure 1.11 Summary of immune cell interactions involved in activating the adaptive immune
response showing the interactions between pathogen and antigen presenting cells
(APCs) such as monocytes and dendritic cells and their presentation of antigen to
helper (CD4+) and cytotoxic (CD8+) T cells to mediate pathogen immobilisation and

the production of antibody by B cells
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14 Unmet needs in ageing research

Today there are still many unmet needs in ageing research, the first of which is to fully understand
the ageing process. The ageing process is greatly complex and is contributed to by a wide range of
biological and environmental factors. Whilst theories of ageing including mitochondrial dysfunction
and immune-senescence have been well-studied separately, there is currently a major lack of
research studying their relationship in the context of ageing. The current priorities for healthy
ageing discussed in 1.1.3.1 Promoting healthy ageing, highlight the need to improve research in

order to establish evidence-based practices for improving quality of life in the elderly population.

Studying immune-senescence is of clear importance as elderly individuals are particularly
susceptible to developing infections and show reduced vaccine responses. Due to this immune-
senescence is often associated with higher mortality in the elderly. Immune-senescence
encompasses changes in the immune system which occur with age and can vary from decreases in
the production of immune cells to alterations in their function, which affect the individuals ability
to respond to infection and identify malignant cells. Aging not only increases the senescence of
adaptive immune cells but also affects the ability of innate immune cells to produce pro-
inflammatory and anti-inflammatory cytokines, often resulting in low-grade chronic inflammation
(Aw et al., 2007). Immune-senescence has been a hot topic over the last decade or so and several
routes for intervention have been suggested by scientists to improve the health span of ageing
individuals (Aiello et al., 2019). However, the links between immune-senescence and the
immunometabolism of these cells has yet to be studied. The metabolism of immune cells is central
to innate and adaptive immune regulation and the ability to neutralise pathogens as discussed in
Section 1.3 The immune system, immunometabolism and ageing. It is hoped that by developing
research within these areas, new evidence-based practices can be added to the Healthy Ageing
Action Plan (Geneva: World Health Organization, 2017). By studying alterations in the immune
system and the metabolic landscape across the life course, researchers will be able to better
understand the relationships between these factors and begin to unravel the complexity of ageing

which has hampered research to date.

Besides studying the theories of ageing in a conjoined manner, research on ageing and the
environment could be developed further. Research in this area will help to inform healthcare
providers and carers of ‘ideal’ healthy ageing strategies. Whilst several aspects of the environment
and the development of age-related disease have been well-studied, there is still room for
improvement in understanding the role of environmental factors in extending health span. For
example, the links between smoking, UV exposure and cancer have been known for some time,

whereas the relationship between caloric restriction and health span in elderly humans remains
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largely unknown. The effects of the surrounding environment on frailty and quality of life have also
been well-studied but have not yet encompassed providing supportive environments for the elderly

population to foster independence.

Much of the ageing research performed in humans to date has had a disease-specific focus.
However, a shift towards studying the effects of ageing on a broader spectrum may be beneficial in
developing better interventions to cultivate healthy ageing and extend health span. This work will
involve studying the theories of ageing within individuals of differing health status in order to inform
researchers and health care providers of what aspects are related to ageing and those that are
related to disease development. By better understanding these mechanisms in both animal models
and human studies, we may be able to reach the milestones set out in the Healthy Ageing Action
Plan. Whilst animal models are important for studying ageing in the short term, more emphasis
must be placed on utilising human studies as these will produce findings which are more

translatable to the clinic.

Many of the treatments available for the elderly population are for disease management and
improving quality of life. However, these interventions do not prevent the onset of disease or
impact upon health span. There is a huge unmet clinical need in delaying the development of age-
related diseases and allowing the elderly population to contribute actively in society. Whilst several
interventional strategies which address this balance have been put forward, their use has been
difficult to analyse clinically. For example, antioxidants and caloric restriction have been difficult to
study as their clinical endpoints take many years to become evident. Better development of ageing
biomarkers for measuring the outcomes of these interventions will help to accelerate this process.
The successful development of ageing interventions will rely heavily on integrating findings from
the identification of molecular targets/pathways, compound synthesis and testing effects in
laboratory animals and human clinical trials. This places further emphasis on facilitating interaction

and collaboration between investigators to improve ageing research.

Increasing understanding of the ageing process and developing better interventions is paramount
for addressing the rapid growth of the ageing population and its impact on society. As discussed in
Section 1.1.1, Population restructuring and global ageing are accelerating and the time available to
study ageing is quickly decreasing. Delaying and/or reversing the ageing process will be necessary
in the near future but must first be backed by adequate understanding of ageing and anti-ageing
mechanisms. Once the central pathways involved in ageing are known, they can be used to fully
inform the development of ageing therapies and long-lasting interventions can be established to

benefit society.
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1.5 Study aims

The aim of the study described in this thesis was to characterise mitochondrial dysfunction during
the ageing process in both murine and human models of ageing, focusing on age-related immune
cell dysfunction within the spleen, bone marrow and blood. It was hypothesised that mitochondrial
dysfunction would accumulate with ageing, decreasing immune cell production and reducing their
functionality. Ultimately, this work aims to expand the current knowledge of mitochondrial
dysfunction during healthy ageing and examine its impact on the immune system. It is anticipated

that this work will lead to novel insights in age-related dysfunction of the immune system.

The overall objectives of this study are as follows and forms the main aim of each of the result

chapters contained within this thesis:

= To analyse mitochondrial dysfunction in the spleen and bone marrow immune cell
compartments of C57BL/6J and Timp3”- mice across the life course;

= To investigate age-related immune cell dysfunction in the spleen and bone marrow of
C57BL/6J, SAMP6 and SAMPS8 mouse strains by analysing mitochondria and metabolism;

= To determine mitochondrial programming in CD4+ T cell subsets during senescence,
including naive, central memory (CM), effector memory (EM) and terminal effector
memory T cell re-expressing CD45RA (TEMRA) cells; and

= To examine mitochondrial dysfunction in peripheral blood mononuclear cells (PBMCs)
derived from young and older donors by analysing mitochondrial parameters in PBMCs and

immune cells.
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Chapter 2  Materials and methods

2.1 Donors and sample preparation

2.1.1 Animal studies
2111 Ethical approval
2.1.1.1.1 Timp3” study

Tissue inhibitor of metalloproteinase 3 knock-out (Timp3”") mice were a kind gift from Professor
Hideaki Nagase from the Kennedy Institute of Rheumatology in Oxford, UK. The mice were
originated from Professor Rama Khoka’s laboratory in Toronto. Female C57BL/6J wild-type control
and female Timp3”- mice bred on a C57BL/6J background were bred and maintained at the
Biomedical Research Facility, University of Southampton in accordance with Home Office
Procedures and Regulations and approved by the local Animal Welfare and Ethics Review Board
(AWERB). Mice were maintained under a 12 hour light/dark cycle at a constant temperature of 22°C
with autoclaved food and water available ad libitum. Mice were culled by Schedule 1 methods at 6
weeks, 15 weeks, 40 weeks and 72 weeks of age. Bone marrow and spleen were isolated from these

mice for the purposes of this study.

2.1.1.1.2 Senescence-accelerated mouse (SAM) study

C57BL/6J (C57), SAMP6 and SAMP8 mice were housed under specific pathogen free (SPF)
conditions in individually ventilated cages. Mice were bred and maintained in-house according to
local Agency for Science, Technology and Research (A*STAR) Biological Resource Centre
procedures. Mice were provided with standard food and water ad libitum. The study was approved
by the A*STAR institutional animal care and use committee (IACUC) in Singapore. Mice were killed

by euthanasia with CO..

2.1.1.2 Isolation of cells for animal studies

Bone marrow was removed from mouse femurs for analysis. After removal the tibia was cleaned of
remaining muscle tissue before processing. To retrieve bone marrow cells, the bone heads were
trimmed, and the bone marrow flushed into cell culture medium using a 1ml syringe and 23G
needle into a 15ml falcon tube (ThermoFisher, MA). Cells were centrifuged at 1,500rpm for 5
minutes at 4°C and washed twice with cell culture medium prior to use in downstream assays. For

splenocyte isolation the spleen was removed from mice and transferred into phosphate buffered
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saline (PBS). The spleen was mechanically dissociated using the head of a 20ml syringe plunger into
PBS and cells collected in a 15ml falcon tube. Red blood cells (RBC) were lysed by the addition of
1ml RBC lysis buffer (ThermoFisher, MA) and incubated for 5 minutes. Cells were centrifuged at
1,500rpm for 5 minutes at 4°C and washed twice with cell culture medium prior to use in
downstream assays. Cells were counted manually with a haemocytometer and viability assessed by

trypan blue exclusion (Sigma-Aldrich, MO).

2.1.2 Human studies

21.21 Ethical approval

21211 CD4+ T cell study

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood donated by healthy
adult volunteers and provided by the Blood Donation Centre, Health Sciences Authority in
Singapore. The study was approved by the National University of Singapore-Institution Review

Board 04-140 and all participants gave written informed consent.

2.1.2.1.2 Singapore Longitudinal Ageing Study (SLAS)

Blood was collected from elderly individuals recruited to the Singapore Longitudinal Ageing Study
cohort Il (SLAS II). The SLAS is a community-based long-term epidemiological study of ageing and
health formed of Singaporean residents. SLAS Il consists of elderly individuals of over 60 years of
age. The study was approved by the National University of Singapore-Institution Review Board 04-
140 and all participants gave written informed consent. Healthy, young volunteers were recruited

from the Singapore Immunology Network (SIgN) and all participants gave written informed consent.

2.1.2.2 Isolation of cells for CD4+ T cell study (Chapter 5)

Whole blood was diluted 1:5 with PBS before layering 30ml over 20ml Ficoll-Paque™ (GE
Healthcare, Singapore). The gradient was centrifuged at 20°C for 20 minutes at 400xg without a
brake resulting in five layers. The cloudy PBMC-containing layer between the upper plasma and
lower Ficoll layers (see Figure 2.1) was removed from each tube. PBMCs were washed twice with
PBS and centrifuged at 1500rpm for 5 minutes at 4°C. Live cells were identified via trypan-blue

exclusion and counted using a haemocytometer.
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Figure 2.1 Isolation of PBMCs from blood using density separation prior to (left panel) and

following (right panel) centrifugation and separation into plasma, PBMC, Ficoll-Pacque

and Granulocyte/Erythrocyte layers

2.1.2.3 Isolation of cells for Singapore Longitudinal Ageing Study (SLAS) (Chapter 6)

The SLAS aims to investigate ageing by looking at biomedical, healthcare, psychological, lifestyle
and behavioural data to generate information and guide clinical practice for elderly individuals.

Donors within each group were matched for gender and cytomegalovirus (CMV) status.

Blood was drawn into 8ml Vacutainer® cell preparation tube (CPT)™ Mononuclear cell preparation
tubes containing 0.1M sodium heparin (Becton Dickinson, NJ). Filled CPT tubes were centrifuged at
1650rpm for 20 minutes without a brake to separate the whole blood constituents as seen in Figure
2.2. Plasma was removed and PBMCs were collected using a Pasteur pipette. Following collection,
PBMCs were washed twice with PBS and cryopreserved in liquid nitrogen in fetal bovine serum
(FBS) containing 10% dimethyl sulfoxide (DMSO). The day of the experiment PBMCs were thawed
and washed twice with PBS containing 10% FBS. Recovery and viability were tested using trypan

blue exclusion and a haemocytometer.
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Figure 2.2  Separation of PBMCs whole blood using CPT tube showing empty CPT (left), after blood
draw (middle) and after centrifugation (right) and separation into plasma, peripheral

blood mononuclear cell (PBMC) and red blood cell (RBC) and granulocyte layers

213 Cell culture and tissue storage

All cell culture experiments were performed in humidified incubators at a controlled temperature
of 37°C with 5% CO,. The details of the cell culture systems used in this study are contained within

the experimental chapters.

For cryopreservation, PBMCs were pelleted by centrifugation and resuspended in FBS containing
10% DMSO (Kanto Kagaku, Singapore) at a density of ~50 million cells/ml and aliquoted into 2.5ml
cryotubes designed for liquid nitrogen storage (ThermoFisher, MA). Cells were frozen at a
controlled rate of 1°C per minute to -80°C using a MrFrosty™ (ThermoFisher, MA) containing
isopropanol (GE Healthcare, IL). After a minimum of six hours at -80°C, cryotubes were transferred
to liquid nitrogen for long-term storage. Cryopreserved cells were thawed to room temperature
before resuspending in 10ml medium pre-warmed to 37°C to ensure maximal survival. DMSO was
removed by washing the samples twice with medium and centrifugation at 1500rpm for 5 minutes
before cells were used in downstream experiments. Cell viability was assessed by trypan blue

exclusion and cells were counted using a haemocytometer prior to use.
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2.2 Microscopy

2.2.1 Transmission electron microscopy (TEM)

Compared to traditional light microscopy, transmission electron microscopy (TEM) uses an electron
beam which has a much shorter wavelength of 2.5pm which can image much smaller objects such
as atoms or the internal structure of mitochondria. The first TEMs were constructed in the 1930s
allowing for 100,000x magnification of samples. More advanced TEMs have advanced this further

and can now magnify samples up to 30 million times.

TEMs consist of a tungsten filament or lanthanum hexaboride electron emission source as shown
in Figure 2.3, which requires a high voltage of up to 300kV. The electron gun then controls and
accelerates the beam of electrons through a series of electrostatic plates. The series of condenser
lenses then focus the electron beam to the desired location and shape for the sample. After passing
(transmission) through the sample, the beam is then pass through an objective lens and magnified
onto the charge coupled detector. A vacuum system fitted to the TEM minimises the collision of

electrons with other materials such as gas which affect the beam path.

In the case of biological research, samples are stained with a variety of heavy metals against cellular
structures of interest. These heavy metals disrupt the flow of electrons through thin sample
sections (<100nm) into different beam amplitudes and electron phases. These beam alterations are
then detected within the microscope to provide high contrast at high levels of resolution. The

resulting greyscale imaging can then be analysed with image processing techniques.
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Figure 2.3 Components within a transmission electron microscope showing the placement of the
tungsten filament, accelerator and corrector lens containing electron gun, condenser

lens, specimen and detection lenses

Cells were flushed into 1ml of 3% glutaraldehyde 4% formaldehyde in 0.1M piperazine-N, N’-bis(2-
ethanesulfonic acid) (PIPES) buffer (pH=7.2) and stored overnight at 4°C for full fixation. To
encapsulate the cells for staining, 500ul of bone marrow cells were layered over one drop of 5%
sodium alginate gel and centrifuged at 16,000xg for 5 minutes at room temperature. The gel was
hardened by incubation with 0.1M calcium chloride for 20 minutes at room temperature and cut
into 1mm?3 sections for staining. The staining procedure for electron microscopy is detailed in Table
2.1. All steps were performed at room temperature unless otherwise stated. The final embedding
step and curing was performed in an embedding capsule with a truncated cone tip (TAAB
Laboratories Equipment Ltd, UK). After embedding, blocks were trimmed down to an observable
region of interest (ROI) containing cellular material into a trapezoid shape using a razor blade to
facilitate section ribboning. The block face was shaved using a glass knife until smooth. Three
500nm thick sections were then cut and placed on glass slides for toluidine blue staining and
observed under the microscope for orientation and cellular density. Using a fresh glass knife thin
50-100nm sections were cut and mounted onto copper/palladium grids for TEM. The details of TEM

imaging are listed within the experimental chapters.

52



Chapter 2

Table 2.1  Staining procedure for electron microscopy
SOLUTION SUPPLIER PURPOSE INCUBATION
0.1M PIPES (pH=7.2) Sigma-Aldrich, MO  Wash 5 minutes
0.1M PIPES (pH=7.2) Sigma-Aldrich, MO  Wash 5 minutes

2% Osmium tetroxide 1.5%

potassium ferrocyanide
0.1M PIPES (pH=7.2)
0.1M PIPES (pH=7.2)
Thiocarbohydrazide
0.1M PIPES (pH=7.2)
0.1M PIPES (pH=7.2)
2% Osmium tetroxide
0.1M PIPES (pH=7.2)
0.1M PIPES (pH=7.2)
2% Uranyl acetate
0.1M PIPES (pH=7.2)
0.1M PIPES (pH=7.2)

Walton’s lead aspartate
solution

30% Ethanol
50% Ethanol
70% Ethanol
95% Ethanol
Absolute ethanol
Absolute ethanol

Acetonitrile

50% acetonitrile 50% Spurr

resin
Spurr resin

Spurr resin

Sigma-Aldrich, MO

Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO

Sigma-Aldrich, MO

Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO
Sigma-Aldrich, MO

Sigma-Aldrich, MO

Sigma-Aldrich, MO

Sigma-Aldrich, MO

Lipids, sarcoplasmic
reticulum and glycogen

Wash

Wash
Carbohydrates
Wash

Wash

Lipid staining
Wash

Wash

Lipids and proteins
Wash

Wash

Proteins and glycogen

Dehydration
Dehydration
Dehydration
Dehydration
Dehydration
Dehydration
Dehydration

Embedding

Embedding

Embedding

1 hour onice

5 minutes
5 minutes
20 minutes
5 minutes
5 minutes
30 minutes
5 minutes
5 minutes
1 hour

5 minutes
5 minutes

30 minutes

10 minutes
10 minutes
10 minutes
10 minutes
20 minutes
20 minutes
20 minutes

Overnight

6 hours

18 hours at
60°C
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2.2.2 Serial block face scanning electron microscopy (SBF-SEM)

Scanning electron microscopy (SEM) differs to TEM in that instead of passing the electron beam
through the sample, SEM scans the electron beam across the sample surface and detects the
electrons which bounce back with a detector. This technique allows you to see the surface of
biological samples in detail, although with slightly less resolution than TEM at ~5nm. Serial-block
face SEM (SBF-SEM) couples this technique with an in-built ultramicrotome allowing the internal
structure of samples such as cells to be imaged at the nanometer level. SBF-SEM conducts
sequential imaging of the block face whilst the ultramicrotome equipped with a diamond knife cuts
a section as little as 25nm thick. This generates a three dimensional view through the sample in the
X, Y and Z planes. The resulting images can then be segmented and reconstructed to provide 3

dimensional data.

Samples for SBF-SEM were prepared using the same staining method as described above in Section
2.2.1 Transmission electron microscopy (TEM) to confirm their suitability for the technique. Suitable
blocks were cut into 0.5cm? cubes containing the ROl and mounted on a Gatan 3view pin using
epoxy glue and cured for 18 hours at 60°C. The block was then trimmed and polished again using a

fresh glass knife. Samples were coated with gold/palladium to facilitate electron dispersion.

2.23 Confocal microscopy

Confocal microscopy was first developed in the 1960s, but laser point beam scanning was not
developed until the 1980s by White and Amos at the Laboratory of Molecular Biology in Cambridge
(White et al., 1987). Confocal microscopy is a technique used to increase the optical resolution of
traditional wide-field fluorescence microscopy. Confocal microscopy uses a spatial pinhole to
increase contrast and filter out-of-focus light from the captured image as seen in Figure 2.4. Imaging
in the z-plane then allows for reconstruction of a series of 2 dimensional images into 3 dimensions.
Confocal microscopy uses a pinhole to focus on a small section of the sample and then scanned
across the sample using mirrors to increase optical resolution to 0.5um. Whilst TEM is an excellent
technique for imaging the ultrastructure of fixed cells and tissues. Confocal microscopy can be used

for imaging live or fixed cells and tissue stained with fluorescent dyes against structures of interest.
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@ Point of focus
® Out-of-focus Lens Pinhole

Figure 2.4 Components of the pinhole system in a confocal microscope for removing out-of-focus

light and increasing optical resolution

Cells were transferred to a 96 well U-bottom plate (ThermoFisher, MA) for staining. After
centrifugation at 1,500rpm for 5 minutes at 4°C, cells were resuspended in 200ul medium
containing 150nM MitoTracker Green (MTG; ThermoFisher, MA) and 25nM Tetramethylrhodamine
Ethyl Ester (TMRE; Sigma-Aldrich, MO). Cells were stained with 2ug/ml Hoechst 33342 (Sigma-
Aldrich, MO). Cells were stained for a minimum of 2 hours in a humidified incubator at 37°C with
5% CO,. Following staining cells were transferred to the wells of an 8 well p-plate (ibidi, Germany)

and an additional 100ul of staining medium added.

224 Super-resolution microscopy

Light microscopy techniques are limited by the Abbe limit, the lowest resolution of light at 250nm,
new microscopy techniques have been developed to break this limit. These techniques have been
termed super-resolution microscopy. As small mitochondria can sit right on this 250nm limit, super-
resolution microscopy is useful for imaging organelles such as this as well as smaller particles
including viruses and proteins down to 1nm. Many super-resolution microscopy techniques exist,
however structured illumination microscopy (SIM) was utilised for this study. SIM uses Moiré
patterns and the Fourier transform to increase resolution to 100nm in the xy plane and 250nm in
the z plane as shown in Figure 2.5. Patterned illumination is used to excite the sample and
transferred through several orientations to produce Moiré patterns as shown in Figure 2.6. These
patterns are then processed using the specialised Fourier transform for a resolution of 100-130nm

in the xy plane and 250nm in the z plane.
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Figure 2.5 Comparison of super-resolution structured illumination microscopy with widefield
microscopy showing (A) widefield image (B) deconvoluted widefield image and (C) SIM

of mitochondria (scale=2um; blue=nucleus, green=mitochondria)

Figure 2.6  Moiré effect used for pattern illumination in SIM showing (A) 2 angles (B) 4 angles and

(C) 8 angles of pattern rotation

Cells were transferred to 1.5ml Eppendorf tubes and washed twice with PBS using centrifugation at
1500 rpm for 5 minutes at 4°C. Samples were then fixed and permeabilised with Cytofix/Cytoperm
(Beckton Dickinson, NJ) for 20 minutes at 4°C before washing twice with Permwash (Beckton
Dickinson, NJ). Cells were stained with 1:50 dilution of translocase outer mitochondrial membrane
20 (TOM20) Rabbit immunoglobulin (Ig)G antibody (ProteinTech Group, IL) in 50ul Permwash and
incubated for 1 hour at room temperature. Cells were washed twice again with permwash before
incubating with 1:500 dilution of Goat anti-rabbit antibody conjugated to AlexaFluor (Af) 488
(Abcam, UK) for a further hour at room temperature. After another wash step cells were incubated
with Hoechst-33528 (SigmaAldrich, MO) at 1:1000 dilution in Permwash, before final washing.
Stained cells were mounted on 22mm square #1.5H high-performance coverslips (Paul Marienfeld,
Germany) in Vectashield® H-1000 (Vector Laboratories, CA). Cells were imaged using a DeltaVision
OMX inverted microscopy using 3D structured illumination microscopy (3D-SIM) technology (GE
Healthcare, IL) and a 100X oil immersion objective lens. Samples were imaged by Goh Wah Ing from
the A*STAR Institute of Medical Biology Imaging Platform. A comparison of the microscopy

techniques used within this study is shown in Table 2.2.
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Table 2.2  Comparison of microscopy techniques used within this study

ACQUISITION
MODALITY RESOLUTION XY,Z  PROBES TIME POST-PROCESSING
CONFOCAL | 500nm, 800nm Fluorescent Minutes Deconvolution if
necessary
SIM 100nm, 250nm Fluorescent Seconds Fourier transform
TEM 2.5pm, 50nm Heavy metal  Milliseconds NA
SBF-SEM 5nm, 25nm Heavy metal  Milliseconds Segmentation

2.3 Reverse transcription real-time quantitative polymerase chain

reaction (RT-qPCR)

RT-gPCR combines the two techniques of reverse transcribing ribonucleic acid (RNA) to
complementary deoxyribose nucleic acid (DNA) (cDNA) and amplification of these transcripts
through polymerase chain reaction (PCR). Combining these techniques allows for the analysis of
gene expression. Total ribonucleic acid was isolated from mice by flushing tissues into 1ml of TRIzol
(ThermoFisher, MA) using a 23G needle. Samples were stored at 4°C for 1 hour to facilitate digestion
before homogenisation using pipette tips of decreasing size. The samples were incubated for 5
minutes at room temperature before adding 200ul chloroform (Sigma-Aldrich, MO), vortexing for
15 seconds and incubated for 3 minutes at room temperature to precipitate RNA. Samples were
then centrifuged at 12,000xg for 30 minutes at 4°C, separating the TRIzol into an aqueous,
interphase and organic layers containing RNA, DNA and protein/lipid respectively. The aqueous
phase was added to 500ul of 2-propanol (Sigma-Aldrich, MO), incubated for 10 minutes on ice and
centrifuged at 12,000xg for 15 minutes at 4°C. The RNA pellet was washed twice with 75% ethanol
in diethyl pyrocarbonate (DEPC)-treated water (Primer Design, UK) and left to air-dry before
resuspension in 10ul DEPC-treated water. RNA concentration was determined at an absorbance of

230nm using a NanoDrop 1000 (ThermoFisher, MA).

200ng RNA was reverse transcribed to cDNA using a High Capacity RNA-to-cDNA kit (ThermoFisher,
MA) according to manufacturer’s instructions. Briefly, 200ng RNA was diluted in 9ul DEPC-treated
water before the addition of 11ul cDNA reaction buffer containing 10 parts reaction buffer to one-
part reaction enzyme. The reaction was incubated at 37°C for 1 hour and stopped by heating to

95°C for 5 minutes, prior to storage at 4°C for 10 minutes using a PTC-240 Tetrad 2 ThermoCycler
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(BioRad, CA). cDNA samples were dilute with 180ul DEPC-treated water and stored at -20°C until

use.

Primers were diluted to a concentration of 10uM with PrecisionPLUS MasterMix (Primer Design,
UK) containing SYBR green detection reagent to a concentration of 2.5ug/ml. 4.5ul of cDNA was
loaded into each well along with 5.5ul of primer-master mix solution. Samples were run in duplicate
in 384-well PCR plate format. The plate was centrifuged at 1,000rpm for 2 minutes before

performing analysis.

24 Luciferase assays

Luciferase assays utilise luciferin as a reporter for molecules of interest, such as adenosine
triphosphate (ATP), hydrogen peroxide (H.0,) or glucose. These assays work by adding a pro-
luciferin substrate to the assay, which is converted to luciferin through enzyme dependent
conversion. Examples include glutathione S-transferase or reductase which utilises the reduction of
NADH->NAD or NADPH->NADP. Following the production of luciferin, light is emitted upon the
introduction of the luciferase which converts luciferin to light as shown in Figure 2.7. As the light

produced does not require excitation there is minimal autofluorescence and high sensitivity.

ATP

H,0, Luciferin Luciferase

Glucose

Figure 2.7 Generation of light as reporter molecule in a luciferase assays showing (A) ATP, H,0,
or glucose conversion of pro-luciferin to luciferin and processing by luciferase to

produce light in the absence of external excitation

24.1 Adenosine triphosphate production

Cells were plated at a density of 10,000 cells per well in 96-well black opaque-walled plates
(ThermoFisher, MA). Adenosine triphosphate (ATP) production was measured using the CellTiter-
Glo® 2.0 Assay (Promega Corporation, WI), according to manufacturer’s instructions. Briefly,
CellTiter-Glo® 2.0 reagent was thawed to room temperature and mixed by inversion. Following

treatment, 100ul CellTiter-Glo® 2.0 reagent was added to the cell culture medium and mixed for 2
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minutes on an orbital shaker to induce cell lysis. The plate was left to stabilise for 10 minutes at
room temperature before luminescence was recorded. Control wells were measured to determine

background luminescence. A total of four repeats for each sample were used per assay condition.

24.2 Glutathione anti-oxidation system

Cells were plated at a density of 10,000 cells per well in 96-well white opaque-walled plates
(ThermoFisher, MA). Total glutathione (GSH+GSSG) and oxidised glutathione (GSSG) were
measured using the GSH/GSSG-Glo™ Assay (Promega, WI), according to manufacturer’s
instructions. Samples were plated in triplicate for each GSH+GSSG and GSSG measurement. Wells
containing no cells were used as a control. Cells were grown overnight prior to conducting the assay.
Cell medium was discarded and 50ul per well of total glutathione assay reagent or oxidised
glutathione reagent was added to each well. The plate was then shaken for 5 minutes using the
MixMate microplate shaker (Eppendorf, Germany). 50ul luciferin generation reagent was added to
all wells before briefly shaking again for 10 seconds. Finally, 100ul luciferin detection reagent was

added and incubated for 15 minutes at room temperature before luminescence detection.

243 Glucose uptake

Cells were plated at a density of 10,000 cells per well in 96-well white opaque-walled plates
(ThermoFisher, MA). Glucose uptake was measured according to manufacturer’s instructions using
the Glucose Uptake-Glo™ Assay (Promega, WI). Wells containing no cells and no stop buffer were
used as controls. Cells were plated in triplicate for each experiment. Briefly, the cell medium was
removed, cells were washed twice with PBS and 50ul of 1mM 2-deoxy-D-glucose (2DG) was added
to wells. The plate was shaken for 10 seconds and incubated for 30 minutes at room temperature.
Next 25ul stop buffer was added to the wells followed by 25ul neutralisation buffer and shaken for
10 seconds between each addition. Finally, 100ul 2-deoxy-D-glucose-6-phosphate (2DG6P)
detection reagent was added to the wells before incubation for 1 hour at room temperature and

measurement of luminescence.

2.4.4 Hydrogen peroxide (H.0;) production

Cells were plated at a density of 20,000 cells per well in 96-well white opaque-walled plates
(ThermoFisher, MA). Cells were plated in triplicate for each experiment. Medium without cells plus
control or test compound was used to determine background luminescence. H,0, production was
measured using the reactive oxygen species (ROS)-Glo™ H,0, Assay (Promega, WI), according to

manufacturer’s instructions. Briefly, 20ul H,0, substrate solution was added to each well for the
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treatment time or a minimum of 6 hours. Following treatment 100ul ROS-Glo™ detection solution
was added to each well and incubated for 20 minutes at room temperature before measurement

of luminescence.

2.4.5 Glucose concentration

Cells were plated at a density of 10,000 cells per well in 96-well U-bottom plates (ThermoFisher,
MA). Cells were plated in triplicate for each experiment. Control wells containing medium only and
PBS only were used as a control. 5ul medium was removed and transferred to another 96-well U-
bottom plate containing 95ul PBS per well. Samples were then further diluted 4-fold in PBS for a
final 100-fold dilution. 50ul diluted sample was transferred to a 96-well white opaque-walled plate
(ThermoFisher, MA) for analysis. 50ul glucose detection reagent was added to each sample before
the plate was shaken for 1 minute using the MixMate plate shaker (Eppendorf, Germany). Finally,

the plate was incubated for 60 minutes at room temperature before recording luminescence.

2.5 Flow cytometry and cell sorting

25.1 Flow cytometry

Flow cytometers have five main components, which allow for high-throughput quantification of

fluorescence on a single-cell basis. As shown in Figure 2.8, these components include the following:

1. Flow cell —a single-cell suspension and sheath fluid pass through the flow cell to align cells
in single file for measurement

2. Measuring system — lasers excite the fluorophores which have stained each cell, the
emission wavelengths of these fluorophores then pass through a series of dichromatic
mirror (long pass) and band pass filters unique to each fluorophore

3. Detector — photomultiplier tubes (PMTs) convert the analogue signal to a digital signal for
amplification

4. Amplification system — the PMTs then amplify the digital fluorophore signals on a
logarithmic scale to be processed by the computer

5. Computer for analysis — the computer records the data produced by the flow cytometer

and gating decisions can be made to analyse cell populations of interest

This process is termed sample acquisition. Modern flow cytometers can contain up to 10 lasers and
50 detection parameters in the BD FACSymphony™ system (Becton Dickinson, NJ). Spectral overlap
between fluorescent markers limits the detection of multiple fluorophores in other instruments.

However, flow cytometers use colour compensation to minimise spectral overlap into other
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detectors. This process measures the spill over from each fluorophore into other detectors by
acquiring single-stained samples. This highly complex compensation then allows for
multiparameter acquisition for analysing large of numbers of parameters in large cell samples. Flow
cytometers will happily run at acquisition rates up to 6,000 events per second, allowing for high-

throughput measurement of cells.

@ 750/60 PMT
O ‘ Sheath @  560/20 PMT
735LP
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‘ ‘ Bandpass filter

Figure 2.8 Components of a flow cytometry system showing application of a single-cell
suspension to the cytometer and the flow of sheath fluid to create a stream of single
cells for interrogation by the laser. Fluorescent measurements are made via
amplification of the signal by photomultiplier tubes and a series of filters. LP=long pass

filter, PMT=photomultiplier tube (Adapted from (Shapiro, 2005))

All cells can be identified by unique signatures of markers present on the cell surface. During flow
cytometry staining and acquisition cells can be identified by staining for these markers and
multiplexing these with other dyes for viability, mitochondria or intracellular protein expression.
Therefore, flow cytometry is an excellent technique for studying the metabolic landscape of

immune cells within both murine and human tissue in a high-throughput manner.

25.1.1 Cell surface staining

Cells were processed for flow cytometry after being transferred into a 96-well U-bottom plate
(ThermoFisher, MA). PBMCs were washed and resuspended in fluorescence-activated cell sorting
(FACS) buffer containing 95% PBS, 5% FBS and 5mM ethylenediaminetetraacetic acid (EDTA;

ThermoFisher, MA). All following centrifugation steps were performed at 1500rpm at 4°C for 5
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minutes. After washing cells were resuspended in a surface marker staining mix (detailed within
each chapter) and incubated at room temperature for 20 minutes. Cells were washed twice

following surface staining.

25.1.2 Live cell mitochondrial staining

Following cell surface staining, cells were incubated for a minimum of 2 hours in cell culture medium
containing 150nM MTG (ThermoFisher, MA) and either 25nM TMRE (Sigma-Aldrich, MO) or 25nM
Tetramethylrhodamine Methyl Ester (TMRM; Sigma-Aldrich, MO). Cells were incubated at 37°C
with 5% CO, to facilitate dye infiltration into the cell. Following staining cells were transferred to

5ml polypropylene (PP) tubes for acquisition.

2513 Intracellular protein staining

Cells were permeabilised via treatment with 100ul Cytofix/Cytoperm (Becton Dickson, MJ) for 20
minutes at 4°C. Cells were washed twice with Permwash (Becton Dickson, MJ) following
permeabilisation. Cell were then incubated with a primary antibody (detailed within each chapter)
against the protein of interest diluted in Permwash for 30 minutes at room temperature. Cells were
washed twice with Permwash. Where required, cells were then incubated with secondary antibody
(detailed within each chapter) against the primary antibody of interest diluted in Permwash for 30
minutes at room temperature. Following staining cells were collected in 5ml polypropylene tubes

in 200ul FACS buffer for acquisition.

2.5.2 Fluorescence-activated cell sorting (FACS)

FACS utilises a similar technique to flow cytometry by staining the surface markers of cells of
interest. Instead of utilising a constant flow stream, FACS break this stream into droplets each
containing a single cell as seen in Figure 2.9A. Following acquisition, a charge is then applied to each
droplet for sorting purposes as shown in Figure 2.9B. The cytometer applies the charges used for
sorting based off the gating strategy applied during computational analysis. FACS requires
complicated set-up for breaking the stream into droplets containing singular cells and the drop time
required before applying charge to the droplets. FACS typically sorts cells with high purity of up to
99.9% in a high-throughput manner of up to 50,000 events per second. However, shorter sorting
times often come at the expense of purity and viability. FACS is a useful technique for sorting rare
cell populations whilst minimising the number of sorting steps and can sort up to 6 populations in

parallel.
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Figure 2.9 Components of the cell sorting system used for FACS showing (A) breakage of flow
stream into droplets by vibration and (B) sorting of droplets into positive and negative

populations following the application of charge to the droplet

The number of cells designated for sorting were placed into a 5ml PP tube. Cells were stained for
cell surface markers as described in Section 2.5.1.1 Cell surface staining. Following staining cells
were resuspended in FACS buffer at a density of 15million cells/ml for sorting. Details of the cell
surface markers used for FACS are detailed within each experimental chapter. Samples were sorted
by the SigN Flow Cytometry Platform by Salanne Lee, Ivy Low and Seri Mustafah. Cells were sorted
in 5ml PP tubes containing 500ul medium unless otherwise stated. Cells were left to rest overnight

at 37°C, 5% CO; prior to use in downstream assays.

253 Magnetic-activated cell sorting (MACS)

MACS sorts cells based on their expression of surface antigens. By staining cells with antibody-
coated magnetic particles and passing them through a magnetic column cells can be sorted into
positive and negative populations. MACS works as shown in Figure 2.10. Cells labelled with the
antibody of interest are applied to the separation column within a magnetic field. Positively labelled
cells are retained within the field whilst unlabelled cells are washed out of the column. Following
removal from the magnetic field, labelled cells can then be washed out of the column. In this
manner MACS can be used for both positive and negative sorting of cells. Compared to FACS, the
MACS method has lower target cell purity due to the retention of unlabelled cells in the column,
however MACS does not put as much stress on the cells as it does not require the high pressures

involved in FACS.
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Figure 2.10 Magnetic-associated cell sorting from PBMCs showing labelling of CD4 positive and
negative cells (A) application of cell suspension to the column (B) retention of CD4
positive cells in the magnetic field and expulsion of unlabelled cells and (C) collection

of CD4 positive labelled cells following removal from the magnetic field

Cells were isolated by MACS® (Miltenyi Biotech, Germany) according to manufacturer’s
instructions. 50 million PBMCs from each donor were centrifuged at 300xg for 10 minutes at 4°C
and resuspended in 400ul MACS® buffer containing 0.5% bovine serum albumin (BSA) and 2mM
EDTA in PBS. 100ul MicroBeads (Miltenyi Biotech, Germany) was added to the cell suspension and
incubated for 15 minutes at 4°C. Cells were washed by adding 5 ml of MACS® buffer and
centrifugation at 300xg for 10 minutes at 4°C before resuspending in 500ul MACS® buffer prior to
magnetic separation. MACS® LS columns were placed in the magnetic field of a MACS® separator
(Miltenyi Biotech, Germany) and rinsed with 3ml MACS® buffer before applying the cell suspension.
Unlabelled cells passed through the column and were collected using three washes of 3ml MACS®
buffer. After depleting unlabelled cells, the column was transferred to a 15ml Eppendorf collection
tube and labelled cells collected by rinsing the column with 5ml MACS® buffer using the supplied

plunger.

64



Chapter 2

2.6 Live-cell metabolic analysis

Live-cell metabolic analysis is an extremely useful tool for metabolic research and can be applied to
almost all cell types. Due to the creation of a transient microchamber Seahorse XF analysers require
fewer cells for metabolic analysis compared to other live-cell methods such as the Oxygraph-2k
(Oroborus Instruments, Austria). Therefore, the Seahorse XFe96 Analyser (Agilent Technologies,
CA) is useful for studying the metabolism of precious samples and rare cell types. Within the
Seahorse analyser measurements of oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) are measured in a small volume (2uL) above a monolayer of cells as seen in Figure 2.11.
Solid-state sensor probes for measuring OCR and ECAR are contained within the microchamber

approximately 200um above the monolayer. These two probes contain fluorophores which are

guenched by oxygen (0,) and protons (H*) for measurement of OCR and ECAR respectively.

AAAAAAAAAAAAAAAAAAA

Cell Transient
monolayer microchamber

Figure 2.11 Transient microchamber and port injection in Seahorse assay showing seeding of cell
monolayer, creation of transient microchamber and injection of port A compound (top
panel) and subsequent measurement, injection of port B compound and final
measurement (bottom panel) (O,= oxygen consumption rate probe; H*= extracellular

acidification rate probe)
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The sensor cartridge contains four injection ports to treat the cells with drugs to inhibit and
stimulate metabolism or add in metabolic substrates. These injection ports can add drugs
sequentially throughout the assay into each well as seen in Figure 2.11. As shown in Table 2.3, this

study utilised the injection of four compounds to alter metabolism:

A. Oligomycin — inhibitor of ATP synthase by blocking the proton channel necessary for
adenosine diphosphate (ADP) conversion to ATP. Used to measure ATP-linked respiration
and proton leak.

B. 2-deoxy-D-glucose (2DG) — phosphorylated by hexokinase following cell entry which acts
to competitively inhibit hexokinase and glycolysis. Used to measure reliance on glycolysis
for metabolism.

C. Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) — uncoupling agent which
disrupts the transportation of hydrogen ions across the mitochondrial membrane. Used to
measure maximal respiration rates and spare capacity.

D. Rotenone (Rot) & Antimycin A (AA) —inhibitors of complex | and cytochrome c respectively
to shut down the electron transport chain and all mitochondrial respiration. Used to

measure non-mitochondrial respiration.

66



Chapter 2

A Oxygen consumption rate
1 2 3 4
—_ 350
= } 1
o 300
Q
E 250
cc 200
%_E 150
£ 0
25 100
S
° 50
Q
i>° 0
(@] 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (minutes)
B Extracellular acidification rate
. 1 2 3 4
Q
g s } } {
sz 35
f‘g £ 30
§ :g_ 25
S E 20
T o< 15
= <
>
= \3{ 10
® 5
x 0

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (minutes)

Figure 2.12 Analysis of mitochondrial metabolism during Agilent Seahorse assay showing (A)
oxygen consumption rate (OCR) analysis with measurement of basal respiration, ATP
production, glycolytic respiration, proton leak, maximal respiration, spare capacity and
non-mitochondrial oxygen consumption and (B) extracellular acidification rate (ECAR)
with measurement of basal glycolysis, glycolytic capacity, glycolytic reserve and non-
glycolytic acidification following injection of (1) oligomycin, (2) 2DG, (3) FCCP and (4)
Rot/AA

One day prior to the assay XF96 cell culture plates (Agilent Technologies, CA) were coated with 20yl
of 100ug/ml poly-D-lysine (PDL) diluted in PBS and left to incubate overnight or for a minimum of
6 hours at 4°C. Simultaneously XF96 sensor cartridges (Agilent Technologies, CA) were hydrated
with 200ul XF Calibrant (Agilent Technologies, CA) and placed in a non-CO, 37°Cincubator overnight

or for a minimum of 6 hours. For each assay 100ml of XF Rosewell park memorial institute (RPMI)
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Medium (Agilent Technologies, CA) containing 10mM glucose, 1mM pyruvate and 2mM L-
Glutamine (seahorse assay medium; ThermoFisher, MA) was pre-warmed to 37°C. Coated XF96 cell
culture plates were washed twice with PBS. Cells were resuspended in 50ul seahorse assay medium
at the density required for the assay and transferred to the wells of the XF96 cell culture plate. Cells
were centrifuged at 200xg for 1 minute without brake and transferred to a non-CO; 37°C incubator
for 30 minutes before the addition 130ul of seahorse assay medium per well. Cells were returned
to the incubator for a further 15 minutes prior to the start of the assay. Compounds were loaded
into the XF96 sensor cartridge according to Table 2.3. The assay was designed using Seahorse Wave
software (Agilent Technologies, CA) and plates were loaded into the XFe96 Analyzer (Agilent
Technologies, CA) according to manufacturer’s instructions. Results were analysed using Wave

software.

Table 2.3 Injection strategy for seahorse assay

PORT COMPOUND VOLUME 10X PORT FINAL WELL
CONCENTRATION  CONCENTRATION

A Oligomycin 20ul 20uM 2uM

B 2DG 22ul 500mM 50mM

C FCCP 25ul 20uM 2uM

D Rot/AA 28ul 5uM 500nM

2.7 Immune cell stimulation

2,71 CD3 (OKT3) stimulation

Sterile 96-well flat-bottom plates were used for CD3 (OKT3) stimulation of T cells. Wells were coated
with 5ug/ml anti-CD3 (Clone: OKT3; ThermoFisher, MA) diluted in PBS overnight at 4°C. Control
wells were coated with PBS only. Following coating, wells were washed twice with PBS. PBMCs were
plated at a density of 2 million cells per well in 200l RPMI with 10% FBS (R-10) and left to incubate
at 37°C with 5% CO; for the duration of the experiment. PBS was used as a control for CD3 (OKT3)

stimulation experiments. Cells were stimulated for either 4 or 24 hours prior to analysis.
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2.7.2 Phorbol 12-myristate 13-acetate/lonomycin stimulation

Lymphocytes were stimulated using Phorbol 12-myristate 13-acetate (PMA) and lonomycin. Cells
were treated with DMSO control or 10ng/ml PMA and 100ng/ml lonomycin for six hours prior to

use in downstream assays.

2.8 Enzyme-linked immunosorbent assay (ELISA)

ELISA was first developed by Engvall and Perlmann in 1972 (Engvall and Perlmann, 1972), to
measure the concentration of a ligand in a sample. The ligand is measured using antibodies directed
against the antigen of interest, such as a cytokine or protein. ELISAs can come in several formats
including direct, indirect and sandwich capture assays as shown in Figure 2.13. Both the direct and
indirect ELISA methods require the immobilisation of the antigen to the plate surface, which is then
detected by enzyme-conjugated primary antibody or a set of unlabelled primary and conjugated
secondary antibodies for the direct and indirect assays respectively. The sandwich ELISA uses a
capture antibody bound to the plate surface to capture the antigen and detection by a set of
unlabelled primary and conjugated secondary antibodies. The assay used within this project uses
the sandwich ELISA method to measure the concentration of interferon gamma (IFNy). Sandwich
ELISAs do not require the antigen to be purified prior to the assay, making it a simple measurement

with increased specificity and sensitivity over the other assay methods.
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Figure 2.13 Comparison of common ELISA formats showing direct, indirect and sandwich antigen

detection systems (Ag=antigen; E=enzyme)

Cells were plated at a density of 500,000 cells per well and treated as required for the experiment.

Following treatment, cell culture medium was removed and stored at -20°C until the day of the

69



Chapter 2

assay. IFNy was measured according to manufacturer’s instructions using the Human IFNy ELISA
MAX™ deluxe set (BioLegend, CA). Seven IFNy standards were produced by performing six two-fold
serial dilutions of 500pg/ml IFNy creating IFNy standards of: 500pg/ml, 250pg/ml, 125pg/ml,
62.5pg/ml, 31.3pg/ml, 15.6pg/ml and 7.8pg/ml. The assay diluent served as a zero standard
(Opg/ml). Dilution factors were determined in a preliminary experiment. Control samples were
diluted 10x and stimulated samples 100x with assay diluent. One day prior to running the ELISA, the
provided 96-well plates were coated with the IFNy capture antibody, sealed and incubated
overnight at 4°C. Following coating the wells were washed three times with the provided wash
buffer and blocked with assay diluent. After sealing the plate was incubated for 1 hour at room
temperature on a plate shaker at 500rpm, before washing 4 times. 100ul of standard or diluted
sample was added to each well and incubated for 2 hours at room temperature with shaking. Four
further washes were followed by a 1 hour incubation with the detection antibody solution at room
temperature before washing again. 100l Avidin-horseradish peroxidase was added to each well,
sealed and incubated at room temperature for 30 minutes with shaking. Finally, after washing the
wells 5 times, 3,3',5,5'-Tetramethylbenzidine substrate solution was added to the wells and
incubated in the dark for 20 minutes turning the wells blue, following this stop solution was added

resulting in a yellow colour.

2.9 Statistical analysis

Data was assessed for normality using SPSS Statistics software (International Business Machine
Corporation, NY). Sample groups of parametric data were analysed using either a Two-way analysis
of variance (ANOVA) model or Three-way ANOVA model depending on the experiment design in
GraphPad Prism (GraphPad Software, CA). Samples were paired within-subjects. Post-hoc analysis
was performed using the Tukey method for unpaired and paired models and the Sidak method was
utilised for mixed-model datasets. Non-parametric data was analysed using an unpaired Kruskal-
Wallis model with Dunn’s post-hoc analysis in SPSS Statistics. Statistical power was assessed using
G*Power software (Faul et al., 2007, Faul et al.,, 2009). A p value of <0.05 was used to define
significance. Details of the statistical tests used as part of this study can be found in each
experimental chapter and in the figure legend. All graphs were created using GraphPad prism

software. For graphical purposes p values are designated by *p<0.05, **p<0.01 and ***p<0.001.
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Chapter3  Timp3”/ (KO) and C57BL/6J (WT) mice show

alterations in mitochondrial structure during ageing

3.1 Introduction

Previous research within the Pender group has shown that tissue inhibitor of metalloproteinase 3
(Timp3)”" mice (KO) have reduced bodyweight compared to C57BL/6J (WT) controls. This effect
occurs across the life course from 2 weeks to 72 weeks of age, with WT mice weighing ~30g at 50
weeks of age whilst KO mice weigh ~20g (Supplementary figure A.1; unpublished data). Within the
literature, the effect of Timp3 KO extends to animals placed on a high fat diet (HFD). Mavilio et al.
(2016) found that on HFD KO mice gain significantly less weight than their WT counterparts in line
with other published studies (Mavilio et al., 2016, Rossi et al., 2018). Cumulatively these results

suggest that metabolism may be altered within Timp3”" mice.

Whilst Timp3”- mice do not gain weight on the induction of HFD to the extent of that observed in
WT mice, these mice do develop glucose intolerance, reduced insulin responses and hepatic
steatosis (Mavilio et al., 2016). The development of this phenotype and the link with Timp3
expression has been extensively studied (Federici et al., 2005, Gao et al., 2015, Fiorentino et al.,
2013a, Fiorentino et al., 2013b). Reduced expression of TIMP3 has been linked to type 2 diabetes

development in humans (Cardellini et al., 2011, Cardellini et al., 2009, Monroy et al., 2009).

Timp3 has been shown to regulate a metabolic switch within mice which leads to the development
of this diabetic phenotype in KO mice. Previously, Timp3”- mice on HFD have been shown to
metabolise amino acids differently to that of WT mice, specifically branched chained amino acids
(Mavilio et al., 2016). This is thought to occur through gut dysbiosis and alterations in the gut
microbiome leading to increased numbers of circulating pro-inflammatory cells such as
macrophages and dendritic cells (DCs) leading to an increased pro-inflammatory profile (Mavilio et
al., 2016). This profile involves increased levels of serum cytokines such as interleukin (IL)-6,
interferon-gamma (IFNy) and tumour necrosis factor-a (TNF-a) driven by metabolic inflammation.
Overexpression of Timp3 in a monocyte-specific manner has been shown to improve metabolic
dysfunction on HFD and decrease the pro-inflammatory profile (Casagrande et al., 2012, Menghini

et al., 2012).

Studies have observed altered metabolic function in apolipoprotein E (ApoE)” Timp3”- double
knock-out mice (Stohr et al., 2015). ApoE” Timp37" mice are characterised by impaired lipid

oxidation and lipid deposition in the heart, and a marked decrease in fatty acid oxidation
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intermediates present in serum. Decreased metabolic profiles of mitochondrial fatty acid oxidation
have been observed in Timp3”- mice (Rossi et al., 2018). In a proteomic study of kidneys derived
from Timp3”" mice, gene ontology terms of differentially expressed proteins were enriched for
mitochondrial function, fatty acid oxidation (FAQO) and catabolism, oxygen transporter activity and
mitochondrial membrane permeability (Rossi et al., 2018). Overexpression of Timp3 in a
hepatocyte-specific manner was able to improve glucose metabolism and FAO parameters
observed in WT mice fed HFD (Casagrande et al., 2017). This research suggests that KO mice have
altered metabolism compared to that observed within WT mice. The TIMP3/TNF-a-converting
enzyme (ADAM17) pathway has previously been implicated in glucose metabolism and
inflammation in both murine models of obesity and human obesity-related diabetes (Menghini et

al., 2012).

Alongside altered metabolism in Timp3”- mice, there is evidence to suggest that these mice are
subject to a more inflammatory environment characterised by oxidative stress. Increased
inflammation, reactive oxygen species (ROS) production and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity are characteristic of KO mice (Basu et al., 2012) and a decrease
in serum levels of cysteine-glutathione disulphide (GSH) and oxidised glutathione (GSSG) have been
observed in ApoE” Timp3”- double knock-out compared to ApoE”” single knock-out mice (Stohr et

al., 2015).

Alongside the increased presence of pro-inflammatory cells following HFD in KO mice, alterations
in the number of immune cells have been detected within KO mice with age compared to WT
(Martelli, 2017). Previously, this work within the Pender group has showed that natural killer (NK)
cell numbers are reduced with age in both WT and KO mice whilst CD4+ and CD8+ T cell numbers
remain stable. Reductions in NK cell numbers with age are more pronounced within KO mice at 50
weeks of age and associated with a switch from a mature (CD11b+, CD62L+, killer cell lectin-like
receptor subfamily G member 1 (KLRG1)+, Ly49H+) to immature (CD27+, CD127+) NK cell
phenotype. These phenotypic changes result in an upregulation of TNF-a and IL-6 secretion from
50 week old KO NK cells compared to WT. This same trend was observed for CD4+ and CD8+ T cells,
which showed greater immaturity in KO animals with age (Martelli, 2017). Previous work within the
Pender group has shown that female KO mice develop spinal curvature starting from 20 weeks of
age (Supplementary figure A.2A; unpublished data). This phenotype is attributed to decreased bone
mass within the thoracic vertebrae (Supplementary figure A.2B; unpublished data). As immune cells
originate from the bone marrow and one of the hallmarks of ageing involves stem cell exhaustion,

the Timp3”- mouse model was utilised for this study.
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Although metabolic dysfunction has been well studied in KO mice placed on normal chow and HFD,
there has been a lack of focus in studying the metabolism of mitochondria directly. The aims and
objectives for the work carried out within this chapter are summarised in Figure 3.1. In brief, the
metabolic and mitochondrial phenotypes of bone marrow and splenic cells from WT and KO mice
were compared at 6 weeks, 15 weeks and 40 weeks of age. WT mice were also analysed at 72 weeks
of age encompassing the full life course of both these models. It was hypothesised that KO mice

would exhibit a greater extent of mitochondrial dysfunction compared to WT mice.

Objectives:

Aim:

To analyse
mitochondrial
dysfunction in the
spleen and bone

marrow immune
cell compartments
of C57BL/6J and
Timp37/- mice
across the life
course

Examine isolated bone marrow cells from wild-type and
Timp3”~ mice at 6, 15 and 40 weeks of age

Perform additional observations of bone marrow cells at 72
weeks of age in wild-type mice

Analyse mitochondrial ultrastructure using transmission
electron microscopy (TEM)

Confirm structural alterations by utilising serial block-face
scanning electron microscopy (SBF-SEM)

Measure ATP production from bone marrow cells, alongside
the glutathione anti-oxidation system

Confirm previous observations of altered maturation in NK
and T cells

Measure mitochondrial mass and membrane potential in NK

cells, T cells and dendritic cells

Figure 3.1 Aims and objectives for analysing age-related mitochondrial dysfunction in C57BL/6)

and Timp3”" mice
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3.2 Materials and methods

3.2.1 Animals

Details of the animals used within this chapter can be found in Section 2.1.1.1.1 Timp3” study. A
total of 80 mice were used for this study. The spleens and bone marrow of these mice were isolated
as described in Section 2.1.1.2 Isolation of cells for animal studies. Tissue was collected from mice

across the life course as shown in Figure 3.2.

C57BL/6)J Timp37-
*Bone marrow *Bone marrow
eSpleen eSpleen
C57BL/6) Timp3”
*Bone marrow eBone marrow
C57BL/6) Timp3”
eBone marrow *Bone marrow
eSpleen eSpleen
C57BL/6)J

eBone marrow

Figure 3.2 Schematic of tissue collection from C57BL/6J (WT) and Timp3”- (KO) mice during the

study n=8 for all test groups

3.2.2 Transmission electron microscopy (TEM)

Bone marrow cells isolated from Timp37- and C57BL/6J mice were stained for transmission electron
microscopy as described in Section 2.2.1 Transmission electron microscopy (TEM). Mitochondria
were imaged using a Technai F12 TEM at 26,500x magnification using a blinded un-biased selection
method. Organelle cross-sectional length, width and area were analysed in Imagel as shown in
Figure 3.3A. Mitochondrial length was measured as the longest diameter through the organelle and
the mitochondrial width measured perpendicular to this line. Mitochondrial cross-sectional surface
area was measured by tracing the mitochondrial outer membrane. Mitochondrial cristae structure
was analysed as described in Figure 3.3B. Up to 150 mitochondria were measured and averaged

per mouse for this analysis.
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Figure 3.3  Analysis of bone marrow mitochondria in ImagelJ (A) Measurement of mitochondrial
length (blue), width (orange) and area (yellow) (B) Analysis of mitochondrial cristae

structure as laminar (red) and tubular (blue) (Scale= 200nm)

3.2.3 Serial block face scanning electron microscopy (SBF-SEM)

Samples for SBF-SEM were prepared as described in Section 2.2.2 Serial block face scanning
electron microscopy (SBF-SEM). Samples for SBF-SEM were passed to Patricia Goggin at the
Biomedical Imaging Unit, University of Southampton and imaged using the Gatan 3view system
mounted inside a FEI Quanta 250 Zeiss Sigma SEM (Gatan, CA). Images were transformed in FlJI
(Version 1.52r). Mitochondria were reconstructed manually using the TrackEM2 plugin in FlJI
developed by Cardona et al using a blind trial un-biased selection method (Cardona et al., 2012).
Three dimensional reconstructions were generated using this software to analyse mitochondrial

surface area and volume.

3.24 Reverse transcription real-time quantitative polymerase chain reaction (RT-qPCR)

Total ribonucleic acid (RNA) was isolated from the bone marrow of C57BL/6J and Timp3”- mice using
the method described in Section 2.3 Reverse transcription real-time quantitative polymerase chain
reaction (RT-qPCR). Primers for murine dynamin-related protein 1 (Dnm1L), fission protein 1 (Fis1),
mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), optic atrophy 1 (Opal) and beta-actin (B8-actin) were
designed, optimised and validated by Primer Design, UK. The primer sequences are listed in Table
3.1. Upon delivery, primers were resuspended in 600ul RNAse/DNAse-free water to a concentration
of 25ug/ml, before aliquoting and storage at -20°C. RT-qPCR was measured using the Real-Time
7900HT Applied Biosystems polymerase chain reaction (PCR) machine (ThermoFisher, MA). The
reaction was activated using the HotStart function for 2 minutes at 95°C before cycling 40 times at

95°Cfor 10 seconds and 60°C for 20 seconds allowing for denaturation and SYBR green fluorescence
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detection, respectively. Cycle threshold (Ct) values were analysed using a self-designed template in

Microsoft Excel to calculate the relative gene expression values within each sample.

Table 3.1  Primer sequences used for RT-qPCR

GENE NAME SENSE PRIMER SEQUENCE ANTI-SENSE PRIMER SEQUENCE
Dnm1lL ATGCGGTGGTGCTAGGATT CAGTCAGGATGTCAATAGTGTTAAG
Fis1 CTGGGGGACACTGGAAGAG ATGGAGACTGTAGAGGTAGACTA
Mfn1 CTGGAAACTAATCTCTGTCACCTT ACTGCTGCTTAAACGCTCTC
Mfn2 TTCCACCCATCCCCAGTTG GCAGCGGTCAGACAGGTT
Opal CTCCTGGTGACACAGCCATT CCTGACGCCTAGTTCAGACAT

3.25 Cell culture

Bone marrow cells were cultured in a-minimum essential medium (a-MEM) containing 1x
Penicillin/Streptomycin (Pen/Strep; ThermoFisher, MA), 5% fetal bovine serum (FBS; Sigma-Aldrich,
MO) and 200ul L-glutamine (ThermoFisher, MA) (complete a-MEM) at 37°C. Cells were incubated
in T25 cell culture flasks for 5 days in 10ml complete a-MEM at 37°C with 5% CO,. To passage, cells
were washed twice with 5ml ice-cold PBS containing 1x Pen/Strep before incubating with 1% trypsin
(Sigma-Aldrich, MO) for 10 minutes at 37°C. Cell detachment was observed under the microscope
and the enzyme activity stopped by the addition of 7ml complete a-MEM. Dissociated cells were
collected in a 15ml conical tube and after centrifugation at 1,500rpm for 5 minutes at 4°C, the pellet
was resuspended in 1ml complete a-MEM. The spleens of WT and KO mice were cultured in
complete a-MEM. Cells were incubated in T25 cell culture flasks overnight at 37°C with 5% CO,. To
passage cells were collected in 15ml conical tube and centrifuged at 1,500rpm for 5 minutes at 4°C
before resuspending in 1ml complete o-MEM. Cells were counted manually with a

haemocytometer and viability assessed by trypan blue exclusion.

3.2.6 Luciferase assays

Bone marrow cells were cultured for 4 days at 37°C with 5% CO,. Cellular adenosine triphosphate
(ATP) production was measured using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega,
WI) as described in Section 2.4.1 Adenosine triphosphate production. Cellular total glutathione

(GSH+GSSG) and oxidised glutathione (GSSG) production was measured using the GSH/GSSG-Glo®
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Assay (Promega, WI) as described in Section 2.4.2 Glutathione anti-oxidation system. Glucose
uptake was measured using the Glucose Uptake-Glo® Assay (Promega, WI) as described in Section
2.4.3 Glucose uptake. Luminescence was recorded using the FLUOstar Optima plate reader (BMG
Labtech, Germany) with an adjusted gain for the best optical range. Samples were measured in

triplicate for each treatment group and analysed as relative fluorescent values.

3.2.7 Fluorescence-associated cell sorting (FACS)

Following isolation, 5 million splenic cells were transferred to a 96-well U-bottom plate for staining.
Staining was conducted as described in Section 2.5.2 Fluorescence-activated cell sorting (FACS).
Flow cytometric analysis was performed on 1 million cells by following the staining protocol
described in Section 2.5.1 Flow cytometry. NK cells were stained with the panel described in Table
3.2, CD4+ T cells with those in Table 3.3, CD8+ T cells with those in Table 3.4 and the panel listed in
Table 3.5 for DCs. FACS and flow cytometry acquisition were performed using the BD FACSAria IIU

system (Becton Dickson, NJ).

Table 3.2  Antibodies and metabolic dyes used for NK cell identification and analysis

SURFACE MARKER FLUOROPHORE CLONE RETAILER DILUTION
Propidium iodide Phycoerythrin n/a ThermoFisher, MA  1:200
(PE)/Texas Red
CD3 Allophycocyanin  17A2 BioLegend, CA 100ng/million
(Apc)/Cyanine
(Cy)7
NK-1.1 Pacific Blue PK136 BioLegend, CA 100ng/million
CcD27 PE/Cy7 LG.3A10 BioLegend, CA 100ng/million
CD11b Apc M1/70 BioLegend, CA 100ng/million
MitoTracker Green Fluorescein n/a ThermoFisher, MA 150nM
(FITC)
TMRE PE n/a Sigma-Aldrich, MO  25nM
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Table 3.3

Antibodies and metabolic dyes used for CD4+ T cell identification and analysis

SURFACE MARKER FLUOROPHORE CLONE RETAILER DILUTION
Propidium iodide PE/Texas Red n/a ThermoFisher, MA  1:200
CD3 Apc/Cy7 17A2 BioLegend, CA 100ng/million
Ccbh4 Pacific Blue RM4-4 BioLegend, CA 100ng/million
CD62L PE/Cy7 MEL-14 BioLegend, CA 100ng/million
CD44 Apc IM7 BioLegend, CA 100ng/million
MitoTracker Green | FITC n/a ThermoFisher, MA  150nM
TMRE PE n/a Sigma-Aldrich, MO  25nM

Table 3.4  Antibodies and metabolic dyes used for CD8+ T cell identification and analysis

SURFACE MARKER FLUOROPHORE CLONE RETAILER DILUTION
Propidium iodide PE/Texas Red n/a ThermoFisher, MA  1:200

CcD3 Apc/Cy7 17A2 BioLegend, CA 100ng/million
CD8a Pacific Blue 53-6.7 BioLegend, CA 100ng/million
CD62L PE/Cy7 MEL-14 BioLegend, CA 100ng/million
CD44 Apc IM7 BioLegend, CA 100ng/million
MitoTracker Green | FITC n/a ThermoFisher, MA  150nM

TMRE PE n/a Sigma-Aldrich, MO  25nM
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Antibodies and metabolic dyes used for DC identification and analysis
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SURFACE MARKER FLUOROPHORE CLONE RETAILER DILUTION
Propidium iodide PE/Texas Red n/a ThermoFisher, MA  1:200
CD3 Pacific Blue 17A2 BioLegend, CA 100ng/million
Ly-6G Pacific Blue 1A8 BioLegend, CA 100ng/million
CD19 Pacific Blue 6D5 BioLegend, CA 100ng/million
NK-1.1 Pacific Blue PK136 BioLegend, CA 100ng/million
CD11c Apc/Cy7 N418 BioLegend, CA 100ng/million
I-A/I-E Apc/Cy7 M5/114.15.2 BiolLegend, CA 100ng/million
CD8a Apc 53-6.7 BioLegend, CA 100ng/million
CD11b PE/Cy7 M1/70 BioLegend, CA 100ng/million
MitoTracker Green FITC n/a ThermoFisher, MA 150nM
TMRE PE n/a Sigma-Aldrich, MO  25nM

3.2.8 Confocal microscopy

Sorted cells were stained for live-cell analysis of mitochondria as described in Section 2.2.3 Confocal
microscopy. Cells were imaged using a Leica SP8 Confocal microscope system (Leica, Germany)
contained within a 37°C incubator supplemented with 5% CO; for live-cell imaging. Images were
analysed using Imaris software (Oxford Instruments, UK). Some images were analysed by Eileen Li

as part of her research placement with Dr Sylvia Pender.

3.29 Statistical analysis

Data normality was tested using SPSS. Data generated from TEM and RT-gPCR experiments was
analysed in SPSS using the Kruskal-Wallis test, a non-parametric equivalent of a one-way ANOVA
on ranks. Genotypic and age-related analyses were conducted in unison. Dunn-Bonferroni post-hoc
analysis was performed for identifying significance between groups. Unpaired students t-tests were
used to analyse luciferase assay data in SPSS. Graphs were created using GraphPad Prism software
by entering descriptive data obtained within SPSS. FACS and confocal microscopy data were

analysed by two-way ANOVA in GraphPad. A p value of <0.05 was used to identify significance.
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3.3 Results

3.3.1 Mitochondria increase in size with age in both WT and KO mice

In order to begin studying the mitochondrial landscape within Timp3”" (KO) and C57BL/6J (WT)
mice, mitochondrial structure was analysed using transmission electron microscopy (TEM). TEM
has a greater resolution than traditional light microscopy techniques for identifying mitochondrial
ultrastructure. Representative images of mitochondria in the bone marrow of WT and KO mice are

shown in Figure 3.4.

6 weeks 15 weeks 40 weeks 72 weeks
&é,’ ’-.ﬂ';' & o "o g s & "N P s

Figure 3.4 Structure of bone marrow mitochondria from WT and KO mice analysed by TEM

(scale= 200nm)

By taking measurements of these mitochondria no significant changes in the cross-sectional length
of mitochondria were observed with ageing in either KO or WT mice (Figure 3.5A). However,
mitochondrial width was affected by ageing. Mitochondria in isolated bone marrow cells from 6
week old KO mice were significantly wider than those present in WT mice by ~19nm (p<0.05; Figure
3.5B). This suggests that knock-out of Timp3 affects mitochondrial structure. A significant increase
in mitochondrial width was observed with age in the bone marrow of WT mice, increasing from 6
weeks of age to 40 weeks and 72 weeks of age by up to 24% (p<0.001; Figure 3.5B). However, this
increase was not observed with age in KO mice bone marrow. Finally, mitochondrial cross-sectional
area was shown to significantly increase with age in both WT and KO mice bone marrow (Figure
3.5C). Whilst mitochondrial cross-sectional area was increased by 22% (p<0.05) from 6 weeks to 72
weeks of age in WT mice, it was increased by 33% (p<0.05) from 15 weeks to 40 weeks of age in KO
mice. Together these results suggest that mitochondrial structure is regulated differently with age

in the bone marrow of WT and KO mice.
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Figure 3.5 Measurement of bone marrow mitochondria structure showing (A) mitochondrial
length (B) mitochondrial width and (C) mitochondrial cross-sectional area in WT and

KO mice (mean+SEM; n=7; Kruskal-Wallis test by ranks; *p<0.05, ***p<0.001)

3.3.2 Mitochondrial volume and surface area are not altered with age in either WT or KO

mice

3D reconstruction using TEM is limited by sample thickness of <100nm (Mannella, 2006). As
mitochondria can be several microns in size, mitochondria within bone marrow cells was analysed
using serial block-face scanning electron microscopy (SBF-SEM), also known as 3-view (Figure 3.6A).
SBF-SEM allows for complete 3D reconstruction of the mitochondrial landscape with a slight loss in
resolution compared to TEM. A total of 20 mitochondria were analysed using this method from a
total of 5 cells within each sample. Due to the time-intensive nature of SBF-SEM image processing
an n of 3 was used for each study group at 15 weeks and 40 weeks of age. In contrast to
mitochondria measured by TEM, no significant changes in mitochondrial surface area or
mitochondrial volume were observed with age in either WT or KO bone marrow (Figure 3.6B and
C). Similarly, there was no effect of age on these parameters in either of the models studied due to
the small sample size. Combined with findings using TEM, these results suggest that whilst
mitochondrial cross-sectional structure is altered by ageing within WT and KO mice bone marrow,
these changes may not affect mitochondrial volume or surface area in these cells. It should be noted

that only samples from mice of 15 weeks and 40 weeks of age were included in this analysis due to
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the labour intensive nature of SBF-SEM. Due to the small sample size the observed power of these

experiments was reported as 0.114 and 0.129 for mitochondrial surface area and volume

respectively, and therefore has a lack of power.
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Figure 3.6 Volume and surface area of mitochondria in bone marrow cells showing (A) 3-
dimensional rendering of 20 mitochondria from 5 cells per mouse using 3view, (B)
mitochondrial volume and (C) mitochondrial surface area in WT and KO mice

(mean+SEM; n=3; Two-way ANOVA)
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3.3.3 Mitochondrial fission and fusion gene expression patterns are altered with age in WT

mice but are not affected in KO mice

In order to confirm the findings from this TEM and SBF-SEM study, the expression of five
mitochondrial fission and fusion genes was measured at the ribonucleic acid (RNA) level by reverse
transcription polymerase chain reaction (RT-gPCR). The expression profiles of two mitochondrial
fission genes Dynamin-related protein 1L (Dnm1L) and Fission 1 (Fis1) and three mitochondrial
fusion genes Mitofusin 1 and 2 (Mfn1 and Mfn2) and Optic atrophy 1 (Opal) were measured in this
study.

No effect of genotype or age on the expression of mitochondrial fission genes Dnm1L or Fis1 was
found in bone marrow cells (Figure 3.7A and B). However, whilst Mfn2 expression was unchanged,
both the Mfn1 and Opal genes of the mitochondrial fusion machinery were affected by either age
or genotype (Figure 3.7C-E). Mfn1 expression was increased with age in the bone marrow of WT
mice between both 6 weeks and 40 weeks of age (77%; p<0.01) and 15 weeks to 40 weeks of age
(2-fold; p<0.001). However, these changes were not observed in KO mice bone marrow cells (Figure
3.7D). This increase may aid understanding on the differences in mitochondrial width observed

within the bone marrow of WT mice with age and not KO mice.

Additionally, an effect of genotype on Opal expression at 6 weeks and 15 weeks of age was
observed between WT and KO mice bone marrow (Figure 3.7E). Opal gene expression was
increased by 34% (p<0.05) and 88% (p<0.05) at 6 weeks and 15 weeks of age respectively in the
bone marrow of KO mice compared to WT. This difference in the expression of Opal was not
apparent at 40 weeks of age. These results suggest that alterations in mitochondrial structure of
bone marrow cells in WT and KO mice may be due to changes in the expression of genes involved

in the mitochondrial fusion process.
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cells showing (A) dynamin related protein 1L (Dnm1L) epxression (B) fission protein 1
(Fis1) expression (C) mitofusin 1 (Mfn1) expression (D) mitofusin 2 (Mfn2) expression
and (E) optic atrophy 1 (Opa1l) expression in WT and KO mice normalised to B-actin
expression and relative to WT gene expression at 6 weeks of age (mean+SEM; n=5;

Kruskal-Wallis test by ranks; *p<0.05 **p<0.01 ***p<0.001)
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3.34 Altered cristae structure in WT bone marrow cells is associated with decreased ATP

production

As mitochondrial fission and fusion gene expression is involved in the regulation of mitochondrial
ultrastructure, particularly that of Opal, the structure of cristae contained within the mitochondria
of bone marrow cells from WT and KO mice was analysed across the life course. Several
mitochondria with ‘swollen’ (tubular) cristae compared to the tight (laminar) structure were

observed. The differences between the cristae can be observed in Figure 3.8A.

By quantifying the ratio of laminar and tubular cristae within each mitochondrion, a significant
increase in the percentage of tubular cristae in bone marrow cells was observed with age in WT
mice (Figure 3.8B). The percentage of tubular cristae in WT mice, increased from 13% at 6 weeks
and 14% at 15 weeks to 22% at 72 weeks of age (p<0.05). However, the percentage of tubular
cristae observed in KO mouse bone marrow remained stable across the timepoints studied, ranging

from 11-13% (Figure 3.8B).
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Figure 3.8 Mitochondrial cristae structure in bone marrow mitochondria showing (A) TEM of
mitochondrial cristae with laminar (red) and tubular (blue) structure (scale= 100nm)
and (B) percentage of tubular cristae per mitochondria in WT and KO mice

(mean+SEM; n=5; Kruskal-Wallis test by ranks; ***p<0.001)

Further analysis of mitochondrial cristae structure at 40 weeks of age in WT and KO mice bone
marrow, revealed a significant increase in the percentage of laminar cristae present in KO compared
to WT mice at 87% and 78% respectively (p<0.01; Figure 3.9A). As the electron transport chain (ETC)
machinery is situated on the inner mitochondrial membrane, it was tested whether adenosine
triphosphate (ATP) production was affected by altered cristae structure within the bone marrow of
WT and KO mice at 40 weeks of age. A significant increase in ATP production was observed in KO
mice compared to WT bone marrow (Figure 3.9B) mirroring the percentage of laminar cristae
present within the mitochondria. These results suggest that the retention of laminar cristae in older
KO mice bone marrow is associated with increased ATP production within the animals. Conversely

the loss of laminar cristae in WT bone marrow affects energy production within these cells.
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Figure 3.9 Comparison of cristae structure and ATP production in bone marrow cells showing
(A) percentage of tubular cristae per mitochondria (mean+SEM; n=5; Unpaired t test;
**p<0.001) and (B) ATP production measured by luciferase assay showing relative
luminescent units (RLU) in WT and KO mice (mean+SEM; n=3; Unpaired t test;

*p<0.05)

3.35 The glutathione anti-oxidative pathway shows alteration in KO mice with age whilst

glucose uptake is increased in both WT and KO mice with age

Previous studies have suggested that KO mice may be characterised by increased oxidative stress,
the glutathione anti-oxidation system in bone marrow cells from WT and KO mice was analysed at
6 weeks and 40 weeks of age. Total glutathione levels consist of both the reduced (GSH;
glutathione) and oxidised (GSSG) forms of glutathione. No alterations in total glutathione level were
observed between genotypes or with age in bone marrow cells (Figure 3.10A). However, the level
of GSSG was significantly reduced at 40 weeks in KO bone marrow cells compared to WT (p<0.05;

Figure 3.108B).

As ATP production was reduced in association with cristae structure in bone marrow cells from 40
week old WT mice, the glucose uptake of bone marrow cells from WT and KO mice at 6 weeks and
40 weeks of age was measured (Figure 3.10C). Whilst no changes in glucose uptake were detected
between bone marrow cells from KO and WT mice at either 6 weeks or 40 weeks of age, a significant
increase in glucose uptake was detected with age in bone marrow cells from both WT and KO mice.
Whilst WT mice increased their glucose uptake by 3.5-fold (p<0.001), KO mice increased glucose
uptake by 5.5-fold (p<0.001) with age in the bone marrow.
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Figure 3.10 Glutathione anti-oxidant system and glucose uptake in bone marrow cells showing (A)
total glutathione (GSH+GSSG) relative luminescent units (RLU) level (B) oxidised
glutathione (GSSG) level (mean+SEM; n=3; Kruskal-Wallis by ranks; *p<0.05) and (C)
glucose uptake in bone marrow cells from WT and KO mice (mean+SEM; n=5; Two-way

ANOVA; ***p<0.001)

3.3.6 KO mice show maturation defects within the CD4+ T cell compartment with age whilst

WT mice show alterations in DC populations

Previous research has suggested that immune cell populations are altered with age in KO mice
(Martelli, 2017). Therefore, the percentage of CD4+ and CD8+ T cell, natural killer (NK) and dendritic
cell (DC) subset compartmentalisation was analysed within the spleen of this cohort of WT and KO
mice. A significant increase in the percentage of CD4+ naive cells was observed with age in KO mice,
rising from 8% to 27% of the CD4+ cell population between 6 weeks and 40 weeks of age (p<0.05;
Figure 3.11). Concurrently, a significant decrease in the percentage of CD4+ effector memory (EM)
cells was observed in these mice representing 36% and 15% of the CD4+ population at 6 weeks and
40 weeks of age respectively in KO mice (p<0.05; Figure 3.11A). The percentage of CD4+ central

memory (CM) cells was unaltered by both genotype and age. Whilst a trend towards an increased
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proportion of naive and decreased proportion of EM cells was seen within the CD8+ T cell

population, this did not reach significance for either WT or KO animals (Figure 3.11B).

Alterations in the compartmentalisation of NK cells along the maturation pathway was not
observed to be changed by age in the spleen of either WT or KO mice (Figure 3.11C). However, a
decrease in the percentage of CD11b+ DCs within the CD11c+ major histocompatibility complex
(MHC) Class 1l (I-A/I-E)+ population was observed in response to both age and genotype (Figure
3.11D). Ageing within WT mice saw a reduction in CD11b+ DC proportion in the spleen from 36% at
6 weeks to 26% at 40 weeks of age (p<0.001). This reduction was not apparent within KO mice
however, as KO mouse spleen showed a reduction in CD11b+ DC percentage to 24% at 6 weeks of
age. The CD11b+ DC population was significantly reduced in KO mice spleen compared to WT mice
at 6 weeks of age (p<0.01). Despite these changes, no differences in the proportion of CD8a+ DCs
was observed between phenotypes or with age (Figure 3.11D). These results suggest that the CD4+

T cell and DC populations are altered within the spleen of KO mice.
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Figure 3.11 Analysis of immune cell populations in the spleen with age showing (A) CD4+ T cell
subsets as a percentage of total CD4+ cells (B) CD8+ T cell subsets as a percentage of
total CD8+ cells (C) NK cell subsets as a percentage of total NK1.1+ cells and (D) DC
subsets as a percentage of total I-A/I-E+ cells in WT and KO mice (Y=6 week; 0=40
week) (mean+ SEM; n=8; Three-way ANOVA; *p<0.05 **p<0.01 ***p<0.001)
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3.3.7 CD4+ T cells show alterations in mitochondrial mass and membrane potential in old

KO mice compared to WT

As defects in immune cell maturation have previously been described within KO mice, the
mitochondrial mass and membrane potential of these subsets was analysed to identify any
alterations in metabolism which may occur. MitoTracker Green (MTG) was used as a marker of
mitochondrial mass, whilst tetramethylrhodamine ethyl ester (TMRE) normalised to MTG staining

was used to as a marker of mitochondrial membrane potential.

Within naive CD4+ T cells, a significant decrease in MTG staining was observed with age in WT mice
(Figure 3.12A). Mitochondrial mass was reduced by approximately one-third in this instance
(p<0.05), whilst no alterations were observed within naive CD4+ T cells from KO mice. Surprisingly,
an increase in mitochondrial membrane potential was observed with age in WT mice (p<0.05;
Figure 3.12B), and a reduction in mitochondrial membrane potential was observed in KO mice
compared to WT mice at 40 weeks of age (p<0.01). Similarly, these alterations were observed within
CM and EM CD4+ T cells. Reduced mitochondrial mass was observed within 40 week old WT mice
compared to their 6 week old counterparts for both CM (p<0.05; Figure 3.12C) and EM (p<0.05;
Figure 3.12D) cells. Additionally, mitochondrial mass was reduced in KO mice at 6 weeks of age in
comparison to WT mice by 76% (p<0.05; Figure 3.12C). Increased mitochondrial membrane
potential with age was observed within WT mice for both CM (p<0.01; Figure 3.12D) and EM
(p<0.01; Figure 3.12F) cells, resulting in reduced mitochondrial membrane potential in 40 week old
KO mice compared to WT (CM p<0.01; EM p<0.001). These results suggest that mitochondrial mass

and membrane potential with CD4+ T cells are regulated differently with age in WT and KO mice.
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Figure 3.12 Mitochondrial mass and membrane potential in CD4+ T cell subsets showing (A)
mitochondrial mass in naive CD4+ cells (B) mitochondrial membrane potential in naive
CD4+ cells (C) mitochondrial mass in CD4+ CM cells (D) mitochondrial membrane
potential in CD4+ CM cells (E) mitochondrial mass in CD4+ EM cells and (F)
mitochondrial membrane potential in CD4+ EM cells from the spleen of WT and KO

mice (mean+SEM; n=8; Two-way ANOVA; *p<0.05 **p<0.01 ***p<0.001)
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Contrary to CD4+ T cells, an increase in mitochondrial mass with age in KO mice for naive, CM and
EM CD8+ T cells was observed (Figure 3.13A, C and E). MTG staining was increased 4.7-fold within
naive cells (p<0.05), 4-fold in CM cells (p<0.05) and 4.4-fold in EM cells (p<0.05). This resulted in
increased mitochondrial mass in CD8+ T cells in KO mice at 40 weeks of age compared to WT within
these subsets (p<0.05; Figure 3.13A, C and E). Measurement of mitochondrial membrane potential
within these cells revealed a significant decrease in 40 week old KO mice compared to WT for naive,
CM and EM CD8+ T cells (Figure 3.13B, D and F). Mitochondrial membrane potential was reduced
to approximately one-fifth of that observed within 40 week old WT CD8+ T cells. As with CD4+ T
cells, this suggests that mitochondrial mass and membrane potential are regulated differently with
age within CD8+ T cells. However, the way these parameters are regulated opposes that observed

within CD4+ T cells, highlighting the differences between helper and cytotoxic T cells.
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Figure 3.13 Mitochondrial mass and membrane potential in CD8+ T cell subsets showing (A)

mitochondrial mass in CD8+ naive cells (B) mitochondrial membrane potential in naive

CD8+ cells (C) mitochondrial mass in CD8+ CM cells (D) mitochondrial membrane

potential in CD8+ CM cells (E) mitochondrial mass in CD8+ EM cells and (F)

mitochondrial membrane potential in CD8+ EM cells from the spleen of WT and KO

mice (mean+SEM; n=8; Two-way ANOVA; *p<0.05)
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Due to previous observations of maturation defects in NK cells from the spleen of KO mice (Martelli,
2017), three subsets of NK cells along the maturation pathway were analysed by flow cytometry. A
significant increase in mitochondrial mass was observed with age within KO mice within two of the
subsets studied. MTG staining was tripled within early NK cells (p<0.05; Figure 3.14A) and mid NK
cells (p<0.05; Figure 3.14C). Late NK cells were not subject to this increase, however all three
subsets showed increased mitochondrial mass in 40 week old KO mice compared to WT controls
(p<0.05; Figure 3.14E). This result was related to decreased mitochondrial membrane potential in
40 week old KO mice compared to WT mice for NK cells (Figure 3.14B, D and F). Membrane potential
was reduced by 78% (p<0.001), 60% (p<0.001) and 30% (p<0.001) within early, mid and late NK cells
respectively. Surprisingly, all three NK cell stages studied doubled their mitochondrial membrane
potential staining with age in WT mice (p<0.01; Figure 3.14B, D and F). Similarly, to CD4+ and CD8+
T cells, this suggests that immune cells within KO mice regulate the mitochondrial landscape

differently to that observed within WT mice.
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Figure 3.14 Mitochondrial mass and membrane potential in NK cell subsets showing (A)

mitochondrial mass in early NK cells (B) mitochondrial membrane potential in early NK

cells (C) mitochondrial mass in mid NK cells (D) mitochondrial membrane potential in

mid NK cells (E) mitochondrial mass in late NK cells and (F) mitochondrial membrane

potential in late NK cells along the maturation pathway in WT and KO mouse spleen

(mean+SEM; n=8; Two-way ANOVA; *p<0.05 **p<0.01 ***p<0.001)
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Finally, the mitochondrial landscape within CD8a+ and CD11b+ DCs was studied. Whilst CD8a+ DCs
decreased mitochondrial mass with age in WT mice (p<0.05), the opposite effect was observed for
KO mice which appeared to increase mitochondrial mass (p<0.01; Figure 3.15A). This resulted in a
discrepancy between mitochondrial mass in WT and KO animals at both 6 weeks (p<0.01) and 40
weeks (p<0.05) of age. Surprisingly however, no alterations in mitochondrial membrane potential
were observed for CD8a+ DCs (Figure 3.15B). CD11b+ DCs on the other hand regulated both
mitochondrial mass and membrane potential differently to CD8a+ DCs. Whilst a decrease in
mitochondrial mass with age was evident within CD11c+ DCs from WT mice (p<0.05), the increased
in mitochondrial mass with age in KO mice did not reach significance (Figure 3.15C). Unlike CD8a+
DCs, CD11b+ DCs displayed a significant upregulation of mitochondrial membrane potential with
age in WT mice (p<0.01; Figure 3.15D). Whilst this trend was observed with age for KO mice this

increase did not reach significance.
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Figure 3.15 Mitochondrial mass and membrane potential in dendritic cell subsets showing (A)
mitochondrial mass in CD8+ DC (B) mitochondrial membrane potential in CD8+ DC (C)
mitochondrial mass in CD11b+ DC and (D) mitochondrial membrane potential in CD8+
DC from the spleen of WT and KO mice (mean+SEM; n=8; Two-way ANOVA; *p<0.05
**p<0.01 ***p<0.001)

96



Chapter 3

3.4 Discussion: Mitochondrial structure in the bone marrow and

periphery of ageing mice

Mitochondrial structure has been associated with ageing in several tissues (Senoo-Matsuda et al.,
2003, Lesnefsky et al., 2001, Lopez-Lluch et al., 2008). Mitochondrial ultrastructure has yet to be
studied within TIMP3 KO mice, however here it is proposed that bone marrow mitochondria in KO
mice are subject to different ageing effects compared to WT. Within WT mice, an increase in the
cross-sectional measurements of bone marrow mitochondria with age but not gross volume or
surface area was identified. Previous research has highlighted significant alterations in
mitochondria during the ageing process within cardiac tissue (Cheng et al., 2013, Coleman et al.,
1988). These results include widening of mitochondrial cross-sectional width as observed with this
study utilising bone marrow cells. Whilst these alterations in mitochondrial structure are believed
to be detrimental in the process of ageing, bone marrow from KO mice was not observed to be
subject to the same effects. Thus, this suggests that ageing of the bone marrow in KO mice may not
be due to mitochondrial dysfunction. In fact, CR which has been shown to increase life span retains

mitochondrial organisation within male C57BL/6 mice (Lee et al., 2012).

Mfn1 protein expression increases with age in WT mice skeletal muscle (Joseph et al., 2013). It was
found that Mfnl gene expression is increased with age in bone marrow cells, supporting this
research. In rats however, Mfn1 has been shown to be reduced with age in muscle tissue, heart and
liver (Zhao et al., 2014). This highlights the differing elements of mitochondrial dysfunction in
differing ageing models. Previous studies have shown that Opal-dependent modulation of cristae
structure is essential for metabolic adaptation (Patten et al., 2014). Increased Opal expression in
the bone marrow of KO mice at 6 weeks and 15 weeks of age, may suggest that these cells are able
to adapt to metabolic stress better than their WT counterparts. This further suggests that the bone
marrow of KO mice is not subject to mitochondrial dysfunction during ageing to the extent of that

observed within WT mice.

Perturbed Opal expression has previously been shown to directly affect mitochondrial
ultrastructure and ATPase activity within human skin fibroblasts and immortalised hepatocytes
(Agier et al., 2012, Plecita-Hlavata et al., 2016). The structure of mitochondrial cristae affects
mitochondrial activity by regulating the assembly and stability of the electron transport chain and
ATPase activity (Cogliati et al., 2013). Here it is shown, that within bone marrow cells from 40 week
old WT mice, mitochondrial cristae structure affects ATP production thus supporting previous
research. It is shown that this mechanism is attributed to the ageing process in the bone marrow
of WT mice. Daum et al. revealed an age-dependent loss of cristae structure previously within

Podospora anserine fungus which affected ATPase dimerization (Daum et al., 2013). Evidence of
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altered mitochondrial ultrastructure in Drosophila has been observed with age, as well as in Fisher
rat cardiac muscle (Jiang et al., 2017, Hoppel et al., 2017). This research extends this finding into

the bone marrow of the C57BL/6J murine model.

A significant reduction in the levels of GSSG in KO mice of 40 weeks of age compared to WT mice
was observed, with a concomitant decrease in total GSH/GSSG levels in the bone marrow. This same
phenomenon has been attributed to Timp3 previously, whereby ApoE” Timp37- double knock-out
mice show reduced levels of GSSG compared to single ApoE” mice (Stohr et al., 2015). This research
supports the reduced levels of GSSG observed within these KO mice. However, a reduction in
glutathione system with age as previously described for ageing mice and humans was not observed
int his study (Lang et al., 1992, Samiec et al., 1998, Rebrin et al., 2007). However decreased plasma

levels of glutathione have been detected in specific human studies (Hernanz et al., 2000).

A maturation defect in CD4+ T cells and the distribution of CD11b+ DCs was observed with age in
the spleen of KO mice. Whilst this work supports that of Martelli in terms of CD4+ T cells, the same
maturation defect within CD8+ T cell or NK cell populations was not observed (Martelli, 2017).
Previous research conducted using a mammary cancer model in Timp3”- mice saw no differences
in NK or CD8+ and CD4+ T cell infiltration into the mammary gland (Jackson et al., 2015). However,
this study only looked at NK, CD4+ and CD8+ T cell populations and not the distribution of the
subsets within them. Similarly, similar numbers of NK cells and CD4+ or CD8+ T cells have been
noted in the splenocytes of KO and WT mice at 12 weeks of age (Murthy et al., 2012). Surprisingly,
Timp3 has a role in the differentiation of DCs and their ability to polarise T cells (Shao et al., 2012).

Within KO mice this effect was attributed to alterations in the CD11b+ (Type 2) DC population.

This study showed that although only CD4+ T cells experience an age-related maturation defect in
KO mice, all the immune subsets studied showed an age-related defect in mitochondrial mass and
membrane potential. Aloss of mitochondrial membrane potential was identifed in CD4+ and CD8+
T cell naive, CM and EM populations as well as NK cells at early, mid and late points along their
maturation pathway from KO mice at 40 weeks of age. These alterations were not observed for DCs
however, which showed no significant change in mitochondrial membrane potential compared to
WT mice at this age. This is one of the first studies of mitochondrial mass and membrane potential
in immune cell populations derived from WT and KO mice at 6 weeks and 40 weeks of age. These
alterations may affect immune cell functionality within these mice with age as described previously

by Mavilio et al. and Martelli (Martelli, 2017, Mavilio et al., 2016).
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34.1 Limitations

In effort to reduce the number of mice utilised for animal studies, this study was limited by the
restricted number of mice. This smaller sample size may affect the statistical significance of some
analyses. This is particularly the case for SBF-SEM data where a small number of mice (n=3) were
utilised due to the labour-intensive nature of advanced microscopy techniques. As a result, this
experiment exhibited a loss of power and did not reach significance. Future work could build upon
this low n number within microscopy experiments by integrating high-throughput microscopy
techniques such as imaging flow cytometry and imaging mass cytometry. These techniques allow
for multi-parameter imaging of protein markers at subcellular resolution and would be useful for
looking at global changes in mitochondrial structure with age. To date, no systems exist for high-

throughput imaging of mitochondria at the ultrastructural level.

This study was unable to able to track animal ageing longitudinally and instead utilised a cross-
sectional design for sampling timepoints due to the tissue type analysed. More definitive
conclusions may have been reached utilising this alternative longitudinal study design and brought
additional strength to the study and its conclusions. It was also not possible to fully follow the life
course of WT mice due to home office licensing restrictions in place. C57BL/6J mice can live up to
two years in the laboratory setting, however the oldest time point studied was 72 weeks of age.
Following these mice up to 2 years of age would have helped to develop a clearer picture of ageing

in both WT and KO mice and the differences which set them apart.

Techniques for studying the metabolism of live cells in small numbers are not routinely available at
the University of Southampton, and as such this aspect of mitochondrial function was unable to
studied. Platforms such as the Seahorse XF analyser could have been used for this research and
would be useful for performing future work related to the findings of this study. These additional
experiments could have been useful for looking at the impact of altered Opal expression and
mitochondrial cristae structure on mitochondrial function which may impact the ageing process of

Timp37 animals in comparison to wild-type mice.
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3.5 Conclusion

Age-related differences in the cross-sectional measurements of bone marrow mitochondria within
WT mice were detected which were not observed within KO mice. However, measurements of
mitochondrial surface area and volume using 3-dimensional rendering suggested that these age-
related differences were at the ultrastructural level. Confirmation of these findings by expression
analysis of mitochondrial fission and fusion genes in bone marrow cells, revealed a relationship with
Mfn1 and Opal. Further analysis of mitochondrial ultrastructure revealed the loss of laminar cristae
structure with age in WT mice, which was associated with decreased ATP production within bone
marrow cells. Analysis of the glutathione antioxidant system revealed a reduction in GSSG in 40
week old KO mice compared to WT, which may be influenced by the oxidative stress present within
the bone marrow of these animals. KO mice exhibit alterations in the maturation status of the CD4+
T cell population and DC population within the spleen. Further analysis of these cell types by flow
cytometry along with CD8+ T cells and NK cells, revealed that the mitochondrial landscape is
affected differently by ageing within WT and KO mice. These findings are summarised in Figure
3.16. In summary, KO mice show elements of mitochondrial dysfunction within the bone marrow
and immune system when compared to WT mice which may be associated with their diminished

lifespan.
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Figure 3.16 Summary of findings from ageing WT and KO mice showing altered ATP production in
the bone marrow of ageing WT mice and altered immune cell maturation in the spleen

of KO mice
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Chapter4 Metabolic alterations in senescence-

accelerated mice (SAM) with age

4.1 Introduction

Mesenchymal stem cells from SAMP6 mice show reduced adenosine triphosphate (ATP):adenosine
diphosphate (ADP) ratio compared to senescence-accelerated mice (SAM)R1 mice, alongside
increased reactive oxygen species (ROS) production and increased average mitochondrial area (Lv
et al., 2018). SAMP6 mice treated with 100mg/kg resveratrol, which is believed to mimic caloric
restriction (CR), counteracted bone loss and reduced osteogenic decline (Lv et al., 2018).
Resveratrol mimics CR by acting on similar downstream targets such as Sirtuin 1, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha and manganese-dependent superoxide
dismutase (Lagouge et al., 2006). This was found to be the result of mitochondrial functionality
restoration in mesenchymal stem cells. Resveratrol reorganised mitochondrial cristae structure
within these cells, increased mitochondrial membrane potential and restored oxygen consumption.
However, it should be noted that this study used a high concentration of resveratrol for treatment
at 100mg/kg every other day. Human studies have used much lower resveratrol concentrations of

150mg.

SAMP8 are characterised by high levels of oxidative stress in muscle tissue compared to SAMR1
(Barquissau et al., 2017). Hydrogen peroxide (H.O,) production by nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase was found to be 70% higher in SAMP8. This affected
mitochondrial function by lowering the respiratory control ratio in muscle cells, which is indicative
of mitochondrial uncoupling and dysfunction. This study by Barquissau et al. found increased citrate
synthase and complex Il and IV activity within the muscle cells of SAMP8 mice, and lower complex
| enzymatic activity (Barquissau et al., 2017). Lower respiratory control ratio was observed in SAMP8
liver and heart mitochondria after 12 months of age (Nakahara et al.,, 1998). SAMP11 show
significantly higher levels of ROS compared to SAMR1 in murine dermal fibroblast-like cells and
increased mitochondrial mass following extended cell culture (Chiba et al., 2005). Mitochondrial
membrane potential appeared to be lower in SAMP11 fibroblasts, in line with mitochondrial
ultrastructural changes including cristae swelling. Mitochondrial swelling was observed in several
tissues including neurons, myocardium, hepatocytes and brown adipose tissue (Chiba et al., 2005).
Similarly, reduced mitochondrial quality control in SAMP8 mice was observed in skeletal
gastrocnemius muscle as measured by reduced mitochondrial biogenesis and autophagy (Chang et

al., 2019).
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Neurons from SAMP8 mice show lower mitochondrial membrane potential than SAMR1 neurons
(Cristofol et al., 2012), whilst mitochondrial mass remains stable. Decreased mitochondrial
membrane potential in the brain of SAMP8 was confirmed by Eckert et al. in 2013, they observed
decreased ATP concentrations and complex V protein expression within SAMPS8 brain (Eckert et al.,
2013). These alterations were associated with decreased expression of optic atrophy 1 (Opal)
compared to SAMR1 and increase mitofusin 1 (Mfnl) and dynamin related protein 1 (Drp1l)

expression.

SAMP8 mice have been shown to have mitochondrial defects in comparison to SAMR1 mice
(Torregrosa-Mufiumer et al.,, 2016). There is an age-related decrease in the expression of the
mitochondrial deoxyribose nucleic acid (mtDNA) repair enzyme, apurinic/apyrimidinic
endonuclease, in SAMP8 mice which is associated within increased levels of mtDNA oxidative
damage in the brain. Increased levels of oxidative damage were observed in the liver of SAMP10
mice with age (Kawahara et al., 2018). However, other studies have shown that SAMP8 do not show
any increase in H,0; over that of SAMR1 mice at 12 months of age in the liver (Nakahara et al.,

1998).

Very few studies have measured metabolism longitudinally with age in SAM. However, Nakahara
et al. reported declines in uncoupled respiration with age alongside decreased calcium transport
(Nakahara et al., 1998). Whilst uncoupled respiration was shown to increase with age in SAMR1,
calcium transport decreased with age within these mice. The mitochondrial membrane potential
and ATP content of platelets and hippocampi decreased at an earlier age with SAMPS8 than SAMR1
mice (Xu et al., 2007). This implies that mitochondrial dysfunction occurs at an earlier age within

these mice.

SAM mice represent an excellent opportunity to study immune-senescence, ageing and
mitochondrial dysfunction in parallel. As the immune cells reside within both the bone marrow and
spleen of mice, the SAM model was utilised to analyse mitochondrial dysfunction during ageing and
senescence of the immune system. The aims and objectives for the work contained within this
chapter are summarised in Figure 4.1. It was hypothesised that, in accordance with their physiology,
SAMP8 mice would display dysfunction in splenic cell metabolism and SAMP6 would be subject to

mitochondrial dysfunction in bone marrow cells with age.
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Aim:

To investigate age-
related immune cell
dysfunction in the
spleen and bone

marrow of
C57BL/6J, SAMP6
and SAMP8 mouse
strains by analysing
mitochondria and
metabolism

Chapter 4

Objectives:
* Analyse peripheral immune cells

Compare oxidative and glycolytic metabolism in
C57BL/6J, SAMP6 and SAMP8 mouse strains

Measure ATP production and H,0, production of
cultured splenic cells

Confirm metabolic dysfunction by measuring
mitochondrial mass and membrane potential in T cells,
B cells, NK cells and monocytes

* Analyse immune cell compartment in bone marrow

Compare oxidative and glycolytic metabolism in
C57BL/6J, SAMP6 and SAMP8 mouse strains

Measure ATP production, H,0, production and glucose
concentration of cultured bone marrow cells

Confirm metabolic dysfunction by measuring
mitochondrial mass and membrane potential in
eosinophils, monocytes, neutrophils and B cells

Figure 4.1 Aims and objectives for studying age-related mitochondrial dysfunction in C57BL/6,

SAMP6 and SAMP8 mouse strains
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4.2 Materials and methods

4.2.1 Animals and cell culture

The animals used within this experimental chapter and ethical details are described in Section
2.1.1.1.2 Senescence-accelerated mouse (SAM) study. A total of 30 C57BL/6J mice, 30 SAMP6 and
30 SAMPS8 were used for the purpose of this study. 15 mice within each group were less than 3
months of age (young) and 15 more than 12 months of age (old). Bone marrow was flushed into a-
minimum essential medium (ThermoFisher, MA) containing 10% FBS (ThermoFisher, MA)
(complete a-MEM) as described in Section 2.1.1.2 Isolation of cells for animal studies. Splenocytes
were also collected in complete a-MEM. For long term storage cells were processed as described
in Section 2.1.3 Cell culture and tissue storage. Tissue was collected from animals at the time points

shown in Figure 4.2.

C57BL/6) SAMP6 SAMP8
*Spleen eSpleen eSpleen

*Bone marrow eBone marrow *Bone marrow
C57BL/6J SAMP6 SAMP8
*Spleen eSpleen eSpleen

*Bone marrow eBone marrow *Bone marrow

Figure 4.2 Schematic of tissue collection from C57BL/6J (C57), SAMP6 and SAMP8 mice during
the study

4.2.2 Seahorse XF assay

Seahorse experiments were conducted as described in Section 2.6 Live-cell metabolic analysis.
Mouse splenic and bone marrow cells were plated at a density of 250,000 cells per well and tested

in triplicate for each sample.

4.2.3 Luciferase assay

The CellTiter-Glo® 2.0 Assay kit (Promega, WI) was used to measure ATP production in murine
splenic and bone marrow cells as described in Section 2.4.1 Adenosine triphosphate production.
Glucose concentration was measured using the Glucose-Glo™ Assay kit (Promega, WI) as described
in Section 2.4.5 Glucose concentration. H,0, production was measured at a density of 20,000 cells

per well using the ROS-Glo™ H,0, Assay kit (Promega, WI) as described in Section 2.4.4 Hydrogen
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peroxide (H.0,) production. Luminescence was measured using the GloMax® Discover microplate

reader (Promega, WI) using a fixed integration time of 0.5 seconds per well.

4.2.4 Flow cytometry

Cells were plated at a density of 1 million cells per well in 96-well U-bottom plates for the entirety
of the flow cytometry experiment and stained as described in Sections 2.5.1.1 Cell surface staining
and 2.5.1.2 Live cell mitochondrial staining. The surface staining and viability markers used for
murine spleens are listed in Table 4.1. The surface staining and viability markers used for murine
bone marrow are listed in Table 4.2. The dyes used for mitochondrial assessment of splenic and
bone marrow cells are listed in Table 4.3. The gating strategy for murine spleen and bone marrow
are shown in Figure 4.3 and Figure 4.4, respectively. The gating strategy for each cell type is defined

in Table 4.4 for splenic cells and Table 4.5 for bone marrow cells.

Table 4.1  Cell surface markers for identifying immune cell populations resident in the mouse

spleen
SURFACE
MARKER FLUOROPHORE CLONE RETAILER DILUTION
Live-Dead AmCyan n/a ThermoFisher, MA 1:200
CD3 Allophycocyanin  17A2 BioLegend, CA 1ul
(Apc)
Ccbh4 Pacific Blue GK1.5 BioLegend, CA 1ul
CD8a Apc/Cyanine 53-6.7 BioLegend, CA 1ul
(Cy)7
CD44 Phycoerythrin IM7 BioLegend, CA 1ul
(PE)/Cy7
CD62L Brilliant violet MEL-14 BioLegend, CA 1ul
(BV)605
CD335 (NKp46) BV785 29A1.4 BioLegend, CA 1l
CD11b PE/Cy5 M1/70 BioLegend, CA 1ul
CD27 V650 LG.3A10 BioLegend, CA 1ul
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Table 4.2  Cell surface markers for identifying immune cell populations resident in mouse bone

marrow
SURFACE MARKER FLUOROPHORE CLONE RETAILER DILUTION
Live-Dead AmCyan n/a ThermoFisher, MA 1:200
Ly6C V605 AL-21 Becton Dickinson, NJ 1ul
CD11c V650 HL3 Becton Dickinson, NJ 1ul
CD45R/B220 PE/Cy7 RA3-6B2 Becton Dickinson, NJ 1ul

Ly6G Af700 1A8 Becton Dickinson, NJ 1ul

NK1.1 PerCP/Cy5.5 PK136 Becton Dickinson, NJ 1ul
Siglec-F (SigF) PE/CF594 E50-2440 Becton Dickinson, NJ 1l
CD11b Apc/Cy7 M1/70 Becton Dickinson, NJ 1ul

Table 4.3  Dyes used for mitochondrial assessment of immune cells resident in the spleen and

bone marrow

MITOCHONDRIAL DYE FLUOROPHORE RETAILER DILUTION
MitoTracker Green FITC ThermoFisher, MA 150nM
TMRM PE SigmaAldrich, MO 25nM

Table 4.4  Gating strategy for identifying immune cells resident in the mouse spleen

CELL TYPE GATING STRATEGY FIGURE REFERENCE
Monocytes CD11b+ Figure 4.3A
CD4+ naive CD3+, CD4+, CD8-, CD44lo Figure 4.3B
CD4+ memory CD3+, CD4+, CD8-, CD44hi Figure 4.3C
CD8+ naive CD3+, CD4-, CD8+, CD44lo Figure 4.3D
CD8+ memory CD3+, CD4-, CD8+, CD44hi Figure 4.3E
B cells CD3-, NKp46- Figure 4.3F
Immature NK CD3-, NKp46+, CD11b-, CD27hi Figure 4.3G
Mature NK CD3-, NKp46+, CD11b+, CD27l0 Figure 4.3H
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Figure 4.3  Gating strategy for identifying immune cells resident within the spleen of mice showing
(A) Monocytes, (B) CD4+ naive T cells, (C) CD4+ memory T cells, (D) CD8+ naive T cells,

(E) CD8+ memory T cells, (F) B cells, (G) immature NK cells and (H) mature NK cells
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Table 4.5  Gating strategy for identifying immune cells resident in mouse bone marrow

FIGURE
CELL TYPE GATING STRATEGY REFERENCE
Naive B cell CD11b-, CD45R+ Figure 4.4A
Memory B cell CD11b+, CD45R+ Figure 4.4B
Neutrophils CD11b+, CD45R-, NK1.1-, CD11c-, Ly6G+ Figure 4.4C

Ly6C- monocytes | CD11b+, CD45R-, NK1.1-, CD11c-, Ly6G-, SSC-Alo, Ly6C- Figure 4.4D

Ly6C+ CD11b+, CD45R-, NK1.1-, CD11c-, Ly6G-, SSC-Alo, Ly6C+  Figure 4.4E
monocytes
Eosinophils CD11b+, CD45R-, NK1.1-, CD11c-, Ly6G-, SSC-Ahi, SigF+ Figure 4.4F

Live-dead

Figure 4.4 Gating strategy for identifying immune cells resident in mouse bone marrow showing
(A) Naive B cells, (B) Memory B cells, (C) Neutrophils, (D) Ly6C- monocytes, (E) Ly6C+

monocytes and (F) Eosinophils
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4.2.5 Statistical analysis

Statistical analysis for all experiments was performed using an unpaired two-way ANOVA model
unless otherwise stated, for parametric assessment of data. Post-hoc analysis was performed using
Tukey’s multiple comparison test. Flow cytometry data was analysed using FlowlJo software.
Statistical analysis was performed using GraphPad Prism software. GraphPad was used to create

graphs. A p value of <0.05 was used to identify significance.
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4.3 Results

43.1 Mitochondrial respiration is altered with age in C57 and SAMP8 mouse strains

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of spleen cells from
young and old C57BL/6J (C57), SAMP6 and SAMP8 mice was measured using the Seahorse XF96
metabolic flux analyser (Figure 4.5A-E and Figure 4.6A-D). Whilst no reduction or increase in basal
OCR was observed with age in either C57, SAMP6 or SAMP8 spleen, cells from SAMPS8 spleens in
young mice showed increased basal oxidation compared to C57 and SAMP6 mice. Basal respiration
in SAMP8 spleens was increased by 2.3-fold compared to C57 mice (p=0.001) and 1.7-fold
compared to SAMP6 mice (p=0.028; Figure 4.5B). Basal respiration was increased in cells from old

SAMPS8 spleens compared to those from SAMP6 by 2.1-fold (p=0.009).

A significant effect of age on spare capacity, the ability of cells to respond to increased demands on
metabolism, was observed in splenic cells following analysis by Two-way ANOVA (p<0.001;
F(1,24)=27.21). Following post-hoc analysis a significant 90% reduction in spare capacity was
observed in splenic cells derived from old C57 mice compared to young (p=0.009; Figure 4.5C).
Although similar reductions in spare capacity of splenic cells from SAMP6 and SAMP8 mice were
observed with age, this reduction did not reach significance due to the increased variability in spare
capacity within these mice (p=0.15 for SAMP6, p=0.13 for SAMP8). Whilst this was believed to be
attributed to a lack of experimental power the observed power of this experiment was 97.5%

suggesting that sample size was adequate.

Alongside reductions in the spare capacity of splenic cells from old mice, a significant effect of age
on maximal respiration was also observed (Figure 4.5D; p<0.001; F(1,24)=14.42) alongside a
genotypic effect (p=0.015; F(2,24)=4.99). However, post-hoc analysis revealed no significant
differences between splenic cells from young and old mice of the same genotype or between
genotypes in mice of the same age. Due to alterations in ATP production observed in the bone
marrow of C57 mice in Southampton (Chapter 3), ATP-linked respiration of splenic cells was
measured within C57, SAMP6 and SAMP8 mice in Singapore. ATP-linked respiration accounts for
oxygen utilised to drive the ATPase machinery during normal metabolism. Cells derived from
SAMPS8 spleens were observed to have a greater level of ATP-linked respiration than SAMP6 and
C57 mice (Figure 4.5E). Splenic cells from young SAMP8 mice showed a 4.2-fold increase in ATP-
linked respiration compared to young C57 mice (p<0.001). This trend was observed for old SAMP8
splenic cells which showed a 2-fold increase compared to old C57 mice (p=0.038), and 2.7-fold

increase compared to old SAMP6 mice (p=0.006).
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Figure 4.5 Oxygen consumption rate analysis of cells derived from the spleen with age showing
(A) OCR of cells treated with (a) 2uM Oligomycin (b) 50mM 2DG (c) 2uM FCCP and (d)
500nM Rot/AA (mean; n=5) and (B) basal respiration (C) spare capacity (D) maximal
respiration and (E) ATP-linked respiration of spleen cells from C57, SAMP6 and SAMP8
mice (mean+SEM; n=5; Ordinary two-way ANOVA; *p<0.05, **p<0.01, ***p<0.001)
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Despite changes in oxidative metabolism, no significant differences were observed in glycolytic
metabolism with age or between the three genotypes in splenic cells following analysis by Two-way
ANOVA. This finding extended to rates of basal glycolysis, glycolytic reserve and glycolytic capacity

of splenic cells derived from these mice (Figure 4.6B-D).
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Figure 4.6  Extracellular acidification rate analysis of spleen cells with age showing (A)
extracellular acidification rate of cells treated with (a) 2uM Oligomycin (b) 50mM 2DG
(c) 2uM FCCP and (d) 500nM Rot/AA (mean; n=5) and (B) basal glycolysis (C) glycolytic
reserve and (D) glycolytic capacity of spleen cells from C57, SAMP6 and SAMP8 mice
(mean+SEM; n=5; Ordinary two-way ANOVA)
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4.3.2 No alterations are observed in ATP or ROS production in C57, SAMP6 or SAMP8 mice

with age

Despite the reduction in ATP production previously observed in bone marrow cells from C57 mice
with age in Southampton (Chapter 3) this finding did not extend to splenic cells derived from ageing
C57 mice bred in Singapore (Figure 4.7A). Despite a reduction in spare capacity, ATP production
was not altered with age in cells from C57 mouse spleens bred in Singapore, which suggests this
previous finding may be tissue specific. In line with this, no alterations in ATP production of splenic
cells derived from SAMP6 and SAMP8 mice were observed with age (Figure 4.7A). ROS levels were
analysed in splenic cells from young and old C57, SAMP6 and SAMP8 using luciferase detection of
H,0, production (Figure 4.7B). No alterations in ROS production from C57, SAMP6 or SAMP8 mice
with age or any differences in H,O; production between each of the strains were observed, despite

SAMP8 mice showing increased basal respiration and ATP-linked respiration rates in the spleen.
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Figure 4.7 ATP production and ROS levels with age in cultured spleen cells showing relative
luminescent units (RLU) of (A) ATP production and (B) H,O, production in spleen cells

from C57, SAMP6 and SAMP8 mice (mean+SEM; n=5; Ordinary two-way ANOVA)
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4.3.3 T cells and B cells from SAMPS8 are not subject to the same alterations in mitochondrial

mass and membrane potential with age as those from SAMP6 and C57 mice

As the oxidative metabolism of splenic cells showed alterations between the mouse strains studied
and the spare capacity of cells from C57 mice was reduced with age, mitochondrial mass and
membrane potential were analysed by flow cytometry. CD4+ and CD8+ memory and naive T cells,

B cells, immature and mature NK cells and monocytes were studied.

Within CD4+ T cells a significant reduction in the mitochondrial mass of memory cells was observed
for C57 and SAMP6 mice. Mitochondrial mass, analysed by MitoTracker Green (MTG) staining mean
fluorescent index (MFI), was reduced by 28% in C57 mice and 22% in SAMP6 mice with age (p<0.001
for C57 and p=0.005 for SAMPG6; Figure 4.8A). This finding did not extend to the SAMPS8 strain which
showed no alterations in mitochondrial mass with age in CD4+ memory T cells. Mitochondrial mass
in CD4+ naive T cells was not affected by age in any of the mouse strains studied (Figure 4.8B),
revealing that age only affects the memory subtype of CD4+ T cells within C57 and SAMP6 mice. In
line with reductions in mitochondrial mass the MFI of TMRM as a marker of mitochondrial
membrane potential was reduced by 29% with age in CD4+ memory cells from SAMP6 mice
(p=0.042; Figure 4.8C). Surprisingly, this reduction in SAMP6 mice extended to CD4+ naive cells
(26% p=0.027; Figure 4.8D). However, when these changes in mitochondrial membrane potential
were normalised to mitochondrial mass no significant alterations in TMRM:MTG ratio were
observed with age in CD4+ memory and naive T cells from C57, SAMP6 or SAMP8 mice (Figure 4.8E
and F).
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Figure 4.8 Mitochondrial mass and membrane potential in CD4+ memory and naive T cells

resident in the spleen showing (A) MTG staining in CD4+ memory cells (B) MTG staining

in CD4+ naive cells (C) TMRM staining in CD4+ memory cells (D) TMRM staining in CD4+

naive cells (E) TMRM:MTG staining ratio in CD4+ memory cells and (F) TMRM:MTG

staining ratio in CD4+ naive cells from C57, SAMP6 and SAMP8 mice (mean+SEM; n=10;

Ordinary two-way ANOVA; *p<0.05, **p<0.01, ***p<0.001)

Similar alterations were observed within the CD8+ T cell compartment. Mitochondrial mass in CD8+

memory T cells was reduced with age in C57 mice (Figure 4.9A). MTG MFI was reduced by 22% with

age within these cells (p=0.002). Surprisingly, mitochondrial mass in CD8+ memory T cells was not

altered with age in either SAMP6 or SAMP8 mice. MTG staining remained unaltered within CD8+
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naive cells from C57, SAMP6 and SAMP8 mice with age (Figure 4.9B). This was true of mitochondrial
membrane potential of CD8+ memory cells with MTG MFI remaining unaltered with age in all the
mouse strains (Figure 4.9C). On the other hand, CD8+ naive T cells were subject to more dynamic
changes in mitochondrial membrane potential (Figure 4.9D). As with CD4+ memory cells, CD8+
naive T cell TMRM MFI was reduced by 28% with age in SAMP6 mice (p=0.032) whilst no alterations
were observed within C57 or SAMP8 mice. This resulted in a significant reduction in TMRM staining
in CD8+ naive T cells in old SAMP6 mice compared to C57 and SAMP8 mice (p=0.044 and p=0.006,
respectively). Similarly, to CD4+ T cells, TMRM:MTG ratio remained unaltered with age for both

CD8+ memory and naive T cells (Figure 4.9E and F).

These findings suggest that alterations in the oxidative metabolism of spleen cells derived from
SAMP8 mice may be due to sustained mitochondrial mass and membrane potential of CD4+ and
CD8+ T cells with age. This effect is not present in SAMP6 and C57 on the other hand, which show

lower rates of oxidative metabolism in comparison to SAMP8 mice at all ages.
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Figure 4.9 Mitochondrial mass and membrane potential in CD8+ memory and naive T cells
resident in the spleen showing (A) MTG staining in CD8+ memory cells (B) MTG staining
in CD8+ naive cells (C) TMRM staining in CD8+ memory cells (D) TMRM staining in CD8+
naive cells (E) TMRM:MTG staining ratio in CD8+ memory cells and (F) TMRM:MTG
staining ratio in CD8+ naive cells from C57, SAMP6 and SAMP8 mice (mean+SEM; n=10;
Ordinary two-way ANOVA; *p<0.05, **p<0.01)

The mitochondrial mass in B cells contained within the splenic cell population was decreased with
age in C57 and SAMP6 mice (Figure 4.10A). MTG staining was reduced by 25% and 28% within these
mice with age, respectively (p=0.004 for C57, p=0.009 for SAMP6). This resulted in a significant
reduction of mitochondrial mass within old C57 (p<0.001) and SAMP6 (p<0.001) mice compared to
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SAMP8 mice. Similarly, mitochondrial membrane potential was reduced within B cells contained
within the spleen of SAMP6 mice with age (Figure 4.10B). TMRM MFI was reduced by 27% with age
in these animals (p=0.037), resulting in a significant reduced in mitochondrial membrane potential
compared to SAMP8 mice (p=0.034). Despite these alterations TMRM:MTG ratio remained
unchanged with age within all the mouse strains studied (Figure 4.10C). However, the sustained
mitochondrial mass observed with age in SAMP8 mice which is increased in comparison to SAMP6

and C57 mice, may aid in explaining the increased metabolic rates observed within SAMP8 mice.
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Figure 4.10 Mitochondrial mass and membrane potential in B cells resident in the spleen showing
(A) MTG staining (B) TMRM staining and (C) TMRM:MTG staining ratio in B cells from
C57, SAMP6 and SAMP8 mice (mean+SEM; n=10; Ordinary two-way ANOVA; *p<0.05,
**p<0.01, ***p<0.001)
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434 NK cells and monocytes from SAMP6 spleens show increased mitochondrial mass and

membrane potential

Despite cells from the spleens of SAMP8 mice showing increased oxidative metabolism compared
to the other mouse strains studied, SAMP6 mice surprisingly showed increased mitochondrial mass
in immature NK cells compared to SAMPS8 and C57 mice (Figure 4.11A). MTG MFI was increased 3-
fold (p<0.001) in young SAMP6 mice compared to C57 and by 7-fold (p<0.001) compared to SAMPS.
This effect was maintained within old SAMP6 mice (2-fold increase; p=0.024), regardless of the 41%
decrease observed in MTG staining with age (p<0.001). SAMP6 mice showed increased TMRM
staining compared to SAMPS8 and C57 mice (Figure 4.11C). Mitochondrial membrane potential was
increased by approximately 3-fold in SAMP6 mice (p<0.001). When normalised to mitochondrial
mass, SAMP8 mice showed a significant reduction in TMRM:MTG ratio with age (Figure 4.11E).
TMRM:MTG ratio was reduced by 56% with age in these cells (p=0.028). This decrease did not result
in a significant reduction in TMRM:MTG ratio compared to the other strains studied, as young
SAMP8 mice showed significantly increased TMRM:MTG ratio compared to young SAMP6 mice
(p=0.047).

Similar observations were made within mature NK cells (Figure 4.11B). Mature NK cells from SAMP6
spleens showed significantly increased MTG MFI compared to C57 mice at both young (77%;
p<0.001) and old ages (75%; p<0.001). Similarly, mitochondrial mass was increased by 64% in
SAMP6 compared to SAMPS8 in young mice (p<0.001). MTG staining was increased by 53% with age
in SAMP8 mice (p=0.005) which resulted in a significant increase over that observed in old C57 mice
(61%; p<0.001). When mitochondrial membrane potential was measured only young SAMP6 mice
showed a significant increase in TMRM MFI compared to C57 mice (2.5-fold; p=0.005; Figure 4.11E).
Despite these alterations, TMRM:MTG ratio was not increased with age or between any of the
strains studied (Figure 4.11F). This result suggests that mature NK cells from SAMP8 mice are not
subject to alterations in mitochondrial landscape, whilst immature NK cells show reductions in
mitochondrial membrane potential with age. SAMP8 NK cells are therefore not involved with the

increased oxidative metabolism observed in the spleen of these animals.
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Figure 4.11 Mitochondrial mass and membrane potential in immature and mature NK cells
resident in the spleen showing (A) MTG staining in immature NK cells (B) MTG staining
in mature NK cells (C) TMRM staining in immature NK cells (D) TMRM staining in
mature NK cells (E) TMRM:MTG staining ratio in immature NK cells and (F) TMRM:MTG
staining ratio in mature NK cells from C57, SAMP6 and SAMP8 mice (mean+SEM; n=10;
Ordinary two-way ANOVA; *p<0.05, **p<0.01, ***p<0.001)

In a similar manner to NK cells, a significant increase in MTG staining was observed in old SAMP6
mice compared to C57 for monocytes (Figure 4.12A). Mitochondrial mass was increased by 37%
within these cells (p=0.002). Alongside this increase a 2.5-fold upregulation of TMRM staining in

monocytes from young SAMP6 mice was observed compared to C57 (p<0.001; Figure 4.12B).
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However, this increased mitochondrial membrane potential was lost with age, as SAMP6 displayed
a 54% decrease in TMRM MFI (p=0.004). This same trend was observed when TMRM staining was
normalised to mitochondrial mass (Figure 4.12C). TMRM:MTG ratio was reduced to half of that
observed in monocytes from young SAMP6 mice with age (p=0.004). This decrease did not result in
a significant reduction in TMRM:MTG ratio compared to the other strains studied, as young SAMP6
mice showed significantly increased TMRM:MTG ratio compared to young C57 mice (p<0.001). This
result suggests that monocytes from SAMP8 mice are not responsible for the increased oxidative

metabolism observed in the spleen of these animals.
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Figure 4.12 Mitochondrial mass and membrane potential in monocytes resident in the spleen
showing (A) MTG staining (B) TMRM staining and (C) TMRM:MTG staining ratio in
monocytes from C57, SAMP6 and SAMP8 mice (mean+SEM; n=10; Ordinary two-way
ANOVA; **p<0.01, ***p<0.001)
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4.3.5 Bone marrow cells from SAMP8 mice show alterations in oxidative metabolism whilst

SAMP6 cells display decreased glycolytic reserve and increased glycolytic capacity

As the metabolism of bone marrow cells derived from C57 and Timp37* mice bred in Southampton
was shown to be altered with age, the metabolism of bone marrow cells from C57, SAMP6 and
SAMP8 mice bred in Singapore was measured. Both oxidative and glycolytic metabolism were
measured simultaneously (Figure 4.13A and Figure 4.14A). A significant downregulation of basal
metabolism in the bone marrow was observed in old SAMP6 mice when compared to old C57 mice
(Figure 4.13B). Basal OCR of bone marrow cells was reduced by 75% within these mice (p=0.003).
No differences were observed within the bone marrow of young and old SAMP8 mice in terms of
their basal respiration. However, the maximal respiration of SAMP8 bone marrow cells from young
mice was significantly lower in comparison to the other mouse strains (Figure 4.13C). Maximal
respiration was decreased to 38% and 37% of that observed in the bone marrow of young C57
(p=0.002) and SAMP6 mice (p<0.001), respectively. Additionally, a significant increase in ATP-linked
respiration was observed in SAMP8 bone marrow with age (Figure 4.13D). Oxygen consumption
utilised for driving the ATPase machinery was increased 6-fold in bone marrow cells derived from
SAMP8 mice (p=0.002). This resulted in a significant increase in ATP-linked respiration in old SAMPS8
bone marrow when compared to old SAMP6 bone marrow (p=0.001). Therefore, whilst basal
respiration is affected in bone marrow of SAMP6 mice, SAMP8 show alterations in maximal

respiration and the oxidative requirements ATPase activity.
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Figure 4.13 Oxygen consumption rate analysis of mouse bone marrow cells with age showing (A)
OCR of cells treated with (a) 2uM Oligomycin (b) 50mM 2DG (c) 2uM FCCP and (d)
500nM Rot/AA (mean; n=5) and (B) basal respiration (C) maximal respiration and (D)
ATP-linked respiration of bone marrow cells from C57, SAMP6 and SAMP8 mice
(mean+SEM; n=5; Ordinary two-way ANOVA; **p<0.01, ***p<0.001)
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In line with the increased reliance on glycolysis for ATP production in C57 mice bred in Southampton
with age, an increase in the basal glycolysis of bone marrow cells was observed (Figure 4.14A). Basal
glycolysis almost doubled in bone marrow cells from aged mice (81% increase; p=0.043). This
resulted in old C57 mouse bone marrow cells having increased basal glycolysis in comparison to old
SAMPS cells (p<0.001). This low-level basal glycolysis was found to be significantly lower than that
observed in SAMP6 bone marrow cells (p=0.012). Despite showing a decreased glycolytic reserve
in comparison to SAMP8 mice, bone marrow cells from SAMP6 mice showed an increased glycolytic
capacity (Figure 4.14C and D). Glycolytic reserve was reduced by 74% (p=0.03) and 88% (p=0.034)
within young and old SAMP6 bone marrow, respectively. A 2-fold increase was observed in the
glycolytic capacity of SAMP6 bone marrow cells from young and old mice compared to SAMP8
(p=0.03 in young; p=0.02 in old). Bone marrow cells from SAMP8 mice showed reduced glycolytic
capacity in comparison to C57 mice with age, which was reduced to 40% of that observed in old
C57 mice (p=0.001). Bone marrow cells from SAMP6 mice show aberrant glycolytic reserve and

capacity in comparison to SAMP8 mice, which may be due to their osteoporotic pathology.
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Figure 4.14 Extracellular acidification rate analysis of bone marrow cells with age showing (A) ECAR
of cells treated with (a) 2uM Oligomycin (b) 50mM 2DG (c) 2uM FCCP and (d) 500nM
Rot/AA (mean; n=5) and (B) basal glycolysis (C) glycolytic reserve and (D) glycolytic
capacity of bone marrow cells from C57, SAMP6 and SAMP8 mice (mean+SEM; n=5;
Ordinary two-way ANOVA; *p<0.05, **p<0.01, ***p<0.001)
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4.3.6 SAMP6 and SAMP8 bone marrow cells show increase glucose utilisation and SAMP6

mice display increased ATP production with age

As alterations in both oxidative and glycolytic metabolism were seen in bone marrow cells, changes
in ATP, H,0; and glucose concentrations were measured using luciferase reporter assays. Whilst
the bone marrow of C57 mice bred in Southampton showed a reduction in ATP production with age
(Chapter 3), this effect was not observed within mice bred in Singapore (Figure 4.15A). However,
anincrease in ATP production within SAMP6 bone marrow cells with age was observed. The relative
luminescence was doubled compared that measured in young mice (p=0.035). This increase was
reiterated as a significant increase in ATP production within these cells as compared to C57 and
SAMP8 bone marrow cells from old mice (p=0.02 for C57; p=0.01 for SAMPS8). Previous reports have
suggested that oxidative stress is increased with age in SAMP8 mice, however no significant up- or
down-regulation of H,0, production was observed within bone marrow cells (Figure 4.15B). As with
splenic cells, H,0, production remained stable with age and was not significantly altered in bone
marrow cells between the three mouse strains. Finally, the glucose concentration within the cell
culture medium used for maintaining bone marrow cells was measured (Figure 4.15C). The
concentration of glucose within the cell culture medium was not altered with age in any of the
mouse strains studied, however a significant reduction in glucose concentration was observed for
SAMP6 (50% in young p<0.001; 47% in old p=0.003) and SAMPS8 (38% in young p=0.009; 39% in old
p=0.018) bone marrow cells when compared to C57 cells. Glucose concentration was reduced by
half within the cell culture medium, suggesting that SAMP6 and SAMP8 bone marrow cells uptake
twice the amount of glucose. However, unaltered rates of glycolytic metabolism, as measured by
lactate output, within bone marrow cells suggests that this glucose may be utilised for alternative

metabolic pathways.
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Figure 4.15 ATP production, ROS levels and glucose concentration with age in cultured bone
marrow cells showing luciferase analysis of (A) ATP production (B) H,0, production and
(C) glucose concentration in bone marrow cells from C57, SAMP6 and SAMP8 mice

(mean+SEM; n=5; Ordinary two-way ANOVA; *p<0.05, **p<0.01, ***p<0.001)

4.3.7 Eosinophils, monocytes and neutrophils from the SAMP6 strain show reduced

mitochondrial membrane potential compared to SAMP8 mice

As the oxidative metabolism and glycolytic metabolism of bone marrow cells showed alterations
between the mouse strains studied and with age, mitochondrial mass and membrane potential was
analysed by flow cytometry. When mitochondrial mass was measured within eosinophils only old
SAMP6 mice showed a significant increase in MTG staining compared to C57 mice (22%; p=0.026;
Figure 4.16). Despite this alteration, TMRM MFI was not increased in parallel with mitochondrial
mass within these cells (Figure 4.16B). However, TMRM staining within eosinophils derived from
young SAMP6 mice was reduced to half of that observed in eosinophils derived from SAMP8
(p=0.006). Taken together a significant reduction in TMRM:MTG ratio within SAMP6 eosinophils
was observed (Figure 4.16C). TMRM:MTG ratio was reduced in eosinophils from both young and
old SAMP6 bone marrow compared to C57 (61% for young p<0.001; 40% for old p=0.003) and
SAMPS8 (64% for young p<0.001; 43% for old p<0.001) mice. This reduction in TMRM:MTG ratio may
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represent the appearance of dysfunctional mitochondria within the bone marrow of SAMP6 mice.
Dysfunctional mitochondrial metabolism may aid in understanding the increased glycolytic capacity

but decreased glycolytic reserve observed within bone marrow cells.
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Figure 4.16 Mitochondrial mass and membrane potential in eosinophils resident in bone marrow
showing (A) MTG staining (B) TMRM staining and (C) TMRM:MTG staining ratio in
eosinophils from C57, SAMP6 and SAMP8 mice (mean+SEM; n=10; Ordinary two-way
ANOVA; *p<0.05, **p<0.01, ***p<0.001)

Mitochondrial mass was increased in both Ly6C+ and Ly6C- monocytes with age in the bone marrow
of SAMP6 mice (Figure 4.17A and B). MTG MFl increased by 44% (p=0.02) and 37% (p=0.029) within
Ly6C+ and Lyb6C- monocytes, respectively. This resulted in a significant upregulation of
mitochondrial mass in old SAMP6 monocytes as compared to old C57 monocytes (p<0.001 for
Ly6C+; p=0.011 for Ly6C-). Ly6C+ monocytes from old SAMPS8 displayed increased mitochondrial
mass than old C57, despite no significant upregulation of mitochondrial mass with age (p=0.023).
In terms of mitochondrial membrane potential, TMRM staining was increased in Ly6C+ monocytes
contained within both young and old SAMP8 bone marrow compared to C57 (2.8-fold for young
p<0.001; 3-fold for old p<0.001) and SAMP6 (2-fold for young p=0.04; 3-fold for old p<0.001) mice
(Figure 4.17C). These findings were extended to TMRM:MTG ratio, where SAMP8 mice showed
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increased mitochondrial membrane potential compared to C57 mice at both ages (p<0.001 in young
and old; Figure 4.17E). The TMRM:MTG ratio was significantly decreased in SAMP6 mice in
comparison to SAMP8. TMRM:MTG ratio was reduced by 69% (p<0.001) and 81% (p<0.001) in

young and old SAMP6 Ly6C+ monocytes, respectively.

Despite these alterations in Ly6C+ monocytes, TMRM staining was not affected in the same manner
within Ly6C- monocytes (Figure 4.17D). TMRM staining was only observed to be increased by 63%
in SAMP8 Ly6C- monocytes in comparison to those derived from young SAMP6 bone marrow
(p=0.011). However, similar observations were made for TMRM:MTG ratio within these cells (Figure
4.17F). TMRM:MTG ratio was reduced in Ly6C- monocytes from both young and old SAMP6 bone
marrow compared to C57 (39% for young p=0.03; 47% for old p=0.001) and SAMP8 (59% for young
p<0.001; 56% for old p<0.001) mice. This reduction in TMRM:MTG ratio in Ly6C+ and Ly6C-
monocytes may represent the appearance of dysfunctional mitochondria within the bone marrow
of SAMP6 mice. Dysfunctional mitochondrial metabolism may aid in understanding the increased

glycolytic capacity but decreased glycolytic reserve observed within bone marrow cells.
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Figure 4.17 Mitochondrial mass and membrane potential in Ly6C+ and Ly6C- monocytes resident
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Surprisingly, no alterations were observed in MTG staining with age within the neutrophil
population (Figure 4.18A). This was the case for mitochondrial mass between each of the mouse
strains studied and for TMRM staining (Figure 4.18B). Alterations in the mitochondrial dynamics of
these cells were revealed when TMRM staining was normalised to mitochondrial mass. As with the
eosinophil population and monocyte subsets contained within the bone marrow population,
SAMP6 mice showed reduced TMRM:MTG ratio within neutrophils (Figure 4.18C). TMRM:MTG
ratio was reduced in Ly6C- monocytes from both young and old SAMP6 bone marrow compared to
C57 (44% p<0.001 in young; 37% p=0.005 in old) and SAMP8 (51% p<0.001 in young; 52% p<0.001
in old) mice. This suggests that this cell population may be involved in the altered glycolytic

metabolism observed within the bone marrow of SAMP6 mice.
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Figure 4.18 Mitochondrial mass and membrane potential in neutrophils resident in the bone
marrow showing (A) MTG staining (B) TMRM staining and (C) TMRM:MTG staining
ratio in neutrophils from C57, SAMP6 and SAMP8 mice (mean+SEM; n=10; Ordinary
two-way ANOVA; **p<0.01, ***p<0.001)

Despite alterations in the mitochondrial landscape of eosinophils, monocytes and neutrophils
contained within the bone marrow of SAMP6 mice, B cells were not subject to such changes. Naive
B cells saw no changes in MTG and TMRM staining or TMRM:MTG ratio with age within C57, SAMP6

and SAMP8 mice or between any of the strains studied (Figure 4.19A, C and E). Memory B cells on
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the other hand, did show some alterations between the mouse strains. MTG staining (p=0.001 in
young; p<0.001 in old), TMRM staining (p<0.001 in young and old) and TMRM:MTG ratio (p=0.042
in young; p<0.001 in old) was found to be increased in SAMP8 mice compared to C57 (Figure 4.19B,
D and F). Whilst TMRM MFI was found to be decreased in both young (p=0.004) and old (p=0.025)
SAMP6 memory B cells in comparison to SAMPS, this did not translate to TMRM:MTG ratio where

a reduction was observed within young mice (34% decrease; p=0.009).
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Figure 4.19 Mitochondrial mass and membrane potential in naive and memory B cells resident in
bone marrow showing (A) MTG staining in naive B cells (B) MTG staining in memory B
cells (C) TMRM staining in naive B cells (D) TMRM staining in memory B cells (E)
TMRM:MTG staining ratio in naive B cells and (F) TMRM:MTG staining ratio in memory
B cells from C57, SAMP6 and SAMP8 mice (mean+SEM; n=10; Ordinary two-way
ANOVA; *p<0.05, **p<0.01, ***p<0.001)
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4.4 Discussion: Metabolic efficiency in the bone marrow and periphery

of ageing mice

Whilst mitochondrial dysfunction has been well characterised within the brain and liver of SAMP8
mice, relatively few studies have focused on other tissues or other SAM strains for mitochondrial
and metabolic analysis. Therefore, the metabolism and the mitochondrial landscape within cells
from the bone marrow and spleen of both the SAMP6 and SAMPS strains and C57BL/6J mice was
studied. A summary of flow cytometry results from this chapter presenting mitochondrial mass and
membrane potential in immune cells derived from the spleen and bone marrow can be found in

Table 4.6.

Table 4.6 Summary of mitochondrial mass and membrane potential of immune cells in spleen

and bone marrow of C57, SAMP6 and SAMP8 mouse strains

MITOCHONDRIAL NORMALISED MEMBRANE
MITOCHONDRIAL MASS MEMBRANE POTENTIAL POTENTIAL
TISSUE CELL TYPE C57 SAMP6 SAMP8 C57 SAMP6 SAMP8 C57 SAMP6 SAMP8
SPLEEN CD4+ naive T N N N N 1 N N N N
cell
CD4+ memory | | ! N — ! — = = =
T cell
CD8+ naive T N . . N ! N N N N
cell
CD8+ memory 4 — — — — — — — —
T cell
B cell { { — — { — — — —
Immature NK N ! N = = — — — l
Mature NK — — 1 — — — — — —
Monocyte — — — — { — — b —
BONE Eosinophil N N N N N N N N N
MARROW
Ly6C+ — 1 — — — — — — —
monocyte
Ly6C- — 1 — — — — - - -
monocyte
Neutrophil - - - - - - — — —
Naive B cell N N N N N N N N N
Memory Bcell | _, - - - - - — — —
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SAMP6 mice are characterised by senile osteoporosis whilst SAMP8 mice are subject to deficits in
learning and memory and impaired immune responses (Takeda, 1999). Oxidative damage and
oxidative stress have been well described within SAMP8 mice. Nakahara et al. and Liu et al.
proposed that this oxidative damage affects the efficiency of ATP synthesis in liver mitochondria
(Nakahara et al., 1998, Liu et al., 2008, Huang et al., 2019). Within this study, this finding did not
extend to splenic cells. However, a significant reduction in the ATP production from bone marrow
cells of old SAMP8 mice was observed compared to SAMP6 which may be related to decreased
ATPase efficiency, although ATP production was not altered with age within these mice. Similarly,
it has been proposed that the oxidative defence system is reduced in SAMP8 mice, as they show
lower activity of superoxide dismutase (SOD) and glutathione (GSH) within the liver and brain (Mori
etal., 1998, Liu and Mori, 1993). Despite this decrease in oxidative defence, no significant difference
in H,0, production from bone marrow cells was observed between SAMP8 and SAMP6 or C57 mice.
This suggests that increased oxidative stress as a result of reduced defence systems may be tissue

specific as previously described (Rebrin et al., 2005).

Increased expression of inflammatory markers has previously been reported in the brains of SAMP8
mice. At 10 months of age, a significant increase in the messenger RNA (mRNA) level of TNF-a, IL-6
and IL-1B was observed in the hippocampus, cerebral cortex and hypothalamus of SAMP8 mice over
that of SAMR1 (Tha et al., 2000). Increased TNF-a and IL-6 levels have also been reported in the
peripheral blood of SAMPS8 mice (Kobayashi et al., 2018). This is thought to be as a result of chronic
activation of immune cells. In terms of immune cell metabolism, sustained mitochondrial mass was
observed within splenic T cells and B cells in comparison to SAMP6 and C57 mice, which showed a
loss of mitochondrial mass with age. Simultaneously, increased mitochondrial membrane potential
was observed within eosinophils, monocytes and neutrophils within the bone marrow compared
to SAMP6 mice. These findings may sustain the production of pro-inflammatory markers within

SAMP8 mice, however without further study this cannot be confirmed.

NMR analysis of plasma metabolites has shown reduced glucose and pyruvate and increased lactate
in the sera of SAMP8 mice compared to SAMR1 (Jiang et al., 2008). This finding suggested perturbed
glucose and lipid metabolism within SAMP8 mice and was found to be more pronounced within
females which show greater development of Alzheimer’s disease. In line with these findings
increases in the basal respiration and ATP-linked respiration of SAMPS8 splenic cells was observed
within this study, which may alter serum metabolites levels. Increased ATP-linked respiration was
observed within bone marrow cells alongside decreased glycolysis and glycolytic capacity. Whilst

decreased Complex | activity has been observed in SAMP8 mice compared to SAMR1, and
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concomitant increase in Complex Il and IV respiration and activity have previously been observed

in muscle, and mirrors the bioenergetic capacity observed in spleen (Barquissau et al., 2017).

Previous research has found mesenchymal stem cells (MSCs) from SAMP6 mice to have reduced
ATP:ADP ratio, increased ROS production and decreased mitochondrial membrane potential in
comparison to SAMR1 mice (Lv et al., 2018). These changes result in reduced oxygen consumption
rates as a result of increased inner membrane to outer membrane ratio of the mitochondria.
However these changes within the bone marrow compartment were not observed in this study. A
significant increase in ATP production, but no changes in H,0, production with age were observed
within these cells. However, a significant reduction in the mitochondrial membrane potential of
eosinophils, monocytes and neutrophils within the bone marrow of SAMP6 mice was seen, like that
observed within MSCs. Whilst decreased mitochondrial membrane potential within MSCs was due
to decreased oxidative metabolism, a switch towards glycolytic metabolism in bone marrow

immune cells was observed (Lv et al., 2018).

Within SAMP1 mice, increased mortality as a result of influenza A infection, has been found to result
from impaired NK cell and CD8+ T cell activity and partial CD4+ T cell deficiency (Dong et al., 2000).
Disruption of immune cells resident within the spleen and bone marrow of SAMP8 and SAMP6 mice
was observed. Immune-modulation has previously been described within both SAMP6 and SAMP8
mice (Molina et al., 2016, Tsuji et al., 2018, Liu et al., 2019, Kuo et al., 2017). This study confirms
that immune cells are affected within these mice. The mitochondrial landscape involving
mitochondrial mass and membrane potential, affects the global metabolism of the splenic and bone

marrow cell populations.

44.1 Limitations

The introduction of more mice into the study design could have brought more strength to the
conclusions drawn. Whilst the Seahorse XF experiments did not show a lack of power, increasing
the n number may have extended the number of statistically significant results. This is particularly
the case for where experiments showed a trend towards reduced spare capacity in splenic cells

with age which did not quite reach significance.

The study design may also have been impacted by the varying ages of the mice utilised for this
study. Mice were grouped as young (<3 months of age) or old (>12 months of age). Due to the small
litter size and reduced breeding activity of SAMP mice within the laboratory setting used for this
project, it was impractical to collect tissues from mice of the exact same age. This introduced a

degree of variability within the age groups which may have impacted statistically relevant findings.
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The SAMR1 mouse strain, which would have been the ideal control for this study, was not available
at A*STAR. The SAMR1 strain is costly to maintain and not as widely used by researchers. Therefore,
C57BL/6J mice were integrated into this study as a control. Previous reports have suggested that
SAM mice typically live until approximately 60 weeks of age. However, the SAM strains used within
this experiment had a life span of up to 120 weeks of age. Whilst this may be due to the SPF housing
environment of the mice, it may also be a result of less selective in-breeding of SAM strains. This
may account for the differences observed between the mice used within this study and those used
within previous research. Future work should focus on characterising the SAM strains contained
within the biological research facility at A*STAR to establish their relevance to other SAMP6 and
SAMPS strains.
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4.5 Conclusion

Basal oxidative metabolism and ATP-linked respiration were increased in splenic cells derived from
SAMP8 mice in comparison to SAMP6 and C57 mice. A significant reduction in spare oxidative
capacity was also observed with age in C57 mice, however this finding was not significant in SAMP6
and SAMP8 mice. Despite changes in oxidative metabolism, no changes in the glycolytic metabolism
of these cells was observed with age or between genotypes. Despite SAMP8 cells showing increased
ATP-linked respiration, no increase in the ATP production of the cells was observed. Similarly, no
changes in H,0, production were observed with age despite previous findings. It is proposed that
differences in the regulation of mitochondrial mass and membrane potential are observed in
SAMP8 mice with age, which may contribute to the increased oxidative metabolism observed in
splenic cells. NK cells and monocytes resident within the spleen have a limited role within this

effect, however.

When analysing bone marrow cells, alterations in the oxidative metabolism of SAMP8 mice and
glycolytic metabolism of SAMP6 mice were observed. Whilst SAMP8 bone marrow cells displayed
decreased maximal respiration in young mice and increased ATP-linked respiration with age,
SAMP6 cells surprisingly showed increased glycolytic capacity with a concurrent decrease in
glycolytic reserve. It is proposed that these modifications in glycolytic metabolism may be linked to
the development of osteoporosis within SAMP6 mice. Changes in the ATP production and glucose
uptake by bone marrow cells within these mice were also observed, therefore it was sought to
identify which cell types may influence these alterations. Eosinophils, neutrophils and monocytes
from SAMP6 mice all showed reduced TMRM:MTG ratio compared to C57 and SAMP8 mice. This
reduction in mitochondrial membrane potential may force these cells to rely more heavily on
glycolytic metabolism to sustain energy production, resulting in the increased glycolytic capacity
but decreased glycolytic reserve observed within SAMP6 bone marrow. This increased reliance on

glycolysis may contribute to the development of osteoporosis within these mice.

A summary of these findings in shown in Figure 4.20. In summary, it was shown that SAMP6 mice
exhibit alterations in oxidative metabolism within the bone marrow which may be linked to the
osteoporosis observed within these mice. This decreased oxidative metabolism is associated with
decreased mitochondrial membrane potential of immune cells contained in the bone marrow of
SAMP6 mice. These mice showed an altered mitochondrial landscape of immune cells in the spleen.
SAMP8 mice showed increased oxidative metabolism in the spleen, however this finding did not

appear to affect the mitochondrial content of immune cells obtained from these mice.
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Figure 4.20 Summary of findings during ageing of C57BL/6J, SAMP6 and SAMP8 mouse strains

showing altered oxidative metabolism in the bone marrow of SAMP6 mice and spleen

of SAMP8 mice with age
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Chapter 5 Investigating the metabolism of CD4+ effector
memory T cells re-expressing CD45RA (TEMRA)

5.1 Introduction

With age there is a dramatic shift within the CD4+ and CD8+ T cell pools from naive cells in the
young to memory cells in elderly mice and humans (Trzonkowski et al., 2010). This natural process
is thought to result from involution of the thymus and lifetime exposure to pathogens. Naylor et al.
found a significant reduction in the number of recent thymic emergents over the age of 55 years in
a cohort of 156 donors of varying ages (Naylor et al., 2005). However, previous studies have shown
that T cell receptor (TCR) diversity can be maintained until 65 years of age in humans (Naylor et al.,
2005). Memory cells show a ten-fold reduction in the diversity of their TCR repertoire than naive
cells (Naylor et al., 2005). Whilst mice do not increase homeostatic proliferation with age, they
instead show increased longevity of naive T cells which come with their own functional defects

(Tsukamoto et al., 2009).

In humans, Koch et al. reported numerous differences in the frequency of CD8+ naive and memory
T cell subsets with age, whilst differences within the CD4+ population were less pronounced
between young and elderly individuals (Koch et al., 2008). Whilst they found only a significant
increase within the CD4+ central memory (CM) cell subset with age, naive and T effector memory
cells re-expressing CD45RA (TEMRA) were subject to reduced and increased frequency respectively
within the CD8+ T cell compartment (Koch et al.,, 2008, Fulop et al., 2013). The CD4+ T cell
compartment showed a much-reduced frequency of TEMRA cells compared to the CD8+
compartment between the young and elderly, instead the bulk of memory lay within CM cells. Poor
responses to infection and poor vaccine efficiency in the elderly are just two of the major health
concerns of today. Ageing of the CD4+ T cell compartment has been associated with these issues
but has not been attributed to one specific CD4+ T cell subset (Deng et al., 2004, Lorenzo et al.,

2018, Scollay et al., 1980).

Persistent viral infections such as cytomegalovirus (CMV) and dengue virus (DENV) are associated
with the development of TEMRA cells within both the CD8+ and CD4+ T cell compartments (Tian et
al.,, 2017, Libri et al., 2011, Gordon et al., 2017). The accumulation of TEMRA cells has been
described within human immunodeficiency virus (HIV) patients on antiretroviral therapy and in
patients with osteoporosis and increased frailty scores (McElhaney and Effros, 2009, Booiman et

al., 2017). This accumulation is thought to occur through extensive and prolonged TCR stimulation
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over time during the ageing process resulting in T cell exhaustion. TEMRA cells have previously been
shown to have characteristics of terminal differentiation and senescence associated with increased
programmed cell death receptor 1 (PD-1) expression (Booiman et al., 2017, Bengsch et al., 2016).
Both CD8+ and CD4+ TEMRA cells have been shown to express high levels of senescence markers
CD57 and killer cell lectin-like receptor subfamily G member 1 (KLRG1), with roughly 60% of cells
expressing these markers compared to <10% of naive and CM cells (Koch et al., 2008, Tian et al.,
2017). The loss of functionality in the CD4+ T cell compartment with age is exemplified by reduced
rates of transplant rejections in the elderly (Bradley, 2002, Trzonkowski et al., 2010). This
phenomenon was found to be associated with reduced telomere length, reduced proliferative
capacity of T cells and reduced naive CD4+ T cell numbers (Trzonkowski et al., 2010). As they age
CD4+ T cells lose their proliferative capacity and telomerase activity and increase their production
of interferon-gamma (IFNy) leading to the immunosenescent and inflamm-ageing phenotypes

described in Chapter 1 (Trzonkowski et al., 2010).

However, CD8+ TEMRA cells have previously been found to express high levels of TNFa, IFNy,
granzyme B (GZB) and perforin, resulting in potent cytotoxic activity (Henson et al., 2014, Tian et
al.,, 2017). Consequently, recent studies have shown that high numbers of CD8+ TEMRA are
associated with an increased immune response, ie. kidney graft rejection and multiple sclerosis (Yap
et al., 2014, De Biasi et al., 2019). Whilst TEMRA cells account for ~22% of CD8+ cells, the TEMRA
cell population within the CD4+ T cell compartment can vary drastically between individuals from
<0.3% to 18% (Tian et al., 2017, Henson et al., 2014). Therefore, it is unknown whether CD4+ TEMRA

cells contribute to this phenomenon.

Differences between memory and naive T cells within the CD8+ T cell compartment have already
been studied. Van der Windt et al. found that memory cells have 2-fold higher ratio of
mitochondrial deoxyribose nucleic acid (DNA) (mtDNA) to nuclear DNA compared to naive cells
indicating a significantly higher mitochondrial mass (van der Windt et al., 2013). This trend was
found within the CD4+ T cell compartment, with naive cells showing significantly lower
mitochondrial mass than effector memory (EM) cells. This result was confirmed by translocase
outer mitochondrial membrane 20 (TOM20) staining in sorted cells (De Biasi et al., 2019). This
increase in mitochondrial mass made memory cells able to proliferate faster and generate more
IFNy during secondary effector cell formation compared to primary effector cells derived from naive
T cells. Previous studies have suggested that the terminal differentiation of T cells requires aerobic
glycolysis (Gaber et al., 2015). Increased oxygen consumption rate (OCR) and increased extracellular
acidification rate (ECAR) were noted within memory cells following stimulation with anti-CD3/28
(van der Windt et al., 2013). Within the CD4+ T cell compartment EM cells have been found to have

higher ECAR than naive cells within the context of primary progressive and secondary progressive
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forms of multiple sclerosis and a greater tendency to shift from oxidative phosphorylation

(OXPHOS) to glycolysis (De Biasi et al., 2019).

Studies focusing on CD8+ TEMRA cell metabolism have revealed that TEMRA cells have profound
metabolic instability described by decreased spare respiratory capacity, decreased mitochondrial
mass and membrane potential and increased reactive oxygen species (ROS) production (Henson et
al., 2014, Callender et al., 2019). Prior to stimulation TEMRA cells have similar levels of
mitochondrial mass to naive cells, which is reduced in comparison to that of EM cells (Tilly et al.,
2017). This is reflected in their response to a mitochondrial uncoupling agent, whereby EM cells
have greatly increased maximal respiration rates compared to naive and TEMRA cells. Whilst prior
to stimulation TEMRA cells do not show significantly increased adenosine triphosphate (ATP)-linked
respiration, they do have a significantly larger ATP reservoir compared to naive cells which is rapidly
utilised upon interleukin (IL)-15 stimulation (Tilly et al., 2017). Surprisingly, CD8+ TEMRA cells
showed upregulated expression of genes involved in glycolysis, fatty acid oxidation and the pentose
phosphate pathway compared to both naive and EM cells, pathways which are further upregulated
upon stimulation (Tilly et al., 2017). This increase in glycolysis has been shown to support CD8+
TEMRA cell effector function (Henson et al., 2014). Upon polyclonal phorbol 12-myristate 13-
acetate (PMA)/lonomycin stimulation, TEMRA cells exhibited similar and sustained increases in OCR
and ECAR to EM cells whilst naive cells only increased OCR transiently. Additionally, it has been
shown that mitochondrial membrane potential is reduced upon CD3/CD28 stimulation in CD4+
naive, CM, EM and TEMRA cells by approximately 30%, 12%, 24% and 39% respectively (De Biasi et
al., 2019).

Whilst studies on the metabolism of CD4+ TEMRA cells are limited, Callender et al. noted that CD4+
TEMRA cells have 2-fold more mitochondrial mass than CD8+ TEMRA cells which causes them to
become senescent at a slower rate (Callender et al., 2019). This study showed that CD4+ TEMRA
cell mitochondria are more hyperpolarised and have increased OCR and spare respiratory capacity
(SRC) than CD8+ TEMRA, resulting in greater ATP production. However, the results of this study

performed in Caucasians has yet to be confirmed by others or within different populations.

In this chapter, the aim was to compare mitochondrial regulation and the metabolic phenotype of
the four CD4+ T cell subsets (naive, CM, EM and TEMRA) in response to CD3 (clone: OKT3)
stimulation. It was hypothesised that all four subsets would have similar rates of mitochondrial
regulation and metabolism prior to stimulation but different responses to stimulation. It was
expected that CM and EM cells would show the largest response to stimulation, whilst TEMRA cells
would show the smallest. The aims and objectives for the work conducted within this chapter are

summarised in Figure 5.1.
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Objectives:
* Analyse mitochondrial dysfunction following CD3 (OKT3)

Aim: : :
: stimulation
To determine * Analyse mitochondrial mass and membrane potential
mitochondrial Confirm expression of glucose transporter 1 (Glut1)
programming in * Analyse mitochondrial fission and fusion dynamics
CD4+ T cell subsets * Explore optic atrophy 1 (Opal) protein expression

* Sort CD4+ naive, central memory (CM), effector memory
(EM) and terminal effector memory T cells re-expressing

during senescence

including naive, CD45RA (TEMRA) cells
CM, EM and * Analyse mitochondrial mass within these subsets to confirm
flow cytometry findings
TEMRA cells * Perform live-cell metabolic analysis of CD4+ T cells to
confirm mitochondrial dysfunction in senescent cells

Figure 5.1 Aims and objectives for studying mitochondrial dysfunction in CD4+ TEMRA cells in

comparison to other CD4+ T cell subsets
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5.2 Materials and methods

5.2.1 Donors and blood processing

Details of the donors and blood processing protocol can be found in Section 2.1.2.1.1 CD4+ T cell

study. A total of 30 blood cones were used for the purpose of this study.

5.2.2 PBMC and isolated T cell culture

Cells were cultured in Rosewell park memorial institute (RPMI)-1640 medium (ThermoFisher, MA)
containing 10% FBS (ThermoFisher, MA) (R-10) for all experiments as described in Section 2.1.3 Cell
culture and tissue storage. Cultured cells were incubated at 37°C with 5% CO; for the duration of
the experiment. Cells were processed for long term storage as described in Section 2.1.3 Cell culture
and tissue storage. After thawing, cells were incubated overnight using the above conditions before

use in subsequent experiments.

5.2.3 CD3 (OKT3) stimulation

Cells were stimulated with CD3 (Clone: OKT3) as described in Section 2.7.1 CD3 (OKT3) stimulation

for downstream analysis.

5.2.4 Flow cytometry for mitochondrial assessment

PBMCs were stained with the cell surface markers listed in Table 5.1 as described in Section 2.5.1.1
Cell surface staining. For intracellular protein staining cells were stained with the primary antibodies
listed in Table 5.2 as described in Section 2.5.1.3 Intracellular protein staining. The secondary
antibodies used are listed in Table 5.3. Fluorescence was acquired on a BD LSR-Fortessa flow
cytometry system (Becton Dickson, MJ) at a flow rate of ~6,000 events per second for a total of 1

million events. The gating strategy for each subset is defined in Table 5.4 and shown in Figure 5.2.
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Table 5.1  Surface staining antibodies for T cell subsets

SURFACE MARKER FLUOROPHORE CLONE RETAILER DILUTION
Live-Dead AmCyan n/a ThermoFisher, MA 1:200
CD3 PE UCHT1 Biolegend, CA 1ul

Ccbh4 Pacific Blue OKT4 BioLegend, CA/Becton Dickson, NJ  1pl

CD27 Bv650 0323 BioLegend, CA 2ul

CD28 PE/Cy7 CD28.2 BiolLegend, CA 1ul
CD45RO Bv785 UCHL1 Biolegend, CA 1ul
CD45RA Bv605 HI100 Biolegend, CA 1ul

Table 5.2  Primary antibodies for mitochondrial analysis in T cell subsets

PRIMARY ANTIBODY FLUOROPHORE  SPECIFICITY/HOST RETAILER DILUTION
SPECIES

Glutl FITC Rabbit Abcam, UK  1ul

Opal n/a Mouse IgG1 Abcam, UK  1ul

Mfn2! n/a Mouse IgG2a Abcam, UK  1ul

Drpl n/a Mouse IgG2 Abcam, UK  1ul

Table 5.3  Secondary antibodies for mitochondrial analysis in T cell subsets

SECONDARY ANTIBODY FLUOROPHORE HOST SPECIES RETAILER DILUTION
Anti-mouse IgG1 FITC Goat Abcam, UK 1ul
Anti-mouse 1gG2p Apc Rat R&D Systems, MN  1ul

1 Mfn2 primary antibody was not detected by anti-mouse 1gG2a secondary antibody but was detected by
anti-mouse 1gG2p therefore this secondary antibody was used instead
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Table 5.4 T cell subset gating strategy using cell surface markers

T CELL SUBSET GATING STRATEGY

Naive CD3+, CD4+, CD27hi, CD28+, CDA5RA+

Central memory CD3+, CD4+, CD27hi, CD28+, CD45RA-

Effector memory CD3+, CD4+, CD27lo, CD28+, CD45RA-, CD45RA+
TEMRA CD3+, CD4+, CD27lo, CD28+, CD45RA+, CD45RO-
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Figure 5.2  Gating strategy for identifying human CD4+ T cell subsets gated for cell size, singlets,
live cells, CD3+ then CD4+ (A) Naive cells gated as CD28+CD27hi then CD45RA+, (B)
Central memory cells gated as CD28+CD27hi then CD45RA- (C) Effector memory cells
gated as CD28+CD27lo then CD45RO+CD45RA- and (D) TEMRA cells gated as
CD28+CD27lo then CD45RO-CD45RA+
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5.2.5 CD4+ T cell subset sorting

5.2.5.1 Magnetic (MACS®) CD4+ T cell sorting

CD4+ cells were isolated from PBMCs by MACS® (Miltenyi Biotech, Germany) according to
manufacturer’s instructions. The procedure for MACS® separation is detailed in Section 2.5.3
Magnetic-activated cell sorting (MACS). For the purpose of this study cells were separated based
on CD4 expression to isolate CD4+ T cells prior to fluorescence-activated cell sorting (FACS) for live-

cell metabolic analysis.

5.2.5.2 Fluorescence (FACS) cell sorting of T cell subsets

CDA4+ cells were stained for FACS in 5ml PP tubes using the staining procedure described in Section
2.5.2 Fluorescence-activated cell sorting (FACS). The surface staining antibodies used are listed in
Table 5.5. Stained cells were passed to Ivy Low, Salanne Lee and Seri Mustafa at the A*STAR Flow
cytometry core-facility and sorted using the BD FACS Aria Il system. Following staining cells were
washed twice with R-10 and cultured in 96-well U-bottom plates overnight at 37°C with 5% CO, at

density of 500,000 cells per well in 200ul R-10.

Table 5.5  Surface staining antibodies used for sorting CD4+ T cell subsets

SURFACE MARKER FLUOROPHORE CLONE RETAILER DILUTION
LIVE/DEAD AmCyan n/a ThermoFisher, MA 1:200

CD3 PE OKT3 BioLegend, CA 0.5ul/million
Ccbh4 Pacific Blue OKT4 BioLegend, CA 0.5ul/million
CD8 Apc/Cy7 SK1 BioLegend, CA 0.5ul/million
CD27 Bv650 0323 BioLegend, CA 1ul/million
CD28 PE/Cy7 CD28.2  Biolegend, CA 0.5ul/million
CD45RO Apc UCHL1 BioLegend, CA 0.5ul/million
CD45RA Bv605 HI1100 BioLegend, CA 0.5ul/million
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5.2.6 Super-resolution microscopy

Sorted CD4+ and CD8+ T cell subsets (naive, CM, EM and TEMRA) were used for super-resolution
microscopy of mitochondria. Cells were stained, prepared and imaged as described in Section 2.2.4
Super-resolution microscopy. A total of 20 cells were imaged for each T cell subset from each of 2
donors. Images were analysed and mitochondria reconstructed using Imaris software (Oxford

Instruments, UK).

5.2.7 CD4+ T cell seahorse analysis

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of T cell subsets was
analysed using Seahorse XF technology (Agilent Technologies, CA). The assay was set-up as
described in Section 2.6 Live-cell metabolic analysis. Sorted CD4+ T cell subsets (naive, CM, EM and

TEMRA) were plated at a density of 500,000 cells per well for the purposes of the assay.

5.2.8 Statistical analysis

Statistical analysis for all experiments was performed using a paired two-way ANOVA model, for
parametric assessment of paired samples within donors. Tukey’s multiple comparisons test was
used for post-hoc analysis. Analysis of seahorse data was performed using a paired one-way ANOVA
model with Tukey’s multiple comparisons test post-hoc analysis. Flow cytometry data was analysed
using Flowlo software. Statistical analysis was performed using GraphPad Prism software.

GraphPad was used to create graphs. A p value of <0.05 was used to identify significance.
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5.3 Results

5.3.1 Mitochondrial mass and membrane potential staining are unchanged between CD4+
T cell subsets, but the mitochondrial mass to membrane potential ratio is reduced in

CD4+ TEMRA

In order to clarify whether mitochondrial mass and mitochondrial membrane potential were
affected by OKT3 stimulation, MitoTracker Green (MTG) and tetramethylrhodamine methyl ester
(TMRM) staining were analysed by flow cytometry in CD4+ T cells. A significant effect of CD4+ T cell
subset was observed on mitochondrial mass (Figure 5.3A; p=0.001, F(2.13,14.93)=9.519). However,
no differences between MTG staining were observed between the time points studied for each
subset. Similar observations of a significant effect of CD4+ T cell subset were made for TMRM
staining as an indicator of mitochondrial membrane potential (p=0.004; F(1.95,13.66)=8.635) with
time-dependent effects of no significance as shown in Figure 5.3B. However, when TMRM staining
was normalised to MTG staining significant differences between subsets were observed. Whilst
there were no significant differences observed prior to stimulation CM cells displayed higher
normalised mitochondrial membrane potential than both naive and TEMRA cells (Figure 5.3C).
Continued OKT3 stimulation for 24 hours maintained significantly increased normalised
mitochondrial membrane potential within CM cells compared to naive cells. This trend was
continued within EM and TEMRA cells following 4 hours and 24 hours of stimulation, which both
showed an increased mitochondrial membrane potential to mitochondrial mass ratio than naive
cells. At 24 hours TEMRA cells also showed significantly reduced normalised membrane potential
than EM cells (Figure 5.3C), suggesting that TEMRA cells have different mitochondrial membrane

maintenance to both naive and EM cells following prolonged OKT3 stimulation.
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Figure 5.3 Mitochondrial mass and membrane potential in CD4+ T cells following OKT3
stimulation compared to control unstimulated cells (Ctrl) showing (A) MTG staining (B)
TMRM staining and (C) TMRM:MTG staining ratio in each subset normalised to
unstimulated naive cells (N=naive, C=central memory, E=effector memory, T=TEMRA)

(mean+SEM; n=8; Two-way repeated measures ANOVA; *p<0.05 ***p<0.001)

5.3.2 Expression of Glucose transporter 1 (Glutl) is increased in CD4+ effector memory and

TEMRA cells

Upregulation of glycolysis is an important part of engageing T cell effector function following
stimulation. Therefore the extracellular surface expression of glucose transporter protein 1 (Glut1)
was analysed by flow cytometry in unstimulated and stimulated cells following 4 hours and 24 hours
of OKT3 stimulation. All four subsets (naive, CM, EM and TEMRA) significantly upregulated Glutl
surface expression following 24 hours of stimulation (Figure 5.4A). No significant changes in
extracellular Glutl expression were observed during the first 4 hours of stimulation. The increase
in Glutl expression following 24 hours stimulation is exemplified by the shift in Glutl fluorescence

observed in Figure 5.4B.
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Prior to stimulation memory CD4+ T cell subsets (CM, EM and TEMRA) displayed an increased level
of Glutl expression compared to cells contained within the naive cell subset (Figure 5.4C). This
increase was observed following 4 hours of OKT3 stimulation. At this time point significantly greater
surface expression of Glutl was observed within the EM cell subset compared to CM cells. Following
24 hours of stimulation the upregulation of Glutl in memory subsets compared to naive cells had

diminished following the upregulation of Glutl in all four subsets (Figure 5.4C and D).
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Figure 5.4 Glucose transporter 1 expression in CD4+ T cell subsets following OKT3 stimulation
compared to unstimulated control cells (Ctrl) showing (A) Glutl expression in subsets
by stimulation time B) Histogram of Glutl fluorescence in each subset (C) Glutl
expression following stimulation by subset (D) Histogram of Glut1 fluorescence at each
stimulation timepoint normalised to unstimulated naive cells (N=naive, C=central
memory, E=effector memory, T=TEMRA) (mean+SEM; n=19; Two-way repeated

measures ANOVA; *p<0.05 **p<0.01 ***p<0.001)
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5.3.3 Mitochondrial fission and fusion dynamics remain stable in CD4+ TEMRA cells

In order to confirm the upregulation of mitochondrial fission (dynamin related protein 1; Drp1) and
fusion (mitofusin 2; Mfn2) upon OKT3 stimulation, the expression level of these proteins was
measured by flow cytometry. Upon 4 hours of stimulation Drpl expression was significantly
increased within the CM, EM and TEMRA T cell subsets (Figure 5.5A and B). CM and EM cells have
significantly higher expression of Drp1 following 24 hours of OKT3 stimulation (Figure 5.5C). Prior
to stimulation EM cells showed significantly higher levels of Drpl expression compared to naive T
cells. TEMRA cells showed similar levels of Drp1 expression to naive cells at all time points observed

in Figure 5.5D.

Interestingly, a significant effect of CD4+ T cell subset on Mfn2 expression was reported following
analysis by two-way repeated measures ANOVA (Figure 5.6A-D; p=0.004, F(1.054,10.54)=13.04).
Whilst no specific interactions were identified by post-hoc analysis, CM and EM cells showed a trend
towards higher expression levels than naive T cells at all time points studied but this was not found
to be significant. It is interesting to note that naive T cells and TEMRA cells showed a great deal of
Mfn2 expression variability after 24 hours of OKT3 stimulation as shown in Figure 5.6C compared

to CM and EM cell subsets.
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Figure 5.5 Dynamin related protein 1 expression in CD4+ T cell subsets following OKT3
stimulation compared to unstimulated control cells (Ctrl) showing (A) Drp1 expression
in subsets by stimulation time (B) Drp1 fluorescence in each subset (C) Drp1 expression
following stimulation by subset (D) Drpl fluorescence at each stimulation timepoint
normalised to unstimulated naive cells (N=naive, C=central memory, E=effector
memory, T=TEMRA) (mean+SEM; n=17; Two-way repeated measures ANOVA; *p<0.05
**p<0.01 ***p<0.001)
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Figure 5.6  Mitofusin 2 expression in CD4+ T cell subsets following OKT3 stimulation compared to

unstimulated control cells (Ctrl) showing (A) Mfn2 expression in subsets by stimulation
time (h) (B) Histogram of Mfn2 fluorescence in each subset (C) Mfn2 expression
following stimulation by subset (D) Histogram of Mfn2 fluorescence at each
stimulation timepoint normalised to unstimulated naive cells (N=naive, C=central
memory, E=effector memory, T=TEMRA) (mean+SEM; n=17; Two-way repeated

measures ANOVA)

As Drp1 and Mfn2 expression levels should be in equilibrium prior to stimulation, expression levels
of Drpl and Mfn2 were tracked during the 24 hour time course of OKT3 stimulation. Only naive T
cells appeared to show a significant upregulation of Drpl expression above Mfn2 expression

following 4 hours of stimulation (Figure 5.7A). The CM, EM and TEMRA cell subsets did not appear
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to show any upregulation of Drpl or Mfn2 in comparison to the other over the time course of

stimulation (Figure 5.7B-D).
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Figure 5.7 Balance of dynamin related protein 1 and mitofusin 2 expression in CD4+ T cell subsets
following OKT3 stimulation compared to unstimulated control cells (Ctrl) showing (A)
naive cells (B) central memory cells (C) effector memory cells and (D) TEMRA cells
normalised to mean fluorescent index (MFI) without stimulation (mean+SEM; n=17;

Two-way repeated measures ANOVA; ***p<0.001)

5.3.4 Optic atrophy protein 1 (Opal) expression is reduced in CD4+ effector memory and

TEMRA cells following stimulation

As cristae remodelling has previously been observed between the T cell subsets and upon
stimulation within naive cells, the expression of Opal upon stimulation within these subsets was
analysed by flow cytometry. A significant decrease in Opal expression was observed following 24
hours of OKT3 stimulation in all four CD4+ subsets, resulting in a shift in Opal fluorescence intensity
(Figure 5.8A and B). No significant changes in Opal expression were observed during the first 4

hours of stimulation (Figure 5.8A).
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No differences between the subsets in terms of their Opal expression were observed prior to OKT3
stimulation (Figure 5.8C). Following 4 hours and 24 hours of stimulation however, a significant
reduction in Opal expression was observed within EM and TEMRA cells compared to CM cells. This
reduction was observed following 24 hours when comparing EM and TEMRA cells to naive T cells.
This changing pattern of Opal expression within the four subsets is exemplified by a shift in Opal

expression observed in Figure 5.8D following 24 hours of stimulation.
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Figure 5.8 Opticatrophy 1 expression in CD4+ T cell subsets following OKT3 stimulation compared
to unstimulated control cells (Ctrl) showing (A) Opal expression in subsets by
stimulation time (B) Histogram of Opal fluorescence in each subset (C) normalised
Opal expression following stimulation by subset (D) Histogram of Opal fluorescence
at each stimulation timepoint normalised to unstimulated naive cells (N=naive,
C=central memory, E=effector memory, T=TEMRA) (mean+SEM; n=18; Two-way

repeated measures ANOVA; *p<0.05 **p<0.01 ***p<0.001)
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5.3.5 Super-resolution microscopy of CD8+ and CD4+ T cells reveals differences in

mitochondrial structure

In order to observe the mitochondrial landscape within CD4+ and CD8+ T cell subsets cells were
sorted by FACS from each of 2 donors and analysed using super-resolution microscopy as seen in
Figure 5.9. Using translocase outer mitochondrial membrane 20 (TOM20) a translocase present on
the outer mitochondrial membrane as a marker, mitochondrial membranes were rendered and
compared. Increased mitochondrial surface area and mitochondrial volume were observed in CM
cells compared to naive cells within the CD4+ T cell but not the CD8+ T cell compartment (Figure
5.10A and B). However, mitochondrial volume was significantly decreased in CD4+ CM cells

compared to CD4+ EM cells.

Within the CD8+ T cell compartment increased mitochondrial surface area and increased
mitochondrial volume were observed in EM cells compared to naive T cells (Figure 5.10A and B).
However, mitochondrial surface area was decreased in CD8+ TEMRA cells compared to EM cells,
and mitochondrial volume decreased in CM cells compared to EM cells. Additionally, mitochondrial
surface area and mitochondrial volume was significantly decreased in CD4+ EM cells compared to

CD8+ EM cells (Figure 5.10A and B).

When calculating the number of distinct mitochondrial nodes, a reduction in the number of nodes
was observed in CD4+ CM cells and CD4+ EM cells when compared to their CD8+ CM cell and CD8+
EM cell counterparts, respectively (Figure 5.10C). When comparing the number of mitochondrial
nodes within the CD4+ T cell and CD8+ T cell compartments, CD4+ EM cells showed reduced
mitochondrial numbers compared to CD4+ naive cells. A reduced number of mitochondrial nodes

were observed in CD8+ TEMRA cells compared to CD8+ CM cells (Figure 5.10C).
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Figure 5.9 Super-resolution microscopy of T cell subsets within the (A) CD4+ T cell and (B) CD8+ T

cell compartment with widefield Hoechst and SIM TOM20 imaging. Images are

representative of one sample (scale = 5um)
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Figure 5.10 Super-resolution microscopy analysis of CD4+ and CD8+ T cell subsets showing (A)
mitochondrial surface area (B) mitochondrial volume and (C) number of mitochondrial
nodes per cell (mean+SEM; n=40 cells from 2 donors; Two-way repeated measured

ANOVA; *p<0.05 **p<0.01 ***p<0.001)
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5.3.6 Seahorse XF analysis does not reveal alterations in metabolism of CD4+ TEMRA cells

As mitochondrial fission and fusion dynamics and the expression of Glutl were altered in TEMRA
cells, seahorse analysis was carried to out to examine the metabolic profile of CD4+ T cell subsets.
Due to the limited cell numbers available for TEMRA cells, samples from different donors were
pooled to maintain the assay within the dynamic range required. Oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) were measured using Seahorse XFe96 technology

resulting in the metabolic traces observed in Figure 5.11A and B.
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Figure 5.11 Oxygen consumption and extracellular acidification rate of CD4+ T cell subsets showing
(A) oxygen consumption rate and (B) extracellular acidification rate of naive (n=21),
central memory (n=19), effector memory (n=15) and TEMRA (n=8) cells treated with
(1) 2uM Oligomycin (2) 50mM 2DG (3) 2uM FCCP and (4) 500nM Rot/AA normalised

to naive T cells (mean only)
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Due to the large variability in the metabolism of T cell subsets derived from different donors a large
standard deviation was observed within all experiments (Figure 5.12A-C; Figure 5.13A-C). A
significantly higher basal OCR was noted in CM cells compared EM cells prior to the injection of port
compounds (Figure 5.12A). No significant differences were observed between the T cell subsets for
their basal glycolytic rates, ability to engage glycolysis upon inhibition of ATPase activity (glycolytic
reserve) and their glycolytic capacity (Figure 5.13A-C). Due to the lower number of CD4+ TEMRA

cells is was not possible to perform Seahorse analysis on stimulated CD4+ T cells.
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Figure 5.12 Oxygen consumption rate analysis of CD4+ T cell subsets showing (A) baseline OCR (B)
maximal respiration and (C) spare capacity of naive (n=21), central memory (n=19),
effector memory (n=15) and TEMRA cells (n=8) normalised to baseline OCR of naive T

cells (mean+SEM; Ordinary one-way ANOVA; *p<0.05)
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5.4 Discussion: Mitochondrial regulation and metabolic efficiency in the

immune-senescence of human T cells

As shown here and in other literature TEMRA cells have altered mitochondrial control (Henson et
al., 2014, Callender et al., 2019, Tilly et al., 2017, De Biasi et al., 2019). Previous studies have shown
that CD8+ TEMRA cells have reduced mitochondrial mass compared to CD8+ EM cells, resulting in
a lower mDNA:nDNA ratio and reduced MitoTracker Green MFI (Henson et al., 2014). The results
presented within this thesis do not represent this however, as no differences in mitochondrial mass
were observed prior to or following OKT3 stimulation. A reduction in the membrane potential of
the mitochondria within CD8+ TEMRA cells has previously been described (Henson et al., 2014).
Whilst this trend was previously observed between naive and TEMRA cells without stimulation, the
results presented within thesis show that CD4+ TEMRA cells have a reduced mitochondrial
membrane potential to mitochondrial mass ratio compared to the other memory subsets following
4 hours and 24 hours of OKT3 stimulation. An increased MTG:TMRM ratio was observed in TEMRA
cells compared to naive cells within this study. These results may reflect the differential control of
mitochondrial mass and membrane potential with CD4+ T cell subsets in comparison to CD8+ T
cells, as has been shown in previous studies (Callender et al., 2019). Whilst the effect of reduced
MTG:TMRM ratio within CD4+ TEMRA cells is unknown, it may be plausible that reduced
mitochondrial membrane potential may affect the ability of CD4+ TEMRA cells to produce IL-21 and
IL-4 as a result of IL-6 signalling, reducing the differentiation of Th2 and effector function following
secondary stimulation (Yang et al., 2015). Decreased IL-4 and IL-21 expression has been observed
in elderly humans, where TEMRA cells accumulate, impairing memory CD4+ T cell responses to
infection and vaccination (Yu et al., 2012). A reduced mitochondrial membrane potential has been
observed within apoptotic lymphocytes in mice and thymocytes in rats, suggesting that CD4+
TEMRA cells may be more susceptible to apoptosis than the other memory cell subsets following
OKT3 stimulation (Zamzami et al., 1995, Cossarizza et al., 1994). However, CD4+ TEMRA cells and
EM cells have previously been observed to be more resistant to apoptosis induced by TNF-a (Gupta

and Gollapudi, 2005).

When observing mitochondrial structure using super-resolution microscopy, decreased
mitochondrial surface area was detected between CD8+ EM and TEMRA cells, supporting the
findings of reduced mitochondrial mass in CD8+ TEMRA cells compared to EM cells by Henson et al.
(Henson et al., 2014). However, in line with the findings seen when analysing flow cytometry
analysis of MTG staining no significant differences were observed between these subsets within the
CD4+ T cell compartment. Additionally, whilst a decrease in the number of mitochondria was

observed between CD4+ naive and EM cell subsets, previous research has shown an opposite trend
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in CD4+ naive and EM cells isolated from Swiss donors and CD8+ naive and memory cells isolated
from C57BL/6 mice (Dimeloe et al., 2016, van der Windt et al., 2012). Once again this suggests that

mitochondrial regulation differs between CD4+ and CD8+ memory T cells.

Whilst CD4+ T cells express four of the thirteen Glut family members (Glutl, 3, 6 and 8), Glut1l is
the most highly expressed glucose transporter following activation (Macintyre et al.,, 2014).
Previous studies have revealed that the metabolism and function of CD4+ T cells is impaired by
selective inhibition of Glutl (Macintyre et al., 2014). Therefore, this study focused on Glutl over
other Glut family members. Increased expression of Glutl was observed in naive, CM, EM and
TEMRA cells following prolonged (24 hour) OKT3 stimulation within this study. It is interesting to
note that De Biasi et al. reported no significant upregulation of Glutl following CD3/CD28
stimulation for 16 hours in CD4+ T cells (De Biasi et al., 2019). Whilst this result conflicts with the
data in this study, the surface expression of Glutl may not be upregulated until 16 hours following
co-stimulation with CD3/CD28 (De Biasi et al., 2019). Other reports utilising murine T cells have
suggested that intracellular Glutl is upregulated as soon as 2 hours following CD3/CD28
stimulation, whilst extracellular expression increases following 4 hours of CD3/CD28 stimulation
and becomes maximal following 24 hours stimulation (Macintyre et al., 2014). Nevertheless, it is
proposed that CD4+ TEMRA cells exhibit no defects in their ability to upregulate Glutl expression

following CD3 stimulation.

Whilst no defects in the ability of TEMRA cells to upregulate Glutl were observed, increased
expression of Glutl was observed within CM, EM and TEMRA cells prior to and during the early
stages of OKT3 stimulation. Whilst Henson et al. reported that CD8+ TEMRA cells have reduced
expression of Glutl TEMRA cells contained with the CD4+ T cell compartment may not have this
defect, showing better access to extracellular glucose (Henson et al., 2014). Examining T cell
phenotypes within Glutl high and Glutl low populations has revealed that CD4+ and CD8+ EM cells
typically pool within the Glutl high population representing 60-78% and 60-68% of the Glutl high
population respectively. This same trend is observed for CD4+ naive (9-13%) and CM (34-46%) cells
which pool within the Glutl low population (Cretenet et al., 2016). Whilst Cretenet et al. did not
observe pooling of TEMRA cells within either the 10% of lymphocytes expressing the lowest and
highest levels of Glutl, the data collected within this study suggests that CD4+ TEMRA cells are
likely to be contained within a population of cells expressing mid to high levels of Glut1. Additionally
cells expressing high levels of surface Glutl were found to contain an increased percentage of IFNy
producing cells, tying Glutl expression in with increased levels of IFNy production in TEMRA cells

(Cretenet et al., 2016, Henson et al., 2014, Tian et al., 2017).
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Buck et al. compared the levels of Mfn2 and Drp1 in CD8+ T cells derived from C57BL/6 mice, using
IL-2 and IL-15 to support the maintenance of effector and memory T cells respectively (Buck et al.,
2016). Following 6 days of culture they revealed that expression of the mitochondrial fusion protein
Mfn2 was increased in memory cells alongside decreased phosphorylation of Drpl. Whilst Buck et
al. used effector CD8+ T cells as a control, this study utilised naive CD4+ T cells and observed the
opposite trend, increased expression of Drpl within memory cells whilst Mfn2 expression was
unaffected. Whilst it is difficult to compare these two studies based on the different control
populations used and their application within different models (mice vs. human), studies comparing
Drp1 and Mfn2 expression within T cells are limited and non-existent for TEMRA cells. No significant
upregulation of Drpl was observed within TEMRA cells. One study found that Drpl expression
supports metabolic reprogramming of effector cells upon activation though cMyc-dependent
upregulation of metabolic genes, this may suggest that CM and EM cells are primed upon re-
stimulation to promote secondary effector cell development (Simula et al., 2018). Whilst this
upregulation of Drp1 is not observed in TEMRA cells compared to naive cells, there is no significant
downregulation compared to CM and EM cells suggesting that TEMRA cells may be primed for re-
stimulation but to a lesser extent. Additionally, Drpl has been shown to support T cell clonal
expansion and migration (reviewed in (Simula et al., 2019)). Mfn2 on the other hand has been
shown to support proliferation, IL-2 and IFNy production of Jurkat cells following stimulation with
PMA/lonomycin (Xu et al., 2018). Despite being upregulated within CM and EM cells, Mfn2 was not

significantly up/down-regulated in one subtype versus the other.

Opal is necessary for the development of memory T cells, and T cells lacking Opal show deformed
and disorganised cristae structure (Buck et al., 2016). As discussed previously, Opal controls cristae
structure and the efficiency of the electron transport chain. During this study a downregulation of
Opal was observed for naive, CM, EM and TEMRA CD4+ T cells with OKT3 stimulation, in line with
the simultaneous upregulation of Glutl. This change in Opal to Glutl ratio may reflect the
engagement of glycolysis with OKT3 stimulation with the simultaneous disengagement of oxidative
phosphorylation mediated by Opal, reflecting change in the metabolic requirements of effector T
cells (Tilly et al., 2017, Henson et al., 2014, Chang et al., 2013). Interestingly Opal expression was
down-regulated within EM and TEMRA CD4+ T cells compared to naive and CM cells during the
latter stages of CD3 stimulation. Previous studies have observed a downregulation of Opal within

exhausted CD8+ T cells as a result of HBV infection (Fisicaro et al., 2017).

Seahorse experiments within the CD8+ T cell compartment have noted a higher basal metabolic
rate within CM and EM cells than naive and TEMRA cells, with ECAR higher in EM and TEMRA cells
(Henson et al., 2014). The results presented within this thesis however do not support this. No

detectable differences were observed in oxidative and glycolytic parameters between naive and
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memory subsets. The only evident difference between CM and EM CD4+ T cells was in basal OCR,
due to the high variability in OCR and ECAR between donors. Previous studies comparing CD8+ T
cell subset metabolism have observed higher basal metabolic rates and spare respiratory capacity
in CM and EM cells (Henson et al., 2014). As with the results presented here no significant
differences were observed between naive and TEMRA cell OCR. However, a higher rate of ECAR
was observed within EM and TEMRA cells which was not observable within this study despite
increased expression of Glutl within CD4+ EM and TEMRA cells (Henson et al., 2014, Callender et
al., 2019). Bengsch et al. showed that exhausted CD8+ T cells expressing high levels of PD-1 exhibit
repressed glycolytic and mitochondrial metabolism following lymphocytic choriomeningitis
mammarenavirus infection in C57BL/6 mice (Bengsch et al., 2016). Whilst a decrease in
mitochondrial and glycolytic metabolism were not observed within this study, exhaustion of EM

and TEMRA cells may aid explaining their inability to match CM metabolic rates.

54.1 Limitations

Due to the nature of apheresis blood donation, the clinical features and age of the donors used are
unknown. Whilst a cellular model of T cell senescence was utilised within this chapter, the age of
individuals may influence the results alongside exposure to other infections such as CMV. Future
studies could utilise samples such as those contained within the Singapore Longitudinal Ageing
Study (SLAS), where clinical features and the age of participants are known in order to minimise the

influence of these variables.

Working with rare cell populations, such as that of CD4+ TEMRA cells, limits the number of
experiments which can be done. Whilst most of the experiments were not affected by this low cell
number, samples had to be pooled for live-cell metabolic analysis using the Seahorse analyser. This
drastically affected the n number for the experiment and the ability to pair samples when
conducting statistical analysis. This may account for the lack of statistical significance observed for
this experiment. Additionally, a high level of variability between samples was observed particularly
when conducting Seahorse analysis. Future work should focus on increasing the n number for this

experiment and using samples from individuals where more information is available.

164



Chapter 5

5.5 Conclusion

In conclusion, this study showed that CD4+ TEMRA cells have some defects in mitochondrial control
but not to the same extent as that described for CD8+ TEMRA cells. A summary of these findings is
shown in Figure 5.14. The results presented within this study describe CD4+ TEMRA cells as like CM
and EM cells as they show increased basal expression of Glutl and increased TMRM:MTG ratio
during prolonged OKT3 stimulation in comparison to naive cells. However, TEMRA cells did show
differences to CM and EM cells in terms of their expression of mitochondrial fission and fusion
proteins, which was confirmed using super-resolution microscopy, and decreased expression of
Opal. Whilst it was hypothesised that TEMRA cells would show slow responses to CD3 stimulation,
TEMRA cells were fully able to respond to activation in line with the other subsets. Similarly, EM

cells responded no faster to stimulation than CM cells at the time points studied.

O O OO

Naive Central Effector TEMRA TEMRA
memory memory phenotype
J Glutl M Glutl M Glutl M Glutl
Expression Expression Expression Expression
Memory-like
4 membrane D membrane D membrane M™Jd membrane )
potential potential potential potential
J Drpl N Drpl N Drpl J Drpl
N Opal N Opal J Opal J Opal — Naive-like
N% T N% N%
mitochondrial mitochondrial mitochondrial mitochondrial
volume volume volume volume

Figure 5.14 Summary of mitochondrial dysfunction in CD4+ T cell senescence showing the

memory-like and naive-like mitochondrial phenotypes of TEMRA cells
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Chapter 6  Circulating human immune cells show altered

metabolism in ageing

6.1 Introduction

Immune cells contained within the peripheral blood mononuclear cell (PBMC) compartment form
the first line of defence against infection. In humans, PBMCs consist primarily of lymphocytes which
include T cells, B cells and natural killer (NK) cells. PBMCs also contain many monocytes and a small
percentage of dendritic cells (DC). Due to this, PBMCs are an ideal material for studying changes in

both the adaptive and innate immune systems.

Analysis of PBMCs and human plasma has been utilised in the discovery of biomarkers for a variety
of age-related diseases. These include: isoaspartyl residues in Alzheimer’s disease (Yang et al., 2011)
and miR-34b in Huntington’s disease (Gaughwin et al., 2011) in humans, and microRNA (miR)-34a
as a marker of brain ageing (Li et al., 2011) in mice. More striking changes in blood viscosity have
also been observed during ageing, independently of coronary heart disease risk (Carallo et al.,
2011). These findings suggest that blood components are readily altered with age, and this may

also be true for metabolic factors.

Metabolic analysis of whole PBMC populations has been reported previously. For example, Alonso
et al (Alonso et al., 2004) saw an acute and reversible inhibition of mitochondrial complex IV in
PBMCs after smoking and within chronic smokers (Mird et al.,, 1998). Other studies have also
suggested that mammalian target of rapamycin (mTOR) protein levels may be reduced in PBMCs
derived from old patients through increased levels of miR-496 (Rubie et al., 2016). However, the
distribution of mTOR within immune cells contained within the PBMC population and the effect of

this decline on immune cell activation remains unclear.

Age-related declines in sirtuin 1 (SIRT1) expression have been detected in PBMCs (Owczarz et al.,
2017). Although this gene had a minimal effect on longevity, as shown through analysis of
centenarians, it was hypothesised that SIRT1 dysregulation may be involved in immune system
decline and the appearance of immune-senescence in the elderly. Other studies focusing on age-
related declines in metabolism have generally used skeletal muscle, however PBMCs represent a
much easier tool for studying these changes. They can be isolated much easier from humans and

do not require invasive procedures such as tissue biopsy.
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In this chapter, the regulation of metabolism in PBMCs derived from young (<35 years) and old (>60
years) blood donors was compared. It was hypothesised that PBMCs from old donors would exhibit
defects in both oxidative and glycolytic metabolism resulting in reduced adenosine triphosphate
(ATP) production and glucose uptake. When studying metabolic parameters of immune cell subsets
through flow cytometry, it was hypothesised that T cells and NK cells would show the greatest
defects into mitochondrial control following stimulation. The aims and objectives for this chapter

are summarised in Figure 6.1.

Objectives:

e Conduct live-cell metabolic analysis on PBMCs from young

and old donors at baseline and following stimulation

Measure ATP production, hydrogen peroxide (H,0,)

production and glucose concentration within cultured

PBMCs from this cohort

* Confirm increased inflammation in old donors by measuring

interferon-gamma (IFN-y) production

Analyse metabolic parameters in immune cells isolated from

young and old donors at baseline and following stimulation

* Measure mitochondrial mass and membrane potential and
attribute to mitochondrial dysfunction

Aim:

To examine .
mitochondrial
dysfunction in
PBMCs derived

from young and old B
donors by analysing
mitochondrial

parameters in
PBMCs and
immune cells

Analyse mitochondrial fission and fusion dynamics
Compare expression of optic atrophy (Opal) and glucose
transporter 1 (Glutl) between groups

* Measure phosphorylation of mTOR - a central regulator of
metabolism

Figure 6.1 Aim and objectives for studying mitochondrial dysfunction in PBMCs and immune cells

from young and old donors
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6.2 Materials and methods

6.2.1 Blood donors and PBMC isolation

The donors used within this study are detailed in Section 2.1.2.3 Isolation of cells for Singapore
Longitudinal Ageing Study (SLAS). The isolation of peripheral blood mononuclear cells (PBMCs) from
CPT tubes is also detailed in Section 2.1.2.3 Isolation of cells for Singapore Longitudinal Ageing Study
(SLAS). A total of 20 young (<30 years) and 20 old (>60 years; Average: 68+5.63 years) donors were
used for the purpose of this study. The clinical features of SLAS participants utilised within this study

can be found in Table 6.1.
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Table 6.1 Clinical data of participants from the Singapore Longitudinal Ageing Study
High density Low density Body
Frailty Frailty Cholesterol Triglyceride lipoprotein lipoprotein Blood mass
Sample ID[Age Gender Ethnicity category score (mmol/L) (mmol/L) (mmol/L) (mmol/L) Pressure Diabetes index
0230 71 Male Chinese Robust 0 6.49 3.16 1.18 3.87 152/93 No 28.89
0275 69 Female  Chinese Pre-frail 2 4.86 1.48 1.14 3.05 125/71 No 25.22
0434 71 Male Chinese Pre-frail 2 3.98 0.64 1.38 2.31 123/79 No 23.24
0442 73 Male Indian NA NA NA NA 1.46 2.37 100/61 Yes 24.28
0635 73 Male Malay NA NA 6.95 0.97 2.27 4.24 NA NA NA
0848 77 Male Chinese Robust 0 NA NA NA NA 138/83 Yes 22.34
1050 78 Female  Malay Pre-frail 1 4.77 0.93 1.15 3.20 151/104 No 30.25
1100 61 Male Chinese NA NA 5.03 1.75 0.80 3.43 142/86 Yes 22.83
1127 68 Male Chinese Pre-frail 1 4.96 1.61 1.30 2.93 107/74 No 23.54
1157 70 Male Chinese Pre-frail 2 6.30 1.67 1.32 4.22 119/76 No 28.03
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High density Low density Body

Frailty Frailty Cholesterol Triglyceride lipoprotein lipoprotein Blood mass

Sample ID[Age Gender Ethnicity category score (mmol/L) (mmol/L) (mmol/L) (mmol/L) Pressure Diabetes index
1224 69 Male Chinese Pre-frail 1 4.42 0.87 1.69 2.33 166/80 Yes 28.25
1908 61 Female  Chinese Robust 0 NA NA NA NA 154/97 No 20.22
1936 73 Female Chinese Pre-frail 2 NA NA NA NA 140/88 No 27.78
1945 59 Female Indian Robust 0 3.89 2.30 0.78 2.06 120/83 No 21.35
1990 62 Female Chinese Pre-frail 1 NA NA NA NA 116/75 No 23.60
1999 60 Female  Chinese Pre-frail 1 NA NA NA NA 123/83 No 23.75
5496 62 Female Malay Pre-frail 2 NA NA NA NA 115/66 No 22.86
6268 68 Male Chinese Pre-frail 1 NA NA NA NA 120/62 No 19.26
6298 68 Female Chinese Pre-frail 1 4.67 3.50 1.00 2.08 130/73 Yes 39.37
7020 71 Male Chinese Pre-frail 2 NA NA NA NA 147/76 No 26.20
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6.2.2 Agilent Seahorse analysis

Aglient Seahorse experiments were set-up as described in Section 2.6 Live-cell metabolic analysis.
PBMCs were plated at a density of 250,000 cells per well in R-10 and treated with DMSO control or
treated with 10ng/ml Phorbol 12-myristate 13-acetate (PMA) and 100ng/ml lonomycin for six hours
prior to the experiment as described in Section 2.7.2 Phorbol 12-myristate 13-acetate/lonomycin

stimulation. A total of four repeats were performed for each sample within both treatment groups.

6.2.3 Luciferase assays

PBMCs were stimulated as described in Section 2.7.2 Phorbol 12-myristate 13-acetate/lonomycin
stimulation. ATP production was measured using the CellTiter-Glo™ 2.0 Assay (Promega, WI) as
described in Section 2.4.1 Adenosine triphosphate production. Glucose concentration was
measured using the Glucose-Glo® Assay (Promega, WI) as described in Section 2.4.5 Glucose
concentration. H,0; production was measured using the ROS-Glo® H,0, Assay (Promega, WI) as
described in Section 2.4.4 Hydrogen peroxide (H,02) production. Luminescence was measured

using the GloMax®- Multi+ plate reader system (Promega, WI).

6.2.4 ELISA of interferon gamma (IFNy) production

Cells were plated at a density of 500,000 cells per well in 96-well plates and as described in Section
2.7.2 Phorbol 12-myristate 13-acetate/lonomycin stimulation for 6 hours in a 37°C incubator with
5% CO,. IFNy production was analysed by ELISA as described in Section 2.8 Enzyme-linked
immunosorbent assay (ELISA). Absorbance was read within 15 minutes at 450nm and 570nm using

the 2104 EnVision® multilabel plate reader platform (PerkinElmer, MA).

6.2.5 Flow cytometry

Prior to staining, PBMCs were stimulated as described in Section 2.7.2 Phorbol 12-myristate 13-
acetate/lonomycin stimulation. Cells were stained as described in Section 2.5.1 Flow cytometry.
The surface staining and viability markers used to distinguish PBMC immune cells are listed in Table
6.2. Measurement of mitochondrial mass and membrane potential in live cells are listed in Table
6.3. A list of primary antibodies is listed in Table 6.4. Secondary antibodies are listed in Table 6.5.

Gating strategy for each cell type is defined in Table 6.6 and displayed in Figure 6.2.
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Table 6.2  Surface staining antibodies used identifying immune cell populations in human PBMCs

SURFACE

MARKER FLUOROPHORE CLONE RETAILER DILUTION
Live-Dead AmCyan n/a ThermoFisher, MA 1:200
CD3 Af700 UCHT1 Becton Dickinson, NJ 2ul
Ccbh4 Pacific Blue OKT4 BioLegend, CA 1ul
CD8 Apc/Cy7 SK1 Becton Dickinson, NJ 2ul
CD27 V650 L128 Becton Dickinson, NJ 2ul
CD28 PE/Cy7 CD28.2 Becton Dickinson, NJ 1ul
CD45RO PE/Cy5 UCHL1 Becton Dickinson, NJ Sul
CD45RA V605 5H9 Becton Dickinson, NJ 1ul
CD56 BUV563 NCAM16.2 Becton Dickinson, NJ 1ul
CD16 BUV737 3G8 Becton Dickinson, NJ 1ul
CD14 PE-CF594 MdP9 Becton Dickinson, NJ 1ul
HLA-DR V786 G46-6 Becton Dickinson, NJ 1ul
CD66b PerCP/Cy5.5 G10F5 Becton Dickinson, NJ 1ul
CD1c BUV395 F10/21A3  Becton Dickinson, NJ 1ul
CD141 BV711 1A4 Becton Dickinson, NJ 1ul

Table 6.3  Dyes for live-cell mitochondrial assessment of human immune cell populations

MITOCHONDRIAL DYE FLUOROPHORE RETAILER DILUTION
MitoTracker Green FITC ThermoFisher, MA 150nM
TMRM PE SigmaAldrich, MO 25nM
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Table 6.4  Primary antibodies for mitochondrial assessment of human immune cell populations

PRIMARY SPECIFICITY/

ANTIBODY FLUOROPHORE CLONE HOST SPECIES RETAILER DILUTION
Glutl FITC EPR3915 Rabbit Abcam, UK 1ul

Opal n/a 1E81D9 Mouse IgG1 Abcam, UK 1ul
Mfn2? n/a 6A8 Mouse IgG2a Abcam, UK 1ul

Drp1l n/a n/a Mouse IgG2B Abcam, UK 1ul
Phospho-mTOR | PE 021-404 Mouse Becton 5ul
(S2448) Dickinson, NJ

Table 6.5 Secondary antibodies for mitochondrial assessment of human immune cell

populations
SECONDARY ANTIBODY FLUOROPHORE HOST SPECIES RETAILER DILUTION
Anti-mouse IgG1 FITC Goat Abcam, UK 1ul
Anti-mouse 1gG2p Apc Rat R&D Systems, MN  1ul

2 Mfn2 primary antibody was not detected by anti-mouse 1gG2a secondary antibody but was detected by
anti-mouse 1gG2p therefore this secondary antibody was used instead
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Table 6.6  Gating strategy for immune cell populations in PBMC compartment of young and old
donors
FIGURE

CELL TYPE GATING STRATEGY REFERENCE
CD4+ naive CD3+ CD4+ CD8- CD27+ CD28+ CD4A5RA+ Figure 6.2A
CD4+ central memory | CD3+ CD4+ CD8- CD27+ CD27+ CD45RA- Figure 6.2B
CD4+ effector memory | CD3+ CD4+ CD8- CD27- CD28+ CD45R0O+ CD45RA- Figure 6.2C
CD4+ TEMRA CD3+ CD4+ CD8- CD27- CD28+ CD45R0O- CD45RA+ Figure 6.2D
CD8+ naive CD3+ CD4- CD8+ CD27+ CD28+ CD4A5RA+ Figure 6.2E
CD8+ central memory | CD3+ CD4- CD8+ CD27+ CD27+ CD45RA- Figure 6.2F
CD8+ effector memory | CD3+ CD4- CD8+ CD27- CD28+ CD45R0O+ CD45RA- Figure 6.2G
CD8+ TEMRA CD3+ CD4- CD8+ CD27- CD28+ CD45R0O- CD45RA+ Figure 6.2H
Cytotoxic NK CD3- CD16- CD56+ Figure 6.2I
Inflammatory NK CD3- CD16+ CD56+ Figure 6.2)
Regulatory NK CD3- CD16+ CD56- Figure 6.2K
Non-classical HLA-DR+ CD14- CD16+ Figure 6.2L
monocyte

Intermediate HLA-DR+ CD14+ CD16+ Figure 6.2M
monocyte

Classical monocyte HLA-DR+ CD14+ CD16- Figure 6.2N
CD141+DC HLA-DR+ CD14- CD16- CD141+ Figure 6.20
CD1c+ DC HLA-DR+ CD14- CD16- CD141- CD1c+ Figure 6.2P
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Figure 6.2 Gating strategy for identification of immune cell populations in PBMCs from young and
old donors showing CD4+ naive (A), central memory (B), effector memory (C) and
TEMRA (D) cells, CD8+ naive (E), central memory (F), effector memory (G) and TEMRA
(H) cells, regulatory (1), cytotoxic (J) and inflammatory (K) NK cells, non-classical (L),
intermediate (M) and classical (N) monocytes and CD141+ (O) and CD1c+ (P) dendritic

cells
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6.2.6 Statistical analysis

Statistical analysis for all experiments was performed using a two-way mixed-model ANOVA unless
otherwise stated, samples were unpaired for age-related analysis and paired for stimulation-related
analysis. Post-hoc analysis was performed using Sidak’s multiple comparisons test. Flow cytometry
data was analysed using FlowJo software. Statistical analysis was performed using GraphPad Prism
software. GraphPad was also used to create graphs. A p value of <0.05 was used to identify

significance.
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6.3 Results

6.3.1 PBMCs from old donors display defects in oxidative but not glycolytic metabolism

In order to investigate the metabolism of PBMCs derived from young (<35 years) and old (>60 years)
donors, Seahorse XF analysis was performed to study oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) between samples. Stimulation of samples using 10ng/m| PMA
and 100ng/ml lonomycin was also performed to differentiate responses to stimulation between

the donor groups.

Basal metabolism was observed to be unchanged in PBMCs from young and old donors either
before or following 6 hours of PMA/lonomycin stimulation (Figure 6.3A and B). However, a
significant decline in maximal respiration was observed in unstimulated cells from old donors
compared to those from young donors (Figure 6.3A and C). This may suggest that PBMCs from old
donors have a decreased capacity to respond to energetic demands when required. This result was
not observed in stimulated PBMCs however as young donors see a decrease in maximal respiration
following 6 hours of PMA/lonomycin to match that of old donors (Figure 6.3A and C). This decrease
in maximal respiration may be due to the switch to glycolytic metabolism upon stimulation,

therefore ECAR was also measured using Seahorse XF Technology.
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Figure 6.3 Oxygen consumption rate analysis of PBMCs from young and old donors showing (A)
OCR of cells treated with (1) 2uM Oligomycin (2) 50mM 2DG (3) 2uM FCCP and (4)
500nM Rot/AA and (B) basal metabolism and (C) maximal respiration of cells
unstimulated or stimulated with PMA/lonomycin (Y=young donor, O=old donor) (Box

and whisker plot; n=20; Two-way mixed-model ANOVA; *p<0.05 ***p<0.001)

A significant upregulation of basal glycolysis was observed in PBMCs from both young and old
donors following 6 hours of PMA/lonomycin stimulation (Figure 6.4A and B). This result was also
detected for glycolytic capacity which showed an upregulation in both young and old PBMCs
following PMA/lonomycin stimulation (Figure 6.4C). This highlights the switch towards glycolytic
metabolism following stimulation in PBMCs whilst oxidative metabolism remains unaffected.
Glycolytic capacity is increased in young donors following stimulation decreases in line with capacity
for maximal oxidative respiration (Figure 6.3C and Figure 6.4C). However, old donors show
decreased capacity for maximal respiration prior to stimulation which is not counteracted by
increased glycolytic metabolism at baseline or glycolytic capacity (Figure 6.3C and Figure 6.4B and
C). Therefore, PBMCs from old donors display defects in oxidative metabolism but not glycolytic

metabolism.
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Figure 6.4 Extracellular acidification rate analysis of PBMCs from young and old donors showing
(A) ECAR (n=20; mean) of cells treated with (1) 2uM Oligomycin (2) 50mM 2DG (3) 2uM
FCCP and (4) 500nM Rot/AA and (B) basal glycolysis and (C) glycolytic capacity of cells
unstimulated or stimulated with PMA/lonomycin (Y=young donor, O=old donor) (Box

and whisker plot; n=20; Two-way mixed-model ANOVA; ***p<0.001)

6.3.2 PBMCs from old donors show ability to maintain ATP production and increase glucose

uptake following stimulation

Despite the defects in oxidative metabolism observed in PBMCs derived from old donors, no
significant difference in the production of ATP from these cells was observed either before or after
PMA/lonomycin stimulation (Figure 6.5A). This suggests that PBMCs from old donors may
upregulate other pathways of metabolism to maintain their ATP production. Therefore, glucose
concentration within the cell culture medium was also measured. No significant difference in the
ECAR of PBMCs derived from young and old donors was confirmed by no significant difference in
the glucose concentration contained in the cell culture medium of unstimulated cells (Figure 6.5B).
Whilst no significant decrease in media glucose concentration was observed following stimulation
of young PBMCs, a significant reduction was observed for stimulated PBMCs (Figure 6.5B). This

suggests that PBMCs derived from old donors may have an increased surface expression of glucose
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transporters and are able to increase their uptake of glucose more rapidly than PBMCs from young

donors.
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Figure 6.5 Luciferase reporter assay of ATP production and media glucose concentration from
PBMCs in young and old donors showing (A) ATP production (n=15) and (B) media
glucose concentration (n=5) in cells stimulated with PMA/lonomycin. Results
normalised to young unstimulated PBMCs (Y=young donor, O=old donor) (Box and

whisker plot; Two-way mixed-model ANOVA; *p<0.05)

6.3.3 ROS production is increased whilst IFNy production is not altered in PBMCs derived

from old donors

Inflamm-ageing is currently a hot topic in the area of geriatric research. Therefore, the production
of reactive oxygen species and the pro-inflammatory marker IFNy were measured in PBMCs derived
from young and old donors. Whilst no increase in H,O; production was observed in young PBMCs
upon stimulation, old PBMCs significantly increased their production of this ROS (Figure 6.6A). As
ROS and inflammation are linked this may explain the increased levels of inflammation in the
elderly. An increase in IFNy production was observed from both young and old PBMCs following 6
hours of PMA/lonomycin stimulation (Figure 6.6B). This result suggests that PBMCs from old donors
retain their capacity to produce IFNy following stimulation, however ROS production which is linked

to inflammation is increased in the elderly upon PBMC stimulation.
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Figure 6.6  ROS levels and IFNy production from PBMCs in young and old donors showing (A) H,0,
production (n=10) measured by luciferase reporter assay normalised to young
unstimulated PBMCs and (B) IFNy production (n=5) measured by ELISA in cells
stimulated with PMA/lonomycin (Y=young donor, O=old donor) (Box and whisker plot;

Two-way mixed-model ANOVA; *p<0.05 ***P<0.001)

6.3.4 Immune cell compartmentalisation is altered with ageing

It is well established that immune cell compartmentalisation is altered with ageing. The
compartmentalisation of immune cells within the study group used here was therefore studied. A
significant reduction in the percentage of CD27+ CD45RA+ (naive) cells was observed within the
CD4+ compartment (Figure 6.7A and B). CD4+ naive cells accounted for 48.2% and 34.3% (p<0.001)
of CD4+ cells within young and old donors respectively. A reduction in CD27+ CD45RA+ cells was
also observed from 57.9% in old to 42.1% (p=0.004) in young subjects (Figure 6.7C and D). Within
the memory compartment, a significant increase in the proportion of CD27+ CD45RA- (CM) cells
was observed within the CD8+ population from 22.6% to 32.3% (p=0.024) (Figure 6.7C and D).
Whilst a significant difference was not seen within the CD4+ population for CM cells, there was a
trend towards an increased proportion of CM (p=0.072) and CD27- CD45RA- cells (EM; p=0.057).
Surprisingly diverging trends in the proportion of CD27- CD45RA+ (TEMRA) cells were noted within
the CD4+ and CD8+ populations. Whilst the percentage of CD8+ TEMRA cells was increased from
5.5% t0 9.9% in the elderly (p=0.009), the percentage of CD4+ TEMRA was reduced from 3% to 1.8%

with age in the samples used for this study (p=0.001) (Figure 6.7A and C).
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Figure 6.7 Levels of CD4+ T cell and CD8+ T cell subsets in young and elderly individuals showing
(A) CD4+ T cell subsets as a percentage of total CD4+ cells (B) zebra plot of CD4+ T cell
subsets in young and old subjects (C) CD8+ T cell subsets as a percentage of total CD8+
cells and (D) zebra plot of CD8+ T cell subsets in young and old subjects (Y=young
donor, O=old donor) (Box and whisker plot; n=20; Three-way mixed-model ANOVA,;
*p<0.05 **p<0.01 ***p<0.001)

When comparing NK cell subset distribution within CD3- cells, no significant changes within the
CD56+ CD16- (regulatory) or CD56+ CD16+ (cytotoxic) populations were observed (Figure 6.8A and
B). A significant increase in CD56- CD16+ (inflammatory) NK cells was observed between the young
and old subjects, accounting for 13.6% and 31.2% of the CD3- population respectively (p<0.001;
Figure 6.8A and B). A similar pattern was also observed for the distribution of monocytes within the
HLA-DR+ population. Whilst no significant differences were seen for CD16+ CD14- (non-classical)
and CD16+ CD14+ (intermediate) monocyte subsets, and significant increase in CD16- CD14+
(classical) monocytes was observed (Figure 6.8C and D). Non-classical monocytes accounted for
45.5% and 56.5% of human leukocyte antigen DR isotype (HLA-DR)+ cells within young and elderly
subjects respectively (p=0.035). The compartmentalisation of dendritic cells was also studied within
this cohort; however, no significant changes were seen within the CD141+ or CD1c+ dendritic cell

population with age.
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Figure 6.8 Levels of NK cell, monocyte and dendritic cell subsets in young and elderly individuals

showing (A) NK cell subsets as a percentage of total CD3- cells (B) zebra plot of NK cell
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***p<0.001)
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6.3.5 Mitochondrial mass is increased in old donors within T cells, NK cells and dendritic

cells

A significant increase in the extent of MitoTracker Green (MTG) staining was observed in old donors
within CD4+ naive, effector memory and TEMRA cells, but not central memory cells (Figure 6.9A-B,
D-E). Mitochondrial mass was increased by 1.6-fold (p=0.003), 1.8-fold (p<0.001) and 1.6-fold
(p<0.001) within naive, effector memory and TEMRA cells respectively. There was a trend towards
increased mitochondrial mass within central memory cells also, whereby MTG staining was
increased 1.1-fold within old donors (p=0.066). The shift in MTG staining can be seen in Figure 6.9C
and F. A significant decrease in MTG staining, and therefore mitochondrial mass, was observed
following 6 hours of PMA/lonomycin stimulation within cells from both young and old donors.
Within young donors, mitochondrial mass was decreased by approximately 20.7% (p=0.019), 37.5%
(p<0.001) and 31.2% (p=0.022) within CD4+ naive, central memory and effector memory
respectively (Figure 6.9A, B and D). CD4+ TEMRA cells from young donors also decreased their
mitochondrial mass by 24.1% however this was found to be not significant (p=0.0717; Figure 6.9E).
Decreases in MTG staining observed upon stimulation were less pronounced within old donors for
naive and central memory cells: naive cells decreased their mitochondrial mass by 18.6% (p=0.001)
and central memory cells by 23.3% (p<0.001), maintaining increased mitochondrial mass in old
donors compared to young donors following stimulation (p=0.012; p=0.001). CD4+ Effector
memory and TEMRA cells were subject to more pronounced decreases in mitochondrial mass, by
55.4% (p<0.001) and 50.6% (p<0.001) respectively, bringing mitochondrial mass in line with cells

from young donors upon stimulation.
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Figure 6.9 Mitochondrial mass of CD4+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) MTG staining CD4+ naive cells (B) MTG
staining in CD4+ central memory cells (C) Histogram of MTG staining in CD4+ naive and
CD4+ central memory cells (D) MTG staining in CD4+ effector memory cells (E) MTG
staining in CD4+ TEMRA cells and (F) Histogram of MTG staining in CD4+ effector
memory and CD4+ TEMRA cells normalised to young unstimulated control cells

(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA; *p<0.05 ***p<0.001)

Within the CD8+ T cell compartment, old donors were also observed to have increased
mitochondrial mass compared to young donors prior to stimulation which was mitigated following
stimulation. On average MTG staining was increased 1.6-fold within naive cells (p=0.044; Figure
6.10A), 1.9-fold within central memory cells (p=0.006; Figure 6.10B), 2.6-fold within effector
memory cells (p<0.001; Figure 6.10D) and 1.6-fold within TEMRA (p<0.001; Figure 6.10E). This
resulted in a shift in MTG MFI as seen in Figure 6.10C and F. Whilst CD8+ T cells from young donors
did not change their mitochondrial mass following PMA/lonomycin stimulation, cells from old
donors saw drastic decreases in MFI (Figure 6.10C and F). Decreases in mitochondrial mass upon
stimulation were most pronounced within CD8+ TEMRA (48.1%; p<0.001; Figure 6.10E), followed
by CD8+ EM (42.7%; p<0.001; Figure 6.10D), naive (33.6%; p=0.02; Figure 6.10A) and CM (30.5%;
p=0.001; Figure 6.108B).
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Figure 6.10 Mitochondrial mass in CD8+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) MTG staining CD8+ naive cells (B) MTG
staining in CD8+ central memory cells (C) Histogram of MTG staining in CD8+ naive and
CD8+ central memory cells (D) MTG staining in CD8+ effector memory cells (E) MTG
staining in CD8+ TEMRA cells and (F) Histogram of MTG staining in CD8+ effector
memory and CD8+ TEMRA cells normalised to young unstimulated control cells
(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA; *p<0.05 ***p<0.001)

A significant increase in mitochondrial mass was also observed in cytotoxic and regulatory NK cells
with age (Figure 6.11A-F). On the other hand, no significant changes in mitochondrial mass were
observed in inflammatory NK cells (p=0.154; Figure 6.11B and E). MTG staining MFI was increased
by 1.6-fold (p=0.011) and 1.8-fold (p=0.001) with age in cytotoxic and regulatory NK cells
respectively. Differing trends in control of mitochondrial mass was observed upon PMA/lonomycin
stimulation with these NK cell subsets. Whilst cytotoxic NK cells from young donors increased their
mitochondrial mass following stimulation by 1.4-fold (p=0.006), old donors were not able to
increase mitochondrial biogenesis (p=0.762; Figure 6.11A and D). The opposite was observed within
regulatory NK cells whereby cells from young donors did not alter their mitochondrial mass upon
stimulation (p=0.854) but cells from old donors saw a significant decrease in MTG MFI by 37%
(p=0.004; Figure 6.11C and F).
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Figure 6.11 Mitochondrial massin NK cell subsets from young and old donors with PMA/lonomycin
stimulation showing MTG staining in (A) Cytotoxic (B) Inflammatory and (C) Regulatory
NK cells normalised to young unstimulated control cells and histogram of MitoTracker
Green staining in (D) Cytotoxic (E) Inflammatory and (F) Regulatory NK cells (Y=young
donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model ANOVA,;

*p<0.05 **p<0.01)

However, no changes in mitochondrial mass with age were observed within this cohort for three
subsets of monocytes: classical, intermediate and non-classical (Figure 6.12A-F). Whilst classical
monocytes from both young and old donors decreased their mitochondrial mass upon stimulation
by 35% (p=0.01) and 39% (p=0.003) respectively (Figure 6.12A and D), non-classical monocytes did
not show any changes in MTG staining in response to PMA/lonomycin (Figure 6.12C and F).
Additionally, no changes in MTG MFI were observed upon stimulation in intermediate monocytes
from young donors (p=0.117), those from old donors on the other hand displayed a significant

reduction in mitochondrial mass by 31% (p=0.043; Figure 6.12B and E).
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Figure 6.12 Mitochondrial mass in monocyte subsets from young and old donors with

CD141+ dendritic cells appeared to act similarly within both young and old donors. No significant
differences in MTG MFI were observed prior to and following 6 hours of PMA/lonomycin
stimulation between CD141+ dendritic cells in young and old donors (Figure 6.13A and C).
Mitochondrial mass was reduced similarly in CD141+ cells from young and old donors following
PMA/lonomycin stimulation, where MTG MFI was reduced by 31% in both young (p=0.003) and old
(p<0.001) donors. A similar trend was observed with CD1c+ dendritic cells whereby mitochondrial
mass was reduced within both young (28%, p<0.001) and old (28%, p<0.001) donors following
stimulation (Figure 6.13B and D). However, within the cohort studied CD1c+ dendritic cells from old

donors were observed to have 1.3-fold (p=0.006) increased mitochondrial mass compared to those
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from young donors (Figure 6.13B and D).
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Figure 6.13 Mitochondrial mass in dendritic cell subsets from young and old donors with
PMA/lonomycin stimulation showing MTG staining in (A) CD141+ and (B) CD1c+
dendritic cells normalised to young unstimulated control cells and histogram of
MitoTracker Green staining in (C) CD141+ and (D) CD1c+ dendritic cells (Y=young
donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model ANOVA,;

*%p<0.01 ***p<0.001)

6.3.6 CD4+ TEMRA cells and classical and non-classical monocytes display defects in

mitochondrial membrane potential with age

Prior to stimulation no significant difference between normalised mitochondrial membrane
potential in young and old donors was detected within any of the CD4+ or CD8+ subsets studied:
naive, central memory, effector memory and TEMRA (Figure 6.14A-H). Whilst all CD8+ subsets and
CD4+ naive and effector cells saw no significant increase or decrease in mitochondrial membrane
potential following PMA/lonomycin stimulation, a significant increase in CD4+ central memory
membrane potential was observed upon stimulation. These cells increased their membrane
potential 1.6-fold (p=0.01; Figure 6.14B). The opposite trend was observed within CD4+ TEMRA cells
where a 30% decrease in membrane potential was detected (p=0.034; Figure 6.14D). This decrease

was not observed within old donors for CD4+ TEMRA and therefore following stimulation old

191



Chapter 6

donors displayed significantly increased membrane potential compared to young donors by 66%

(p=0.014).
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Figure 6.14 Mitochondrial membrane potential in CD4+ and CD8+ T cell subsets normalised to
mitochondrial mass showing MTG:TMRM ratio in (A) CD4+ naive cells (B) CD4+ central
memory cells (C) CD4+ effector memory cells (D) CD4+ TEMRA cells (E) CD8+ naive cells
(F) CD8+ central memory cells (G) CD8+ effector memory cells and (H) CD8+ TEMRA
cells normalised to young unstimulated control cells (Y=young donor, O=0ld donor)

(Box and whisker plot; n=10; Two-way mixed-model ANOVA; *p<0.05)

Responses to stimulation in terms of mitochondrial membrane potential were more dynamic in
response to PMA/lonomycin stimulation than those of CD4+ and CD8+ T cells. Both young and old
donors reduced mitochondrial membrane potential following stimulation in cytotoxic and
inflammatory NK cells by over 50% (p<0.001) and 40% (p<0.009) respectively (Figure 6.15A and B).
No differences between young and old donors were detected in mitochondrial membrane potential

either prior to or following stimulation for all NK cells (Figure 6.15A-C). Whilst a significant decrease
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in MTG:TMRM ratio was observed within young regulatory NK cells of 36% (p=0.001), no such

tendency was observed for these cells in old donors (p=0.079; Figure 6.15C).

Within the three monocyte subsets studied here: classical, intermediate and non-classical, a
significant increase in non-classical monocyte membrane potential was observed in old donors prior
to stimulation. Membrane potential was increased 1.5-fold within these cells (p<0.001; Figure
6.15F). Whilst a loss of membrane potential was seen in classical (30%; p=0.035), intermediate
(37%; p=0.019) and non-classical (72%; p<0.001) monocyte subsets from old donors following
stimulation, the same trend was only observed for young donors in the non-classical subset (66%,
p<0.001; Figure 6.15D-F). Following stimulation these changes resulted in a significantly reduced
mitochondrial membrane potential in classical monocytes from old donors to 69% of that observed

in young donors (p=0.031; Figure 6.15D).

Finally, mitochondrial membrane potential was also measured in dendritic cells and normalised to
mitochondrial mass. Both CD141+ and CD1c+ dendritic cells from young donors reduced their
MTG:TMRM ratio upon PMA/lonomycin stimulation, by 32% (p=0.011) and 29% (p=0.01)
respectively (Figure 6.15G and H). Membrane potential was also reduced within these cells from
old donors but to a larger extent, 52% (p<0.001) and 51% (p<0.001) respectively. As with NK cells,
no significant differences in the membrane potential of CD141+ or CD1c+ were observed between

young and old donors prior to or following PMA/lonomycin stimulation.
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Figure 6.15 Mitochondrial membrane potential in NK, monocyte and dendritic cell subsets from
young and old donors normalised to mitochondrial mass showing MTG:TMRM ratio in
(A) cytotoxic NK cells (B) inflammatory NK cells (C) regulatory NK cells (D) classical
monocytes (E) intermediate monocytes (F) non-classical monocytes (G) CD141+
dendritic cells and (H) CD1c+ dendritic cells normalised to young unstimulated control
cells (Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-

model ANOVA; *p<0.05 **p<0.01 ***p<0.001)

6.3.7 Immune cells subsets from old donors are subject to altered control of mitochondrial

fission and fusion dynamics

Drpl expression was significantly increased in CD4+ naive and TEMRA cells following
PMA/lonomycin stimulation in both young and old donors (Figure 6.16A, C-D and E). Drpl
expression within young donors was increased by 16% (p=0.001) and 20% (p<0.001) within CD4+

naive and TEMRA cells respectively, whilst in old donors it was increased by 19% (p<0.001) and 12%
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(p=0.024) following stimulation. However, due to a greater level of variability between donors no

significant upregulation of Drpl expression was observed in CD4+ central memory and effector

memory cells following stimulation in either young or old donors (Figure 6.16B, D and F).
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memory and CD4+ TEMRA cells normalised to young unstimulated control cells

(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA; *p<0.05 **p<0.01 ***p<0.001)

A similar trend was also observed for Mfn2 expression. Mfn2 expression was significantly increased

in CD4+ naive and TEMRA cells following stimulation in both young and old donors (Figure 6.17A,

C-D and E). Mfn2 expression within young donors was increased by 17% (p<0.001) and 10%

(p=0.034) within CD4+ naive and TEMRA cells respectively, whilst in old donors it was increased by

16% (p<0.001) and 10% (p=0.016) following stimulation. However, due to a greater level of

variability between donors no significant upregulation of Mfn2 expression was observed in CD4+

central memory and effector memory cells following stimulation in either young or old donors

(Figure 6.17B, D and F).
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Figure 6.17 Mfn2 expression in CD4+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) Mfn2 staining CD4+ naive cells (B) Mfn2
staining in CD4+ central memory cells (C) Histogram of Mfn2 staining in CD4+ naive
and CD4+ central memory cells (D) Mfn2 staining in CD4+ effector memory cells (E)
Mfn2 staining in CD4+ TEMRA cells and (F) Histogram of Mfn2 staining in CD4+ effector
memory and CD4+ TEMRA cells normalised to young unstimulated control cells
(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA; *p<0.05 ***p<0.001)

All CD8+ subsets studied responded to stimulation by upregulating Drpl and Mfn2 expression
(Figure 6.18 and Figure 6.19). The shift in Drpl and Mfn2 fluorescence with increasing protein
expression is evident in Figure 6.18C and F and Figure 6.19C and F. Upon stimulation CD8+ naive
cells saw a 4.6- (p<0.001) and 4-fold (p<0.001) increase in Drpl and Mfn2 expression in young
donors, whilst old donors upregulated the expression of these proteins by 3.4- (p=0.013) and 3.3-
fold (p<0.001) respectively (Figure 6.18A and Figure 6.19A). Within CD8+ central memory cells Drpl
MFI increased 2.2- (p=0.015) and 2.3-fold (p=0.002) following stimulation in young and old donors,
whilst within the CD8+ effector memory subset Drpl MFI was increased by 1.8-fold for both young
(p=0.007) and old (p=0.002) donors (Figure 6.18B and D). A similar trend was observed for Mfn2
expression which was increased by 2.5- (p=0.009) and 2.6-fold (p=0.002) in CD8+ central memory
cells and 1.9- (p=0.008) and 2-fold (p=0.002) in effector memory cells, in young and old donors
respectively. CD8+ TEMRA from young and old donors also significantly increased Drpl expression
following stimulation by 2.5- (p<0.001) and 1.9-fold (p=0.003) respectively (Figure 6.18E). The same

was true for Mfn2 expression which was increased by 3.9- and 2.3-fold in young and old CD8+
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TEMRA (Figure 6.19E). However, this discrepancy between the fold-change in regulation of Mfn2 in
young and old donors resulted in old donors showing significantly reduced expression following
stimulation. Mfn2 expression in old donors was reduced by 36% compared to old donors (p=0.024;

Figure 6.19E).
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Figure 6.18 Drpl expression in CD8+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) Drpl staining CD8+ naive cells (B) Drpl
staining in CD8+ central memory cells (C) Histogram of Drp1 staining in CD8+ naive and
CD8+ central memory cells (D) Drp1l staining in CD8+ effector memory cells (E) Drpl
staining in CD8+ TEMRA cells and (F) Histogram of Drpl staining in CD8+ effector
memory and CD8+ TEMRA cells normalised to young unstimulated control cells
(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA; *p<0.05 **p<0.01 ***p<0.001)
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Figure 6.19 Mfn2 expression in CD8+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) Mfn2 staining CD8+ naive cells (B) Mfn2
staining in CD8+ central memory cells (C) Histogram of Mfn2 staining in CD8+ naive
and CD8+ central memory cells (D) Mfn2 staining in CD8+ effector memory cells (E)
Mfn2 staining in CD8+ TEMRA cells and (F) Histogram of Mfn2 staining in CD8+ effector
memory and CD8+ TEMRA cells normalised to young unstimulated control cells
(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA; *p<0.05 **p<0.01 ***p<0.001)

Cytotoxic NK cells from young and old donors showed differential upregulation of Drp1 and Mfn2
upon stimulation. Whilst cells from young donors saw a large upregulation of Mfn2 expression by
62% (p=0.027) compared to Drpl (24%; p=0.129), old donors upregulated Drp1l expression by 36%
(p=0.006) compared to only a 6% (p=0.934) increase in Mfn2 expression (Figure 6.20A and D, Figure
6.21A and D). This shows that following stimulation cytotoxic NK cells undergo mitochondrial fusion

in young donors and mitochondrial fission with age.

Inflammatory and regulatory NK cells are not subject to these changes, however. Drpl expression
is upregulated upon stimulation in inflammatory NK cells from both young and old donors (16%
p=0.001 in young, 11% p=0.013 in old; Figure 6.20B and E). The same is true for Mfn2 expression
within the inflammatory subset, upregulated by 17% (p=0.015) in young and 16% (p=0.023) in old
donors (Figure 6.21B and E). Within regulatory NK cells Drp1 expression is upregulated similarly in
young and old donors following stimulation (16% p=0.023 for young, 18% p=0.01 for old donors;

Figure 6.20C and F). However, whilst both young and old donors significantly increase expression
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of Mfn2 following stimulation, young donors increase Mfn2 expression by 28% (p<0.001) whilst
Mfn2 is increased by 40% (p<0.001) in old donors (Figure 6.21C and F). As a result, following
stimulation Mfn2 expression is increased by 15% in old donors over that of young donors (p=0.001).
This suggests that upon stimulation regulatory NK in old donors may be subject to more
mitochondrial fusion than those of young donors. These results suggest that mitochondrial fission
and fusion in response to stimulation is regulated differently with age within cytotoxic and

regulatory NK cells.
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Figure 6.20 Drp1 expression in NK cell subsets from young and old donors with PMA/lonomycin
stimulation showing Drpl expression in (A) cytotoxic (B) inflammatory and (C)
regulatory NK cells normalised to young unstimulated control cells and histograms of
Drp1 staining in (D) cytotoxic (E) inflammatory and (F) regulatory NK cells (Y=young
donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model ANOVA,;

*p<0.05 **p<0.01)
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Drpl expression is downregulated similarly within classical monocytes from both young and old
donors following stimulation (28% in young p<0.001, 34% in old p<0.001; Figure 6.22A and C).
However, with stimulation Drpl expression remains unchanged in intermediate monocytes from
young donors whilst a significant reduction is observed in those from old donors (20% p=0.008;
Figure 6.22B and E). Whilst both young and old donors significantly increase expression of Drpl
following stimulation in non-classical monocytes, young donors increase Drpl expression by 79%
(p<0.001) whilst Drp1 is increased by 40% (p<0.001) in old donors (Figure 6.22C and F). As a result,
following stimulation Drpl expression is decreased by 18% in old donors below that of young

donors (p=0.012). This suggests that upon stimulation non-classical and intermediate monocytes in
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old donors are subject to decreased mitochondrial fission than those of young donors.
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Figure 6.22 Drp1 expression in monocyte subsets from young and old donors with PMA/lonomycin
stimulation showing Drpl expression in (A) classical (B) intermediate and (C) non-
classical monocytes normalised to young unstimulated control cells and histograms of
Drp1 staining in (D) classical (E) intermediate and (F) non-classical monocytes (Y=young
donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model ANOVA,;

*p<0.05 **p<0.01 ***p<0.001)

Despite changes in Drpl expression, Mfn2 expression remains unchanged in classical monocytes
upon stimulation in both young and old donors (Figure 6.23A and D). This same trend is true within
the intermediate and non-classical monocytes subsets for young donors (Figure 6.23B-C and E-F).
However, within old donors Mfn2 expression increases following PMA/lonomycin stimulation by
1.3- and 1.5-fold within intermediate (p=0.027) and non-classical (p=0.006) monocytes respectively.
When considering Mfn2 expression upon stimulation it can be clearly seen that classical monocyte
mitochondrial dynamics are controlled differently to that of intermediate and non-classical
monocytes with age. Overall, classical monocytes from both young and old donors down regulate
mitochondrial fission upon stimulation. Intermediate monocytes do not change their mitochondrial
dynamics in response to stimulation in young donors, however old donors upregulate both
mitochondrial fission and mitochondrial fusion. Finally, non-classical monocytes from young and
old donors both upregulate mitochondrial fission following stimulation but to a greater extent

within young cells, whilst mitochondrial fusion is only upregulated in old donors. These results
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suggest that mitochondrial fission and fusion in response to stimulation is regulated differently with

age for intermediate and non-classical monocyte subsets.
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Figure 6.23 Mfn2 expression in monocyte subsets from young and old donors with
PMA/lonomycin stimulation showing Mfn2 expression in (A) classical (B) intermediate
and (C) non-classical monocytes normalised to young unstimulated control cells and
histograms of Mfn2 staining in (D) classical (E) intermediate and (F) non-classical
monocytes (Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way

mixed-model ANOVA; *p<0.05 **p<0.01)

Finally, within dendritic cells Drpl staining is increased following stimulation. Within the CD141+
subset of dendritic cells Drp1 expression is increased upon stimulation in both young and old donors
by 2- and 1.8-fold respectively (p=0.001 in young and p<0.001 in old; Figure 6.24A and C). Similarly,
thereis a 1.3- and 1.2-fold increase in Drp1 expression in young and old donors respectively within

CD1c+ dendritic cells following stimulation (p<0.001 for young, p=0.015 for old; Figure 6.24B and
D).
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Figure 6.24 Drpl expression in dendritic cell subsets from young and old donors with
PMA/lonomycin stimulation showing Drpl expression in (A) CD141+ and (B) CD1c+
dendritic cells normalised to young unstimulated control cells and histograms of Drp1
staining in (C) CD141+ and (D) CD1c+ dendritic cells (Y=young donor, O=old donor) (Box
and whisker plot; n=10; Two-way mixed-model ANOVA; *p<0.05 **p<0.01
**%*p<0.001)

Increases in Mfn2 expression were also observed within this cohort following stimulation. Within
young donors Mfn2 expression was increased by 1.4-fold (p<0.001) and 1.3-fold (p<0.001) in
CD141+ and CD1c+ dendritic cell subsets respectively (Figure 6.25A-D). Similarly, 1.5- and 1.3-fold
increases were detected in Mfn2 expression in CD141+ (p<0.001) and CD1c+ (p<0.001) dendritic
cells for old donors. Therefore, no differences in the regulation of mitochondrial fission and fusion

dynamics were observed in dendritic cells with age.
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Figure 6.25 Mfn2 expression in dendritic cell subsets from young and old donors with
PMA/lonomycin stimulation showing Mfn2 expression in (A) CD141+ and (B) CD1c+
dendritic cells normalised to young unstimulated control cells and histograms of Mfn2
staining in (C) CD141+ and (D) CD1c+ dendritic cells (Y=young donor, O=old donor) (Box
and whisker plot; n=10; Two-way mixed-model ANOVA; ***p<0.001)

6.3.8 Changes in Opal expression following stimulation with are dissimilar to those

observed in young immune cells

In line with the results from Section 5.3.4, no up- or downregulation of Opal expression following
stimulation in CD4+ T cells from young donors was observed (Figure 6.26A-F). Of the four CD4+ T
cell subsets studied: naive, central, memory, effector memory and TEMRA, a significant increase in
Opal staining following stimulation was only observed within old donors (Figure 6.26E and F). Opal
expression was increased by 14% within this group (p=0.033). This suggests that within CD4+

TEMRA there is a disparity between the control of Opal expression in young and old donors.
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Figure 6.26 Opal expression in CD4+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) Opal staining CD4+ naive cells (B) Opal
staining in CD4+ central memory cells (C) Histogram of Opal staining in CD4+ naive
and CD4+ central memory cells (D) Opal staining in CD4+ effector memory cells (E)
Opal staining in CD4+ TEMRA cells and (F) Histogram of Opa1 staining in CD4+ effector
memory and CD4+ TEMRA cells normalised to young unstimulated control cells
(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA)

When measuring Opal expression in CD8+ T cells, no changes were observed within cells from
young donors upon stimulation (Figure 6.27A-F). However, a baseline increase in Opal expression
was observed in CD8+ TEMRA from old donors. Old donors showed a 1.2-fold increase in Opal
expression compared to young donors prior to stimulation (p=0.007; Figure 6.27E and F), however
this difference was negated following treatment with PMA/lonomycin. Following stimulation, a
decrease in Opal staining of 18% was observed in old donor CD8+ effector memory cells (p=0.022;
Figure 6.27D and F). However, this did not result in a significant difference in Opal levels between
young and old donors following stimulation. In a similar manner to CD4+ TEMRA, this suggests that

CD8+ TEMRA have altered Opal expression with age alongside CD8+ effector memory cells.
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Figure 6.27 Opal expression in CD8+ T cell subsets from young and old donors with

Due to a significant upregulation of Opal upon stimulation in cytotoxic NK cells from old donors
(1.6-fold p=0.003; Figure 6.28A and D), a significant increase in Opal staining was observed in old
donors following stimulation in comparison to young donors. Cytotoxic NK cells from old donors
showed a 76% increase in expression compared to young donors (p<0.001). However, this trend
was not observed within inflammatory NK cells (Figure 6.28B and E). Whilst a significant
upregulation of Opal expression following stimulation was observed within regulatory NK cells
from old donors, this increase was also seen in cells from young donors. Young and old donors
increased expression of Opal by 83% and 87%, respectively (p<0.001 for young, p<0.001 for old;

Figure 6.28C and F). These results suggest that cytotoxic NK cells from old donors show Opal
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Figure 6.28 Opal expression in NK cell subsets from young and old donors with PMA/lonomycin
stimulation showing Opal expression in (A) cytotoxic (B) inflammatory and (C)
regulatory NK cells normalised to young unstimulated control cells and histograms of
Opal staining in (D) cytotoxic (E) inflammatory and (F) regulatory NK cells (Y=young
donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model ANOVA,;

**p<0.01 ***p<0.001)

Whilst a significant upregulation of Opal expression following stimulation was observed within
classical monocytes from young donors, this increase was also seen in cells from old donors. Young
and old donors increased expression of Opal by 18% and 16%, respectively (p=0.011 for young,
p=0.008 for old; Figure 6.29A and D). Due to a significant upregulation of Opal upon
PMA/lonomycin stimulation in intermediate monocytes from old donors (1.2-fold p=0.006; Figure
6.29B and E), a significant increase in Opal staining was observed in old donors following
stimulation in comparison to young donors. Intermediate monocytes from old donors displayed a
26% increase in expression compared to young donors (p=0.02). However, this increase was not
observed within non-classical monocytes (Figure 6.29C and F). These results suggest that
intermediate monocytes may be subject to altered mitochondrial cristae remodelling with age and

stimulation.
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Figure 6.29 Opal expression in monocyte subsets from young and old donors with
PMA/lonomycin stimulation showing Opal expression in (A) classical (B) intermediate
and (C) non-classical monocytes normalised to young unstimulated control cells and
histograms of Opal staining in (D) classical (E) intermediate and (F) non-classical
monocytes (Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way

mixed-model ANOVA; *p<0.05 **p<0.01)

Finally, within dendritic cells a significant upregulation of Opal staining was seen in CD141+
dendritic cells upon stimulation in young donors. Opal was upregulated 1.7-fold within the cells
from young donors (p=0.033), whereas no significant increase was detected in old donors (p=0.11;
Figure 6.30A and C). Within, CD1c+ dendritic cells on the other hand, no significant differences were
observed in the regulation of Opal either prior to or following stimulation between young and old

donors (Figure 6.29B and D).
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Figure 6.30 Opal expression in dendritic cell subsets from young and old donors with
PMA/lonomycin stimulation showing Opal expression in (A) CD141+ and (B) CD1c+
dendritic cells normalised to young unstimulated control cells and histograms of Opal
staining in (C) CD141+ and (D) CD1c+ dendritic cells (Y=young donor, O=old donor) (Box

and whisker plot; n=10; Two-way mixed-model ANOVA; *p<0.05)

6.3.9 Effector memory cells within the CD4+ and CD8+ T cell compartments and CD141+

dendritic cells show changes in surface Glutl staining

As discussed in Chapter 4, Glutl is an important factor in upregulating T cell glycolysis following
stimulation. Therefore, the surface expression of Glutl was measured prior to and following 6 hours
of PMA/lonomycin to identify any differences in Glutl regulation with age in these cells. It was
observed that CD4+ naive T cells and TEMRA, do not upregulate Glutl expression over the time
course studied here (Figure 6.31A, C, E and F). This finding was maintained within CD4+ naive and
CD4+ TEMRA from young and old donors. A significant upregulation of surface Glutl was measured
within CD4+ central memory cells, however. Glutl expression was increased by 28% within young
donors and by 17% in old donors (p<0.001 for young and p=0.015 for old; Figure 6.31B and C). For
CD4+ effector memory cells on the other hand, whilst Glutl expression was decreased by 17% in

young donors (p=0.003) there was only a trend towards decreased expression in old donors
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(p=0.068; Figure 6.31D and F). Whilst this inconsistency did not result in significantly altered Glutl
expression in the elderly, it may suggest that there is a small difference in the control of Glutl

expression following stimulation in old donors.
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Figure 6.31 Glutl expression in CD4+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) Glutl staining CD4+ naive cells (B) Glutl
staining in CD4+ central memory cells (C) Histogram of Glutl staining in CD4+ naive
and CD4+ central memory cells (D) Glutl staining in CD4+ effector memory cells (E)
Glut1 staining in CD4+ TEMRA cells and (F) Histogram of Glut1 staining in CD4+ effector
memory and CD4+ TEMRA cells normalised to young unstimulated control cells
(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA; *p<0.05 **p<0.01 ***p<0.001)

Within CD8+ T cells from young donors no changes in Glutl expression were observed in the naive,
central memory or TEMRA subsets (Figure 6.32A-C, E and F). This finding was maintained within old
donors. Surprisingly however, as with CD4+ effector memory, a significant decrease in Glutl
expression was observed following stimulation in cells from young donors. These cells decreased
Glutl expression by 16% over 6 hours (p=0.021; Figure 6.32D and F). CD8+ effector memory cells
from old donors on the other hand, maintained their expression of Glutl upon treatment with
PMA/lonomycin (p=0.177). As a result, this may suggest that Glutl may be regulated differently in

CD8+ effector memory cells with stimulation in the elderly.
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Figure 6.32 Glutl expression in CD8+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) Glutl staining CD8+ naive cells (B) Glutl
staining in CD8+ central memory cells (C) Histogram of Glutl staining in CD8+ naive
and CD8+ central memory cells (D) Glutl staining in CD8+ effector memory cells (E)
Glut1 staining in CD8+ TEMRA cells and (F) Histogram of Glut1 staining in CD8+ effector
memory and CD8+ TEMRA cells normalised to young unstimulated control cells
(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA,; *p<0.05)

Surprisingly, despite changes in other mitochondrial and metabolic parameters with stimulation,
no changes in Glutl surface staining were observed within NK cells. All three subsets studied:
cytotoxic, inflammatory and regulatory did not increase or decreased Glutl expression following
treatment (Figure 6.33A-F). Interestingly, no differences between the surface expression of Glutl
were seen between young and old donors either prior to or following stimulation. Therefore, these
results suggest that Glutl expression is not altered in NK cells with age and Glutl may not be an

important factor in NK cell stimulation.
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Figure 6.33 Glutl expression in NK cell subsets from young and old donors with PMA/lonomycin
stimulation showing Glutl expression in (A) cytotoxic (B) inflammatory and (C)
regulatory NK cells normalised to young unstimulated control cells and histograms of
Glut1 staining in (D) cytotoxic (E) inflammatory and (F) regulatory NK cells (Y=young

donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model ANOVA)

Similarly, no changes in Glutl surface staining were observed within three monocyte subsets
studied here: classical, intermediate or non-classical. All monocyte subsets did not increase or
decreased Glutl expression following stimulation (Figure 6.34A-F). Interestingly, no differences
between the surface expression of Glutl were seen between young and old donors either prior to
or following stimulation. Therefore, these results suggest that Glutl expression is not altered in
monocytes with age and Glutl expression is not involved in the first 6 hours of monocyte

stimulation.
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Figure 6.34 Glutl expression in monocyte subsets from young and old donors with
PMA/lonomycin stimulation showing Glut1 expression in (A) classical (B) intermediate
and (C) non-classical monocytes normalised to young unstimulated control cells and
histograms of Glutl staining in (D) classical (E) intermediate and (F) non-classical
monocytes (Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way

mixed-model ANOVA)

Finally, changes in Glutl expression prior and following stimulation were studied in dendritic cells.
CD141+ dendritic cells within old donors showed a significantly reduced level of Glutl staining
compared to those in young donors (Figure 6.35A and C). Glut1 staining was reduced to 80% of that
observed in young donors (p=0.01). Whilst this difference was observed at baseline, this effect was
lost following stimulation as Glutl expression was decreased in both young and old donors. Upon
stimulation Glutl staining was reduced by 46% (p<0.001) and 39% (p<0.001) in young and old
donors, respectively. CD1c+ dendritic cells did not show any differences in Glutl expression
between young and old donors (Figure 6.35B and D). Glut1 staining was significantly reduced upon
stimulation in cells from both young and elderly donors to 77% (p=0.005) and 82% (p=0.028) of that
observed prior to stimulation, respectively. Taking these results into account, it would appear that
CD141+ dendritic cells are more susceptible to age-related changes in Glutl expression than the

CD1c+ subset.
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Figure 6.35 Glutl expression in dendritic cell subsets from young and old donors with
PMA/lonomycin stimulation showing Glutl expression in (A) CD141+ and (B) CD1c+
dendritic cells normalised to young unstimulated control cells and histograms of Glutl
staining in (C) CD141+ and (D) CD1c+ dendritic cells (Y=young donor, O=old donor) (Box
and whisker plot; n=10; Two-way mixed-model ANOVA; *p<0.05 **p<0.01
**%*p<0.001)

6.3.10 mTOR (S2448) phosphorylation following stimulation is delayed in CD4+ and CD8+
TEMRA as well as CD1c+ dendritic cells

Phosphorylation of the mammalian target of rapamycin (mTOR) protein at $2448, is a primary event
which occurs following stimulation of immune cells. As discussed in the Introduction, mTOR
controls the switch between oxidative and glycolytic metabolism within immune cells. Therefore,
the level of mTOR S2448 phosphorylation was measured within immune cell subsets from young

and old donors, to see whether the response is altered with age.

Within CD4+ T cells an increase in mTOR phosphorylation was observed following stimulation in
young donors (Figure 6.36A-F). This increase occurred within all four subsets: naive increased mTOR

S2448 phosphorylation 1.4-fold (p=0.004), central memory 1.3-fold (p=0.001), effector memory
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1.2-fold (p=0.023) and TEMRA 1.2-fold (p=0.046). This increase following stimulation was also
observed in old donors within CD4+ naive, central memory and effector memory cells which
increased phosphorylation 1.4 fold (p<0.001), 1.3-fold (p=0.004) and 1.2-fold (p=0.005) respectively
(Figure 6.36A-D and F). Whilst a trend towards increased mTOR phosphorylation was observed in
CD4+ TEMRA from old donors, this was found to be insignificant (p=0.073; Figure 6.36E and F). This
did not result in a significant difference between mTOR phosphorylation in young and old donors
following stimulation within this cell type, however this does suggest that CD4+ TEMRA may not

induce mTOR phosphorylation as robustly in elderly patients.
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Figure 6.36 mTOR (pS2448) phosphorylation in CD4+ T cell subsets from young and old donors with

PMA/lonomycin stimulation showing (A) mTOR-pS2448 staining CD4+ naive cells (B)
MTOR-pS2448 staining in CD4+ central memory cells (C) Histogram of mTOR-pS2448
staining in CD4+ naive and CD4+ central memory cells (D) mTOR-pS2448 staining in
CD4+ effector memory cells (E) mTOR-pS2448 staining in CD4+ TEMRA cells and (F)
Histogram of mTOR-pS2448 staining in CD4+ effector memory and CD4+ TEMRA cells
normalised to young unstimulated control cells (Y=young donor, O=old donor) (Box
and whisker plot; n=10; Two-way mixed-model ANOVA; *p<0.05 **p<0.01
**%*p<0.001)

Measurement of mTOR S$2448 phosphorylation was also performed within CD8+ T cells. A
significant increase in mTOR phosphorylation was observed in CD8+ naive T cells from young and
old donors (Figure 6.37A-C). This cell type saw a 39% increase in mTOR phosphorylation in young

donors (p<0.001) and a 27% increase in old donors (p<0.001). Increases in mTOR phosphorylation
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following stimulation were also seen in young and old donors in CD8+ central memory cells (36%
for young p=0.004 and 31% for old p=0.004). However, significant increases in mTOR
phosphorylation were not observed in CD8+ effector memory cells from either young or old donors
with PMA/lonomycin treatment (Figure 6.37D and F). A significant increase in mTOR
phosphorylation was observed within CD8+ TEMRA from young donors however, which showed a
1.2-fold increase in pS2448 staining (p=0.015; Figure 6.37E and F). On the other hand, CD8+ TEMRA
from old donors did not show any increase following stimulation (p=0.887). Whilst this did not result
in a significant difference between mTOR phosphorylation in young and old donors following
stimulation, this does suggest that CD8+ TEMRA may not be able to induce mTOR phosphorylation

as robustly in elderly patients.
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Figure 6.37 mTOR (pS2448) phosphorylation in CD8+ T cell subsets from young and old donors with
PMA/lonomycin stimulation showing (A) mTOR-pS2448 staining CD8+ naive cells (B)
MTOR-pS2448 staining in CD8+ central memory cells (C) Histogram of mTOR-pS2448
staining in CD8+ naive and CD8+ central memory cells (D) mTOR-pS2448 staining in
CD8+ effector memory cells (E) mTOR-pS2448 staining in CD8+ TEMRA cells and (F)
Histogram of mTOR-pS2448 staining in CD8+ effector memory and CD8+ TEMRA cells
normalised to young unstimulated control cells (Y=young donor, O=old donor) (Box
and whisker plot; n=10; Two-way mixed-model ANOVA; *p<0.05 **p<0.01
**%*p<0.001)

Surprisingly, despite changes in other mitochondrial and metabolic parameters with stimulation,
no changes in mTOR phosphorylation were observed within NK cells. All three subsets studied:

cytotoxic, inflammatory and regulatory did not increase or decreased phosphorylation of mTOR
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$2448 following PMA/lonomycin treatment (Figure 6.38A-F). Interestingly, no differences between
the phosphorylation status of mTOR were seen between young and old donors either prior to or

following stimulation. Therefore, these results suggest that mTOR phosphorylation is not altered in

NK cells with age.
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Figure 6.38 mTOR (pS2448) phosphorylation in NK cell subsets from young and old donors with
PMA/lonomycin stimulation showing mTOR-pS2448 staining in (A) cytotoxic (B)
inflammatory and (C) regulatory NK cells normalised to young unstimulated control
cells and histograms of mTOR-pS2448 staining in (D) cytotoxic (E) inflammatory and (F)

regulatory NK cells (Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-
way mixed-model ANOVA)

The phosphorylation status of mTOR was also studied within three monocytes subsets: classical,
intermediate and non-classical. A significant increase in mTOR phosphorylation was observed in
classical monocytes from young and old donors (Figure 6.39A and D). This cell type saw a 10%
increase in mTOR phosphorylation in young donors (p=0.005) and an 8% increase in old donors
(p=0.019). Increases in mTOR phosphorylation following stimulation were also seen in young and
old donors in non-classical monocytes (50% for young p<0.001 and 27% for old p<0.001; Figure
6.40C and F). However, significant increases in mTOR phosphorylation were not observed in
intermediate monocytes from either young or old donors with PMA/lonomycin treatment (Figure
6.39B and E). Whilst the control of mTOR phosphorylation is clearly regulated differently between

the three monocyte subsets, age did not have any effect on this control.
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Figure 6.39 mTOR (pS2448) phosphorylation in monocyte subsets from young and old donors with
PMA/lonomycin stimulation showing mTOR-pS2448 staining in (A) classical (B)
intermediate and (C) non-classical monocytes normalised to young unstimulated
control cells and histograms of mTOR-pS2448 staining in (D) classical (E) intermediate
and (F) non-classical monocytes (Y=young donor, O=old donor) (Box and whisker plot;

n=10; Two-way mixed-model ANOVA; *p<0.05 **p<0.01 ***p<0.001)

Within CD141+ dendritic cells, mTOR S2448 phosphorylation was increased following stimulation
in both young and old donors. Whilst young donors increased phosphorylation by 60% (p=0.004),
old donors increased mTOR phosphorylation by 52% (p=0.009; Figure 6.40A and C). A significant
increase in mMTOR phosphorylation was also observed within CD1c+ dendritic cells from young
donors, which showed a 1.2-fold increase in pS2448 staining (p=0.027; Figure 6.40B and D). Whilst
a trend towards increased mTOR phosphorylation was observed in CD1c+ dendritic cells from old
donors, this was found to be insignificant (p=0.062; Figure 6.40B and D). Whilst this did not result
in a significant difference between mTOR phosphorylation in young and old donors following

stimulation within this cell type, this finding does suggest that CD1c+ dendritic cells may not induce

mTOR phosphorylation as robustly in old donors.
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Figure 6.40 mTOR (pS2448) phosphorylation in dendritic cell subsets from young and old donors
with PMA/lonomycin stimulation showing mTOR-pS2448 staining in (A) CD141+ and
(B) CD1c+ dendritic cells normalised to young unstimulated control cells and
histograms of mTOR-pS2448 staining in (C) CD141+ and (D) CD1c+ dendritic cells
(Y=young donor, O=old donor) (Box and whisker plot; n=10; Two-way mixed-model

ANOVA; *p<0.05 **p<0.01)
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6.4 Discussion: Mitochondrial structure and metabolic efficiency in the

periphery of ageing humans

A significant decrease in mTOR phosphorylation has previously been observed in PBMCs from old
donors (Rubie et al., 2016), whilst mTOR mRNA levels remained stable. This finding was found to
be related to upregulation of miR-496 with age which interacts with the 3’UTR region of mTOR
MRNA (Rubie et al., 2016). Although mitochondrial bioenergetics have yet to be studied in PBMCs
from young and old donors elsewhere, previous studies have suggested that bioenergetics are
reduced with age-related factors. For example, Tyrrell et al. reported that PBMC mitochondrial
bioenergetics were correlated with grip strength and gait speed which are often used as markers
of frailty (Tyrrell et al., 2015a, Tyrrell et al., 2015b). Individuals with a lower grip strength and gait
speed showed reduced spare respiratory capacity, maximal respiration and basal respiration.
Additionally, IL-6 levels were found to inversely correlated with these metabolic parameters (Tyrrell
et al., 2015b). Due to the relationships between age, frailty and inflammation this suggests that

mitochondria may have reduced bioenergetic capacity with age.

Taken together these findings suggest that mitochondrial bioenergetics may be reduced with age.
Therefore, the metabolism of PBMCs within this cohort was tested both prior to and following
PMA/lonomycin stimulation. It was found that PBMCs display reduced maximal respiratory capacity
with age. This ties in with previous observations of reduced mitochondrial function with ageing in
skeletal muscle (Short et al., 2005, Hiona et al., 2010, Waters et al., 2003) and heart (Gong et al.,
2003, Hill et al., 2009). Gene set enrichment analysis of monocytes and T cells previously found 61
mitochondrial and oxidative phosphorylation genes to be negatively regulated with age (Reynolds
et al., 2015). A similar trend was also observed with age in the skeletal muscle of rhesus monkeys
(Kayo et al., 2001), alongside the upregulation of inflammatory and oxidative stress transcripts.
Reduced mitochondrial respiration has also been observed in age-related diseases, including: type
2 diabetes (Avila et al., 2012, Larsen et al., 2011, Hartman et al., 2014), congestive heart failure
(Gong et al., 2003) and sarcopenia (Hiona et al., 2010). Although the implications of reduced
mitochondrial capacity are unknown, research has suggested that bioenergetic failure may play a
role in the pathogenesis of sepsis (Japiassu et al., 2011) and may affect responses to other infections

in the elderly.

Alongside these results showing no changes in basal glycolytic and oxidative metabolism with age,
no significant defects were observed in ATP production from PBMCs in old donors. Analysis of ATP
production in Fischer-344 rats in vivo also showed no changes in ATP content or ATP production
with age in brain and liver, mirroring the results from this study (Drew and Leeuwenburgh, 2003).

However, previous reports have noted that ATP-producing capacity is reduced by 8% per decade in
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human skeletal muscle, although this only occurs alongside reductions in muscle oxidative capacity
(Short et al., 2005). Other research has suggested that this finding is applicable to some muscles in
vivo, such as the first dorsal interosseus but not the tibialis anterior muscle (Amara et al., 2007).
This suggests that whilst limitations in ATP production are observed in some muscles with age, the

same phenomenon does not occur within the PBMC compartment.

Following stimulation, a significant increase in glucose uptake by PBMCs from old donors was
observed, whereas glucose uptake from young donors remained unchanged. Typically, human
ageing is characterised by loss of glycolytic metabolism in brain tissue as measured by positron-
emission tomography (Goyal et al., 2017). On the other hand, elderly subjects show increased
glucose uptake into muscles during walking (Shimada et al., 2009). This suggests that changes in
glucose-uptake with age are tissue-specific and would suggest that PBMCs show alterations in
glucose uptake with age which manifests during immune cell stimulation. In order to test which
immune cells are subject to these changes, the expression of Glutl in different populations was
anlysed. Through this changes in the surface expression of Glutl in CD4+ effector memory and CD8+
effector memory T cells were observed. Whilst Glutl expression was decreased following six hours
of PMA/lonomycin stimulation in young donors, expression remained unchanged in old donors.
This maintenance of Glutl expression may aid in explaining the increased glucose uptake observed
in PBMCs from old donors following stimulation. Similarly, in ageing-related lung fibrosis Glutl-
dependent glycolysis is increased in both humans and mice through an AMPK-dependent

mechanism (Cho et al., 2017).

As discussed in Chapter 1, there is conflicting evidence over whether ROS production increases with
age. Within this study it was found that H,0, production does not differ with age in PBMCs, but
PBMCs from old donors induce H,0, production during stimulation whereas those from young
donors do not. Within immune cells, ROS play an integral role in macrophage polarisation, T and B
cell activation and Nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome
activation (Angajala et al., 2018, Yang et al., 2013). Surprisingly, PBMCs from old donors did not
show increased IFNy production at baseline. This suggests that PBMCs are not responsible for
increased serum IFNy levels observed in other studies. However, the production of IFNy from
PBMCs has scarcely been studied within the context of ageing. Studies which have tested PBMCs
report increased IFNy production from T cells with age, but this effect is gender specific and only
reported within females (Pietschmann et al., 2003). Therefore, the results of this study may be
confounded by this issue and the fact that different immune cells express different pro-
inflammatory factors. For example, monocytes express IL-6 and TNF-a whilst T cells express IFNy

and IL-10 and as a result changes in IFNy may be lost when studying whole PBMC cultures. Previous
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studies have noted that cytokine release from monocytes does not differ with age prior to or

following LPS stimulation (Seidler et al., 2010).

Next, any changes in immune cell compartmentalisation which may be contributing to these results
were assessed. The proportion of CD4+ and CD8+ T cells, NK cell, monocytes and dendritic cells
were measured by flow cytometry. Loss of CD28 expression with age has been well documented
within both CD4+ and CD8+ T cells (Czesnikiewicz-Guzik et al., 2008). A significant decrease in the
number of naive CD4+ and CD8+ T cells has previously been observed with age, in line with
decreased CD28 expression (Czesnikiewicz-Guzik et al., 2008). This trend is mirrored within this
cohort, despite recent research suggesting that naive T cells may be able to increase their ability to
persist in the circulation with age (Rane et al., 2018). Whilst Czesnikiewicz-Guzik et al. and Koch et
al. reported no alterations in the number of CD4+ CM, EM and TEMRA cells with age, a significant
decrease in the percentage of CD4+ TEMRA cells was observed (Czesnikiewicz-Guzik et al., 2008,
Koch et al., 2008). Trends towards a reduction in the percentage of CD4+ TEMRA with age have
been described within other tissues, such as lung and mesenteric lymph node (Thome et al., 2014).

This is one of the first reports of reduced CD4+ TEMRA cell frequency in blood with age.

CD8+ T cells are also subject to alterations in compartmentalisation with age. An increase in the
proportion of CD8+ TEMRA cells was observed with age in line with other reports (Thome et al.,
2014, Koch et al., 2008, Czesnikiewicz-Guzik et al., 2008). Surprisingly, despite observing an increase
in the proportion of CD8+ CM with age, other studies have suggested that their numbers may in
fact decrease or remain stable (Czesnikiewicz-Guzik et al., 2008, Koch et al., 2008). This effect may
be due to increased rates of apoptosis within these cells with age (Gupta and Gollapudi, 2008).
These reasons for an increased proportion of CD8+ CM within this cohort are unknown, however
Thome et al. also found a small but insignificant correlation between increased CD8+ CM numbers

and age (Thome et al., 2014).

Previous research within the Pender group has suggested that the proportion of NK cells is altered
with age. Specifically, decreases in the percentage of regulatory NK cells and the expansion of
inflammatory NK cells was detected (Martelli, 2017). Whilst a significant decrease in the percentage
of regulatory NK cells was not observed, this cohort reflected the increase in inflammatory NK
percentage observed previously. Increases in the percentage and absolute number of CD56dim cells

have been reported previously by Boreggo et al. and further support this data (Borrego et al., 1999).

A significant increase in the proportion of classical monocytes was observed with age within this
cohort. Whilst other data has revealed significant increases in the percentage of both classical and
intermediate monocytes (Nyugen et al., 2010), an increase was only observed in the percentage of

classical monocytes. No change in the proportion of non-classical monocytes was seen within this
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study or that of Nyugen et al. in 2010 (Nyugen et al., 2010). Hearps et al. have previously reported
an inverse trend in the distribution of monocytes with age. They reported an increase in the
percentage of non-classical and intermediate monocytes and a decrease in the number of classical
monocytes (Hearps et al., 2012). However, studies within mice have supported an increase in the

classical monocyte population with age (Strohacker et al., 2012).

Previous research has suggested that the total number of myeloid DCs (CD141+ and CD1c+) present
in the blood is not altered with age (Agrawal et al., 2007, Jing et al., 2009). However, data taken
from studies on DC compartmentalisation are conflicting. In 2016, Agrawal et al. reported that
CD141+ dendritic cells are lost with age and CD1c+ numbers remain stable, whilst Metcalf et al.
reported no change in the percentage of CD141+ and CD1c+ DCs (Metcalf et al., 2015, Agrawal et
al., 2016). The data in this study supports the findings of Metcalf et al. whereby both CD141+ and

CD1c+ DC compartmentalisation is not altered with age.

Changes in immune cell function with age have been known for some time. However, studies
investigatingimmunometabolic changes in line with ageing are lacking. Here, one of the first studies
investing mitochondrial function in ageing immune cells is presented. Lymphocytes from elderly
subjects have previously been found to exist in an activated state (Le Page et al., 2018). This involves
increased basal lymphocyte-specific protein tyrosine kinase (Lck) and Src homology region 2
domain-containing phosphatase-1 (SHP-1) phosphorylation within both CD4+ and CD8+ T cells,
which are usually phosphorylated downstream of TCR/CD28 activation. Le Page et al. revealed a
basal upregulation in mTOR S2448 phosphorylation in naive, EM and TEMRA CD4+ and naive, CM
and EM CD8+ T cells (Le Page et al., 2018). An age-related decline in Janus kinase (JAK)- signal
transducer and activator of transcription (STAT) pathway signalling has also been reported in T cells
(Longo et al., 2014). Increased mitochondrial mass in all CD4+ and CD8+ T cell subsets was observed
with age, all well as subset specific alterations in mitochondrial membrane potential and Mfn2,
Opal, Glutl and phospho-mTOR responses to stimulation. Mitochondrial biogenesis occurs during
T cell stimulation and increases glucose uptake through metabolic reprograming (Ron-Harel et al.,
2016). This re-capitulates the mitochondrial state observed within these donors, although
increased Glutl expression was not observed. Ron-Harel et al. also observed increased spare
respiratory capacity and maximal respiration following stimulation (Ron-Harel et al., 2016), whilst
reduced maximal respiration was observed within this cohort with age. This may suggest that whilst
mitochondrial mass is increased, these mitochondria may not work as well within old donors.
Subset specific alterations in mitochondrial fission/fusion dynamics, Glutl expression and mTOR
phosphorylation following stimulation may also suggest further alterations in the metabolism of T
cells in the elderly. These findings aid in understanding deficient T cell responses to influenza,

vaccination and cancer in the elderly (Scharping et al., 2016). Mitochondrial mass has also been
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shown to support cytokine production during stimulation (Fischer et al., 2018). The increased
mitochondrial mass in T lymphocytes with age may be involved in maintaining their activated state
in the elderly. The changes are similar to those seen during HIV infection, which has been shown to

recapitulate T cell ageing (Yu et al., 2017, Pathai et al., 2014).

Previous research has revealed that NK cell proliferation declines with age (Gounder et al., 2018).
Additionally, NK cell maturation and functionality has previously been shown to be affected by age
within the Pender research group (Martelli, 2017). Whilst inflammatory NK cells showed no
alterations in the mitochondrial markers measured within this study, increased mitochondrial mass
was observed with age in cytotoxic and regulatory NK cells alongside alterations in the
mitochondrial membrane potential response to stimulation. Changes in the regulation of Drp1,
Mfn2 and Opal were also observed in response to stimulation in old donors. Certain aspects of
metabolism are essential for NK cell functionality (Assmann et al., 2017, Loftus et al., 2018, Donnelly
etal., 2014). Itis interesting that metabolic control during ageing is only maintained in inflammatory
NK cells, which increase in proportion with age, whilst cytotoxic and regulatory NK which are
maintained and lost with age respectively show metabolic changes. Mature NK cells rely less on
glucose metabolism whilst fatty acid oxidation (FAO) and aerobic metabolism are upregulated, in
line with mTOR signalling (Marcais et al., 2014). Whilst no differences in mTOR 52448
phosphorylation were observed with age in NK cells, increases in mitochondrial mass in cytotoxic
and regulatory NK cells were seen which may represent increased aerobic metabolism with age. No
increases were observed in inflammatory NK cells which may reflect their immaturity with
increasing age. Dysfunctional NK cell responses have previously been linked to chronic
inflammation, decreased viral clearance and cancer (Oliviero et al., 2009, O'Shea et al., 2010,

Gardiner, 2015, Donnelly et al., 2014).

Studies unveiling age-related changes in monocyte functionality have shown alterations. Whilst
Metcalf et al. did not reveal any significant alterations prior to toll-like receptor (TLR)4/7/8 or
retinoic acid-inducible gene | (RIG-1) stimulation, a reduction in the production of IFNa, IFNy. IL-1pB,
CC chemokine ligand (CCL)20 and CCL8 was observed following activation in cells from elderly
donors (Metcalf et al., 2017). Ageing has previously been shown to reduce mitochondrial
respiratory capacity in classical monocytes (Pence and Yarbro, 2018). Using seahorse analysis,
classical monocytes showed changes in oxidative and glycolytic metabolism like those observed
within this study; reduced maximal respiration and unchanged ECAR profiles. Alterations in the
regulation of mitochondrial mass, membrane potential and Drpl, Mfn2 and Opal expression in
response to stimulation were observed within intermediate monocytes. Changes in mitochondrial
membrane responses and mitochondrial dynamics were also observed in classical and non-classical

monocytes, which may be responsible for the reduced maximal respiration rates observed in old
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donors. These findings may aid in explaining the impaired phagocytosis and IFNy production

observed in aged monocytes (Hearps et al., 2012, Molony et al., 2017).

CD141+ DCs were observed to have reduced Glutl expression with age and an altered Opal
response to stimulation. CD1c+ DCs on the other hand, showed increased mitochondrial mass with
age and altered mTOR S2448 phosphorylation response to stimulation. The production of pro-
inflammatory markers from DCs from aged donors has been argued for some time. Whilst Lung et
al. reported no difference in secretion between young and old donors in 2000, more recent reports
have observed increased production of basal cytokines including IFNa, IL-6 and TNFa from DCs
(Lung et al., 2000, Agrawal et al., 2009, Panda et al., 2010). These later studies also noted increased
reactivity to self-antigens and poor immunisation responses in aged DCs (Agrawal et al., 2009,
Panda et al., 2010). These alterations appeared to be due to basal nuclear factor kappa B (NF-kB)
activation and altered TLR expression, respectively. These observations of increased mitochondrial
mass in CD1c+ DCs and decreased Glutl expression in CD141+ DCs may affect the function of DCs

and immune responses in the elderly (Thwe et al., 2017).

6.4.1 Limitations

Whilst flow cytometry offers a good method for studying protein expression within rare cell
populations, more experimentation should be undertaken to confirm the results from this analysis.
Future should focus on performing western blot experiments and RNA sequencing to confirm the
up- or down-regulation of proteins in the experimental groups used within this study. This would

help to confirm this data at both the proteomic and genomic levels.

The samples used within this study were cryo-preserved prior to use due to timing issues when
gathering samples from such many individuals. Often PBMCs from young donors were processed
and stored separately to those isolated from old individuals which may increase the variability
observed between groups. This effect was minimised wherever possible by standardising sample
preparation reagents and storing samples within the same liquid nitrogen tanks. Cryo-preservation
may also have affected the functionality of the immune cells studied here. Future research should

focus on using freshly isolated PBMCs to conduct these experiments.

The results observed within this study may also be impacted by other age-related disease present
within the older population. Whilst it is possible to recruit an entirely healthy of elderly individuals
who have no evidence of medical intervention, this is beyond the scope of this study. Several
chronic conditions are present within our cohort, such as hypertension, high cholesterol, frailty and
diabetes. Whilst efforts were made to reduce the effect of these parameters on the results of this

study, future research should improve on minimising these effects further. Additionally, the
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utilisation of a longitudinal study design may also minimise the effects of age-related disease

development as parameters can be compared within rather than between subjects.
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6.5 Conclusion

A summary of the findings observed during ageing of the periphery is shown in Figure 6.41. In
conclusion, this study showed that PBMCs derived from old donors have reduced rates of maximal
oxidative respiration. This reduction in maximal respiration does not affect ATP production at
baseline or following stimulation but may be related to increased glucose uptake following
stimulation. Surprisingly ageing did not increase reactive oxygen species production, in the form of
H,0,, or the production of IFNy from these cells. However, in line with other studies, alteration in
immune cell compartmentalisation were observed including a decreased proportion of naive T cells
and increased ratios of memory T cells, regulatory NK cells and non-classical monocytes. These
changes appeared alongside increased mitochondrial mass in most immune cell subsets and
alterations in mitochondrial membrane potential in CD4+ TEMRA and classical and non-classical
monocytes. Changes in the expression of mitochondrial fission and fusion proteins, Drp1 and Mfn2
were also observed, alongside differences in Opal response to stimulation. Finally, effector
memory T cells and CD141+ dendritic cells showed altered surface expression of Glutl, whilst
TEMRA cells and CD1c+ dendritic cells showed reduced phosphorylation of mTOR 52448 following

stimulation. Therefore, mitochondrial and metabolic control of PBMCs is altered with age.

Whilst it was shown that one aspect of oxidative metabolism, maximal respiration, was reduced
with age this finding was not supported by additional alterations in glycolytic metabolism. However,
PBMCs from old donors did show increased glucose uptake following stimulation. Through detailed
analysis of PBMC immune cell subsets, changes in metabolic parameters occur in all five cell types
studied: CD4+ and CD8+ T cells, NK cells, monocytes and dendritic cells. Contrary to the hypothesis

these changes were not confined to T cells and NK cells.
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Figure 6.41 Summary of findings in human PBMCs and circulating immune cells from young (<35
years) and old (>60 years) individuals detailing metabolic dysfunction at baseline and

following immune cell stimulation with emphasis on age-related alterations in maximal

respiration of PBMCs and mitochondrial mass in immune cell subsets (1 =increase, |

= decrease, — = no change)
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Chapter 7 Conclusions and perspective

7.1 General discussion and concluding remarks

In conclusion, this study identified a relationship between mitochondrial dysfunction and ageing of
immune cells in four different murine and human models. Within C57BL/6J mice mitochondrial
dysfunction was observed with ageing which was characterised by an increased presence of tubular
cristae structure alongside reduced adenosine (ATP) production within bone marrow cells.
Simultaneously alterations in mitochondrial structure in tissue inhibitor of matrix
metalloproteinase 3 (Timp3) knock-out mice were observed in comparison to C57BL/6J mice
alongside alterations in the glutathione anti-oxidation system with age in bone marrow. Analysis of
immune cells in the spleen of these animals revealed alterations in mitochondrial mass and
membrane potential which occur with age. These findings affected both the CD8+ and CD4+ T cell

populations, as well as natural killer and dendritic cells.

The Timp37 mouse is useful for conducting ageing research as these animals exhibit a drastically
reduced lifespan compared to wild-type mice. However, whilst the Timp3”- mouse model does have
a shortened lifespan, humans with reduced expression of the same gene do not exhibit this same
phenomenon. This reduces the ability to translate the findings of this study to human ageing.
Therefore, the following aspect of this study utilised the senescence-accelerated mouse prone
(SAMP) model to study which factors may be at play during the ageing process. Rather than being
attributed to one singular genetic mutation, the SAMP models are in-bred based on their
characteristics of senescence. This means that a number of genetic and epigenetic alterations
contribute to shortening their lifespan and increasing the development of disease with age.
Therefore, the SAMP model would appear to better recapitulate the characteristics of human

ageing and age-related disease development.

When analysing mitochondria and their function in C57BL/6J, SAMP6 and SAMP8 mouse strains,
evidence of mitochondrial dysfunction was observed across the life course. SAMP8 mice appeared
to show decreased oxidative metabolism within splenocytes whilst SAMP6 mice showed alterations
in glycolytic metabolism of bone marrow cells. These changes lie in accordance with the phenotypic
changes observed in these mice of immune cell dysfunction and osteoporosis respectively.
Alterations in the mitochondrial mass and membrane potential of immune cells contained in the
splenic and bone marrow compartments were observed. Decreased mitochondrial membrane
potential was observed within eosinophils, neutrophils and monocytes resident within the bone

marrow of SAMP6 mice.
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Through using the Timp37- and SAMP mouse models for ageing research, a number of similarities
and differences in the ageing of the immune system were observed. A decrease in the
mitochondrial mass within CD4+ and CD8+ T cells was observed for both C57BL/6J mice bred in
Southampton and Singapore. This suggests that dysregulation of the immune system with age is
prevalent in C57BL/6J regardless of their environment. Similarly, this trend was observed in SAMP
mice but not Timp3”7 mice, suggesting that these models are subject to differences in immune
system ageing in line with their different genetic backgrounds. Within the bone marrow, SAMP8
mice were shown to have increased ATP production compared to C57BL/6J mice similar to that
observed for bone marrow cells obtained from Timp37- mice. In SAMP8 mice this finding correlated
with increased ATP-linked respiration, whilst in Timp3”- mouse this was related to preservation of

mitochondrial cristae structure.

In order to draw comparisons between immune cell ageing in murine and human models, CD4+ T
cell subsets were first utilised as a model of ageing. This model tracked these CD4+ T cell subsets
along the memory cell development pathway from naive to central memory, effector memory and
terminal effector memory T cell re-expressing CD45RA (TEMRA). Within this human model,
differences in metabolism between TEMRA cells and other memory cell subsets were observed.
TEMRA cells were designated as naive-like in terms of their expression of mitochondrial fission and
fusion proteins and memory-like in terms of their mitochondrial membrane potential and glucose
transporter 1 expression. As with C57BL/6J mice, defective optic atrophy 1 (Opal) signalling was

observed within these cells which may alter their function.

The findings of mitochondrial dysfunction in T cells from murine samples and human donors are
difficult to compare as mice do not have a TEMRA cell population. However, some common features
were shared. Utilising TEMRA cells as a model of exhausted T cells a significant reduction in
mitochondrial membrane potential was observed compared to the other memory T cell subtypes,
suggesting that these cells may be exhausted and unable to act as efficiently as central and effector
memory T cells. Similarly, a reduction in the expression of Opal was observed within these cells,
reminiscent of the reduction of Opal expression observed in C57BL/6J bone marrow cells with age.
Loss of Opal may have affected the mitochondrial membrane potential within these cells, as was
observed for CD4+ T cells in the spleen of Timp3”7 mice. This finding did not extend to the oxygen
consumption and extracellular acidification rates of these cells despite findings of reduced oxygen
consumption of splenic cells in SAMP6 mice. However, the use of CD4+ TEMRA cells as model of
immune cell ageing is somewhat flawed as this study did not take into account the age of the subject
and these cells show both naive- and memory-like properties. Therefore, this aspect of the study

was followed by analysis of immune cell metabolism in the blood of young and old human donors.
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Finally, decreased rates of maximal respiration were observed within PBMCs derived from human
donors over the age of 60 years. These changes were attributed to alterations in glucose uptake
rates and altered immune cell compartmentalisation with age, involving increased percentages of
memory T cell subsets and regulatory natural killer (NK) cells and non-classical monocytes.
Increasing alterations in mitochondrial mass and membrane potential were observed within these
cells, alongside dysregulation of mitochondrial parameters in old donors. This dysregulation
involved the dynamin-related protein 1, mitofusin 2 and Opal mitochondrial fission and fusion
proteins, whilst the expression of highly conserved proteins and processes such as Glutl and

mammalian target of rapamycin phosphorylation (mTOR-52448) are not affected by ageing.

This final part of the study helped to draw together conclusions from each of the ageing models
studied. There was a significant effect of age on maximal respiration in both human PBMCs and in
immune cell-containing splenocytes from C57BL/6J and SAMP mouse strains. This finding within
human and murine models of ageing would suggest that the maximal respiration of immune cells
is decreased with age. However, whilst a significant increase in mitochondrial mass was observed
in specific immune cell subsets with age in humans, the murine models used for this study often
showed reduced mitochondrial mass with age in these same immune cells. This finding does
correlate with the increased mitochondrial mass observed in memory CD4+ T cells compared to
their naive counterparts and may represent a shift in the immune cell repertoire. This is highlighted
by the increased numbers of memory T cells and regulatory NK cells observed with age in this cohort
with T cells and NK cells showing increased mitochondrial mass with age. In similarity to the other
models, alterations in the expression of mitochondrial fission and fusion protein and Opal
expression was observed in immune cells from old donors compared to their young counterparts,

which may have affected the respiration of these cells.

Consulting the findings from the study, integrating both the SAMP mouse model and utilising
human subjects would be beneficial for designing future studies involving ageing research. As
discussed above the SAMP model is not created by a single genetic mutation and instead represents
an in-bred strain with multiple genetic and epigenetic factors which contribute to the ageing
process. This means that these mouse strains more closely recapitulate the ageing process
observed in humans which is also based on a number of genetic, epigenetic and environmental
factors. On the same note human subjects are best used for ageing research, although come with
their own issues. The model used within this study utilises an unmatched design comparing the
immune cell compartments in young and old donors. Future studies would benefit from integrating
a matched and longitudinal study design where possible to minimise genetic and environmental
effects. Whilst this is difficult to obtain a number of studies such as the Singapore Longitudinal

Ageing Study have begun following participants over the course of several years in order to give
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more insight into the biology of ageing and factors which influence the development of age-related

disease.

A summary of findings from this study is shown in Figure 7.1. Overall, mitochondrial dysfunction in
the immune system during ageing is attributed to alterations in mitochondrial mass and membrane
potential as well as Opal expression within the murine and human models used within this study.
Therefore, it is proposed that immune cell mitochondrial dysfunction is involved in the ageing
process and excessive mitochondrial dysfunction may be associated with the shortened lifespan
observed as a result of low-grade chronic inflammation and increased senescence in mice. Similarly
accumulating mitochondrial dysfunction in human immune cells with age may contribute in part to
increased susceptibility to infection and cancer development, alongside decreased responses to
vaccination. These findings represent potential avenues for curtailing mitochondrial dysfunction in
immune cells throughout the ageing process in order to minimise the development of age-related

disease and promote healthy ageing.

Mouse Human
Wild-type Chronic Senescence T cell Ageing
inflammation senescence
N tubular cristae  ~ Mitochondrial J oxidative Naive-like N méxir.nal
J ATP production structure metabolism expression of respiration
of bone ~ Glutathione in spleen and fission and T glucose uptake
marrow cells anti-oxidation bone marrow fusion proteins T ROS
~Opalsignalling 1 mitochondrial ~ mitochondrial Memory-like ~ mitochondrial
mass mass and membrane mass and
J membrane membrane potential and membrane
potential potential Glutl expression potential
of immunecells of immune cells ~Opal signalling of immune cells

Figure 7.1 Summary of findings showing the appearance of mitochondrial dysfunction in the

immune system of ageing mice and humans

7.2 Future directions

This is not the end of the road for analysis of mitochondrial dysfunction and immune-senescence

in the context of ageing by far. Ageing is still a very complex issue which requires a wealth of future
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work to unravel. The work conducted within this thesis identifies a number of areas in which future

work could develop understanding even further:

How do alterations in immune cell mitochondrial dynamics affect their function? It has
been extensively described that both mitochondrial dysfunction and immune-senescence
occur with age. Whilst this research examines the changes which occur in the regulation of
metabolism and mitochondrial structure with age, how these changes relate to immune
cell function was not studied. Future studies should look at what effects increased
mitochondrial mass and decreases in mitochondrial membrane potential have on immune
cells in both their resting and activated state. Whilst previous research has studied the role
of metabolism in regulating immune cell function (reviewed in (Ganeshan and Chawla,
2014), the time has come to put this in the context of healthy ageing and age-related

disease.

What mechanisms underly these metabolic alterations? The descriptive work conducted
within this thesis does not examine the mechanisms which underlie the development of
metabolic dysfunction with age. Many theories have suggested that ROS species are
involved in the development of mitochondrial dysfunction with age, however these results
concerning increased ROS production from these cells were mixed. Therefore, future
research should focus on how these metabolic alterations occur with age. For example,
how does lack of Timp3 decrease mitochondrial membrane potential and sustain tubular
cristae structure with age whilst wild-type mice are not subject to these effects and live a
longer life span. Why do EM and TEMRA cells experience a lack of Opal expression and

what are the advantages/disadvantages for these cells.

How does the mitochondrial dysfunction-immunosenescence-ageing axis contribute to
the development of age-related disease? There is a wealth of research concerning the
individual roles of mitochondrial dysfunction and immune-senescence in the development
of age-related disease. However, research looking at the role of both these factors
simultaneously is lacking. Evidence would point towards mitochondrial dysfunction causing
immune cell dysfunction with age with results in the development of disease, however no
research has linked these concepts to date. The work conducted within this thesis links
mitochondrial dysfunction and immune cell dysfunction during ageing and highlights the
need to look at this axis in the development of age-related disease. By studying these issues
in concert, alongside other theories of ageing, researchers may be able to unravel the

serious complexity which surrounds ageing research making the creation of evidence-based
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strategies for improving healthy ageing difficult. It is proposed to first study aspects of
mitochondrial and immune cell dysfunction in the context of reduced vaccine efficiency and

increased susceptibility to infections as these processes have previously been linked.
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Appendix A Preliminary data of Timp37- (KO) mice

%0 Female

15

Whole body weight (g)

10

0 10 20 30 40 50 60 70 80
Age (week)

Figure A.1 Body weight analysis of female Timp37 and C57BL/6J mice from 3 weeks to 72 weeks
of age (Timp3”= red; C57BL/6J= black)

Figure A.2 Computed tomography (CT) scan of Timp3”- (KO) and C57BL/6J (WT) mouse spine
showing (A) spine curvature and (B) decreased bone density in KO mice compared to

WT mice (red arrows point to regions of interest)
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