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Abstract

The ageing population is gradually growing and with it the incidence of age-
related diseases, including malignancies and infections. Understanding how
physiological processes change during ageing is key to determining how they
contribute to the development of pathologies. The regulation of the
maintenance and differentiation of haematopoietic stem cells (HSCs) in the
bone marrow (BM) is essential for normal blood homeostasis, as well as the
haematopoietic response to stress. In order to support an increased demand
for blood cell production, HSCs quickly upregulate their energy production by
shifting from glycolysis to oxidative phosphorylation. During infections, this
allows the rapid production and mobilisation of mature immune cells which can
help to clear and overcome the infection. However, in the ageing population,
symptomatic infections occur more frequently and are often associated with
increased morbidity and mortality. This suggests that the immune response is
diminished and, in this thesis, | examine the metabolic changes within the
haematopoietic cell populations that contribute to this age-related change.

This study demonstrates that HSCs and haematopoietic progenitor cells
(HPCs) acquire metabolic changes with age. These are analysed by
measuring mitochondrial membrane potential, mitochondrial content and
mitochondrial reactive oxygen species (ROS). Furthermore, this research
shows that these age-related metabolic changes impact on the HSC and HPC
stress response. The results described here show that this metabolic change
is driven by senescent changes in the BM microenvironment, in particular the
BM stromal cells (BMSCs). Removing HSCs from the aged BM using
transplant models or targeting the BMSCs with senolytic agents can reverse
some of the metabolic changes observed in aged HSCs and improve the
haematopoietic stress response (1). Together, these findings demonstrate that
ageing in the BM microenvironment drives intrinsic metabolic changes in the
haematopoietic cell populations and this impairs their ability to effectively

respond to stress.
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1. Introduction

1.1. Ageing

The last 100 years have seen a dramatic change in health care, disease
burdens and, as a result, life expectancy (2). Many diseases have become
more treatable or curable and modern medicine has contributed to an increase
in lifespan. However, this has not been associated with an equal increase in
healthspan, the average length of healthy life (3). As our population continues
to age, we increasingly recognise the burden of age-related diseases on
individuals, the health care system and society as a whole. Ageing research
aims not necessarily to change the total lifespan, but rather to improve the
healthspan of our population and thereby reduce this burden (Figure 1.1.).

Lifespan

| |
Healthspan Disease
1T 1

A m— —
Age

N — )

o — )

Figure 1.1. Life span and Healthspan

Lifespan is the average length of life whilst healthspan describes the disease-
free lifespan. Medical interventions and treatments as well as some lifestyle
changes have resulted in an increased lifespan from (A) to (B). However, this
is often not accompanied by an increase in healthspan, which would be the
ideal goal of improved health in ageing with an increased disease free
healthspan and an increase overall lifespan (C).

Evolutionary theory of ageing stipulates that mortality rises as reproductive
fitness declines but that this can be delayed if there a particular need for
transfer of resources and care, as is the case in humans (4, 5). However, this
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can only support the increase in life expectancy to some extent and does not
explain the dramatic and rapid increase observed in the human population in
the last 100-200 years. In many countries the life expectancy is now over 80
years, compared to a best life expectancy of 45 in 1840 (6) and this is predicted
to continue to increase (7, 8). The decline in human mortality has been so
rapid that it has only affected four of the approximately 8000 human
generations and cannot be explained by the acquisition of mutations or genetic
changes (9). Instead, it is thought that this change has been almost entirely
driven by environmental factors, including improved hygiene, nutrition,
healthcare and technological advances (2, 9, 10). Fundamental physiological
and molecular processes cannot, however, change and adapt at the same
speed, creating an imbalance between physiological function and longevity,
which has a detrimental effect on health and drives the rise in age-related
diseases. This is reflected in the gradual global transition from communicable,
maternal, neonatal and nutritional diseases as the leading causes of death to
an increase in the contribution of non-communicable diseases, predicted to
account for more than 80% of global deaths by 2040 (7). It should be noted
that significant disparity remains between countries, with communicable,
maternal, neonatal and nutritional diseases continuing to be a leading cause
of death in low-income countries. Nevertheless, this global rise in non-
communicable diseases, many of which are associated with ageing, presents
an ongoing challenge to prevent, treat and, if possible, cure these diseases in
order to improve quality of life and reduce social and financial burdens. Whilst
socioeconomic and lifestyle factors such as diet and smoking do contribute to
disease development, it is becoming increasingly clear that the process of
ageing itself can drive pathological changes and should be considered the
main risk factor for diseases such as cancer, cardiovascular disease and

neurodegeneration (11).

Physiological ageing, which does not necessarily correlate with chronological
age (12), is likely driven by a number of processes and nine hallmarks of
ageing have previously been proposed. These are genomic instability,
telomere attrition, epigenetic alterations, loss of proteostasis, deregulated

nutrient sensing, altered intercellular communication, stem cell exhaustion,
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mitochondrial dysfunction, and cellular senescence (13). Each of these
changes can directly impair tissue function and at the same time drive the
acquisition of further hallmarks of ageing. Thus mitochondrial dysfunction, for
example, drives development of age-related diseases such as type 2 diabetes
(14, 15) and has also been shown to directly promote a senescent phenotype
in fibroblasts, skin and adipose tissue (16-18). Ageing is, therefore,
characterised by the failure of protective mechanisms, which would usually
prevent these changes, and a gradual accumulation of each of these
hallmarks. The result is reduced physiological function and development of
age-related diseases.

1.1.1. Cellular Senescence

Cellular senescence, the irreversible arrest of cell proliferation was first
described over 60 years ago by Leonard Hayflick (19, 20). Since then, we have
gained an increasing understanding of the role of senescent cells both in
health and disease. It is a process that evolved as a protective mechanism to
prevent proliferation of cells following DNA damage that has an important role
in tissue repair and wound healing. However, it has now become clear that this
process can become detrimental if mechanisms to eliminate senescent cells
are disrupted and senescent cells are allowed to accumulate (21, 22).
Senescent cells have been shown to accumulate in various tissues with
increasing age and have been associated with a of number of age related
diseases including neurodegenerative diseases such as Alzheimer disease
(23) and Parkinson’s disease (24), malignancies including acute myeloid
leukaemia (AML) (25) as well as osteoarthritis (26, 27) and atherosclerosis
(28).

A number of pathways have been identified to drive the senescent phenotype.
These can be triggered by DNA damage, telomere shortening, oncogenic
activation and mitochondrial dysfunction and these can, in turn, result from
direct cellular damage or external factors including oxidative stress,
radiotherapy or cytotoxic chemotherapy (18, 29-31). The immediate response

to any DNA damage is a rapid increase in the expression of the tumour
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suppressor gene p53 and its downstream mediator p21, a cyclin-dependent
kinase (CDK) inhibitor (32, 33). Normally this response is transient and
reversible, however if the damage encountered becomes irreparable,
persistent low levels of p53 and p21 expression are maintained and the
senescent phenotype emerges (22). The irreversible nature of the senescent
phenotype is primarily driven by the significant upregulation of the CDK
inhibitor p16™NX4A which occurs more slowly and is driven by external stressors
as well as the effects of the persistent DNA damage response (DDR) (22). The
downstream pathway of p16/NK4A is through retinoblastoma protein (pRB) and
both pRB and p53 are important transcriptional regulators, which together
mediate the irreversible growth arrest of senescent cells (Figure 1.2.).

Another key characteristic of cellular senescence is the secretion of the
senescent associated secretory phenotype (SASP). This has been shown to
occur independently of both p53 and p16'NX4A expression but is directly driven
by the persistent DDR (34, 35). In fact, p53 has been shown to restrain the
SASP (36) and the induction of senescence by p16 or p21 expression, in the
absence of persistent DDR, is not associated with a SASP (35). The SASP
consists of a vast number of pro-inflammatory cytokines, chemokines, growth
factors and proteases; these include interleukin-1 (IL-1), IL-6, IL-7, IL-8,
macrophage inflammatory proteins (MIP3a and MIP1a), Insulin-like growth
factor (IGF) and matrix metalloproteinases (37). These are essential to
stimulate tissue repair and wound healing in response to injury through
activation of the immune system, which also contributes to the clearance of
senescent cells (30). As clearance of senescent cells becomes ineffective with
age, however, senescent cells accumulate and this is accompanied by
persistent localised secretion of the SASP. This results in long-term changes
within the tissue microenvironment, disruption of cellular and tissue functions
and creates a pro-tumoural chemotherapy resistant environment (38). (Figure
1.2.)
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Figure 1.2. Triggers and consequences of cellular senescence

A number of internal and external triggers can lead to persistent DNA damage
response (DDR), which promotes expression p21, through p53, and p16. In
addition, p16 can be activated directly by some triggers in the absence of
persistent DDR. p21 and p16 (through retinoblastoma protein pRB) arrest cell
cycle progression and induce cellular senescence. The SASP is produced in
response to persistent DDR. In the short-term favourable consequences of
senescence, including tumour suppression and tissue repair, are seen and the
SASP results in macrophage activation to promote the clearance of senescent
cells. If this clearance is impaired, senescent cells accumulate, the SASP
persist and detrimental consequences are seen in age related disease and
tumour development.
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It is clear that the senescent phenotype evolved as a protective mechanism.
The same tumour suppressor pathways that drive it are also the initiating
components that ultimately lead to apoptosis of a cell and it is not fully
understood exactly how the cell’s fate is determined. A number of factors have
been implicated and there appears to be a fine balance that can shift the cell’s
fate from apoptosis to senescence. These include the cell type and the tissue
microenvironment, as well as the degree of stress, such as the dose of a
cytotoxic drug or the balance of pro-apoptotic and anti-apoptotic signals (39-
41). Importantly once a cell commits to the senescent phenotype it becomes
protected from pro-apoptotic stimuli through over-expression of the anti-
apoptotic proteins such as BCL-XL and BCL-W (42). As a result, it becomes

more difficult to eliminate these cells.

1.1.2. The BCL-2 family of proteins

The BCL-2 family of proteins are major regulators of apoptosis and are
grouped into pro-apoptotic and anti-apoptotic proteins. These are structurally
similar globular proteins, composed of a-helices and 1-4 conserved BCL-2
homology (BH) domains. In addition, many of them also contain a hydrophobic
transmembrane anchoring domain which allows them to localise to
intracellular membranes (43). Pro-apoptotic proteins include BAD, BID, BIK,
BIM, HRK, NOXA, BAX, BAK and BOK. Of these, BAX, BAK and BOK are
multidomain, pore-forming proteins containing BH 1-4, whilst the remaining
only contain the BH3 domain. The anti-apoptotic proteins, including BCL-2,
BCL-XL, BCL-W and MCL-1, contain all 4 BH domains (44). When all 4
domains are present this creates a highly conserved tertiary structure with a
hydrophobic BH3 binding groove that allows the binding of other BCL-2 family
members. Thus, these proteins interact to regulate the mitochondrial outer
membrane permeability (MOMP) and the balance of expression of the different
protein groups determines the cell fate (44). There are a number of theories of
exactly how these proteins interact and this is likely influenced by the
concentration of each protein group present as well as their relative binding
affinities (45). The BH3 only pro-apoptotic proteins sense cellular stress and
not only activate the pore-forming pro-apoptotic proteins but can also bind the
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anti-apoptotic proteins to inhibit their function. Once activated BAX, BAK and
BOK form pores in the mitochondrial outer membrane causing the release of
pro-apoptotic factors such as cytochrome c and, eventually, cell death (46).
The anti-apoptotic proteins, on the other hand, inhibit both the BH3 only
proteins, as well as pore formation and MOMP (Figure 1.3.A). As there is bi-
directional communication and competitive binding between these two groups
of proteins, a fine balance is created, which is regulated by numerous
signalling pathways which respond to external and internal changes and stress
signals.

If this balance is disrupted, cell death may be prevented even in the presence
of cellular stress or DNA damage, as is seen in senescent cells as well as in
malignancies where the anti-apoptotic proteins are often over-expressed
(Figure 1.3.B) (42). Whilst this evolved as a protective mechanism in
senescent cells, in malignancies it gives tumour cells a survival advantage and
can promote chemotherapy resistance. The over-expression of anti-apoptotic
proteins, particularly BCL-2 was first described in follicular lymphoma (47) but
is also seen in chronic lymphocytic leukaemia (CLL), acute lymphoblastic
leukaemia (ALL), acute myeloid leukaemia (AML) as well as many other
malignancies (47-50). In addition, many malignant cells carry mutations of pro-
apoptotic proteins impairing their function (51). In order to directly counteract
these pro-tumoural changes, drugs have been developed to target and inhibit
the anti-apoptotic proteins. An example currently used in clinical practice is the
BCL-2 inhibitor venetoclax, which is currently licenced for the treatment of CLL
and AML (52, 53).
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Figure 1.3.The BCL-2 family proteins

(A) Shows the potential interactions between the 3 groups of proteins. BH3
only proteins (triangles) are activated by cellular stress and competitively bind
the multi-domain pro-apoptotic (red) and anti-apoptotic proteins (green) to
activate or inhibit them respectively. Any BH3 only proteins bound to anti-
apoptotic proteins are sequestered and can therefore no longer activate the
pro-apoptotic proteins. In addition, anti-apoptotic proteins can bind the multi-
domain pro-apoptotic proteins directly and inhibit pore formation and therefore
apoptosis. (B) When the anti-apoptotic proteins are over-expressed, more
BH3 only proteins are sequestered and cannot activate the pro-apoptotic
proteins to drive pore formation. There is also increased direct inhibition of the
multi-domain pro-apoptotic proteins.
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1.1.3. Senolytics

As the evidence for the adverse impact of the accumulation senescent cells in
ageing increases, attention has turned to the possibility of targeting senescent
cells in tissues in order to reduce or reverse their effect on tissue function.
Whilst various animal models have been developed to study the selective
depletion of senescent cells (54, 55), the search for an agent that is selective
for senescent cells and safe for use in humans has proven far more difficult
(56). Initially, drugs were designed to target single molecules, such as the anti-
apoptotic BCL-2 proteins. ABT-263, for example is a potent inhibitor of BCL-
2, BCL-XL and BCL-W. In vivo studies have demonstrated that it can
selectively deplete senescent cells in mice (57) and it has been widely used to
study the impact of the depletion of senescent cells on tissues and different
cellular components (58-60). In the BM treatment with ABT-263 was shown
to allow recovery of haematopoietic stem cells (HSCs) and the haematopoietic
system (57), although it remains unclear whether this is due to a direct effect
on HSCs or due to changes in the HSC niche. However, ABT-263 and other
compounds targeting single molecules, for example p53, are likely to have a
much broader mode of action and have been shown to affect platelets and
immune cells in addition to their senolytic activity (61-63). In particular it has
been shown that ABT-263 causes severe thrombocytopenia, as platelets rely
on BCL-XL to function, and this has limited its clinical use (64, 65). It is
becoming increasingly evident that the pathways that drive senescence, and
therefore the molecules that regulate these, are not unique to senescent cells.
Consequently, any drugs targeting these single molecules, including receptors
or enzymes, will have off-target effects, which could be detrimental to normal
tissue function and cause significant side effects.

Newer models have instead looked to target multiple anti-apoptotic pathways
in the senescent cells to increase the specificity of drugs for senescent cells
(62). Two drugs have been identified; dasatinib, a tyrosine kinase inhibitor
already in clinical use for the treatment of chronic myeloid leukaemia (CML),
which promotes apoptosis; and quercetin, a naturally occurring flavonoid,
which targets multiple components of the anti-apoptotic pathways including
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BCL-XL and hypoxia-inducible factor (HIF)1a (62). Data from initial phase 1
clinical trials shows that this drug combination can reduce senescent cell
burden in diabetic kidney disease (66) and may improve tissue function in
idiopathic pulmonary fibrosis (67). Further trials are ongoing to investigate the
role of senolytics in these conditions as well age related frailty, dementia
osteoarthritis and management of accelerated ageing phenotypes observed in
survivors of haematopoietic stem cell transplants or childhood cancers (62).
Whilst more information is required to determine the effectiveness and safety
of these drugs, as well as to identify the appropriate clinical settings for their
use, it is possible that they may add to treatments in the future and may
contribute to reducing age-related morbidity.

Other drugs, described as senomorphics, target one or more components of
the SASP and therefore aim to reduce the pro-inflammatory effect associated
with the accumulation of senescent cells. Examples include rapamycin and
other naturally occurring compounds which suppress the SASP and have anti-
oxidant activities (68, 69), as well as a number of drugs already in clinical use
for other conditions. Clinical trials are currently ongoing to determine if
treatment with metformin, a drug currently used for the treatment of type 2
diabetes, can reduce the impact of ageing and senescence (70). It has been
shown to target NF-kB to inhibit a number of SASP components (71) and also
reduces production of reactive oxygen species (ROS) and resulting DNA
damage (72) as well as directly protecting cells from the senescent state (73).
Other drugs such as ruxolitinib and glucocorticoids have also been shown to
reduce the SASP and its effects on tissue function. Thus, initial data suggest
that it may be possible not only to target senescent cells but also the resulting
SASP and its effects. However, the practical applications of these findings and
the extent to which these drugs can be used to reduce the systemic effects of

ageing have not yet been determined.
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1.1.4. In vivo models of ageing

In order to fully understand the complex interaction between cells within a
tissue in both health and disease in vivo models are needed. To study
senescence, it must first be induced in the tissue of interest. This can be done
by allowing physiological ageing to take place or through chemotherapy
agents or irradiation (57, 74). C57BI/6 mice, a commonly used strain for in vivo
work, are considered to be mature adults around 3-6 months, middle aged
from 10-14 months and old at 18-24 months, with the estimated human

equivalent ages of 20-30, 38-47 and 56-69 respectively (75).

A number of mouse models have been developed to study senescence in vivo.
These vary in complexity and use different mechanisms to visualise or
eliminate senescent cells. Most of these models rely on the same principle:
Senescent cells express p16 and the p16 promotor is therefore used to
promote the expression of a reporter gene by transgenic or knock in
approaches (76). Moreover, the use of fluorescent tags makes it possible to
identify senescent cells ex vivo (54), whilst incorporation of luciferase allows
in vivo imaging of senescent cells using bioluminescence (77, 78) and further
models allow the selective depletion of senescent cells following
administration of a drug (54, 55). One model that combines all of these
attributes is the p16-SMR model, developed by the Campisi group. In this
transgenic mouse model, the p16 promotor drives the expression of a 3
modality reporter gene consisting of renilla luciferase, red fluorescent protein
(RFP) and the herpes simplex virus thymidine kinase (HSV-TK). Each of these
components has their own function, which helps to facilitate the study of
senescent cells (Figure 1.4.). Renilla luciferase allows in vivo imaging of
senescent cells when activated by luciferin and RFP can be used to isolate,
image and quantify of senescent cells ex vivo. Finally, HSV-TK allows
selective depletion of senescent cells using the pro-drug ganciclovir (GCV).
GCV is a nucleoside analogue and has a high affinity for HSV-TK but a low
affinity for cellular TK. It therefore specifically targets cells expressing HSV-
TK, where it becomes phosphorylated, is converted into a DNA chain
terminator and causes cell death by apoptosis (21). However, despite the
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many functions and therefore applications of this model, it does have some
limitations. Both the renilla luciferase and RFP have relatively low signals. This
can make it difficult to detect the RFP signal ex vivo and it is not possible to
detect the renilla signal in deep tissues, including the bone marrow (BM), in
vivo. The p16-tdTom model, in contrast, is a knock-in model in which the
p16INK4a promotor activates the ultrabright fluorochrome tandem dimer
Tomato (tdTom). As the tdTom signal is greater this model was designed to
make it easier to isolate, analyse and characterise senescent cells ex vivo
(76). However, in this model it is not possible to eliminate senescent cells in
vivo and this is an important function of the p16-3MR model. By being able to
selectively deplete senescent cells it is possible to directly study the impact of
senescent cells on tissue function and how their elimination affects tissue
health and response to diseases, including malignancies (21, 25, 26, 55).
Recently a similar mouse model to the p16-3MR model was developed but
instead of using the p16™N%4! promoter it uses p21 (79). This model allows
monitoring, imaging sorting and elimination of senescent cells and may allow
the characterisation of distinct senescent cell populations which are known to
be heterogenous and express varying levels of p16 and p21.

3MR
p16 promoter renLuc RFP HSV-TK
Senescence In vivo Isolation of Selective
sensitive imaging by senescent depletion
promotor bioluminescence cells with GCV
HSV-TK P
GCV e > e APOPLOSIS

Figure 1.4. p16-3MR mouse model

The p16 promotor drives expression of the three-modality reporter (3MR)
gene, including renilla luciferase (renLuc), red fluorescent protein (RFP) and
herpes simplex virus thymidine kinase (HSV-TK). HSV-TK phosphorylates the
pro-drug ganciclovir (GCV), which becomes a DNA chain terminator and
causes apoptosis. (Adapted from Demaria et al 2014 (21))
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1.2. The Bone Marrow

The bone marrow (BM) is a complex organ comprising of blood vessels, nerve
tissue and a heterogenous population of cells. It can broadly be divided into
red marrow, the primary site of haematopoiesis in adults, and yellow marrow,
which is mostly composed of adipocytes and provides an important energy
source during periods of starvation (80). Whilst in children all marrow is
composed of red marrow, this is gradually replaced by yellow marrow with
increasing age (81). The different cellular components of the red marrow are
either directly involved in blood cell production or are part of the supportive
network of cells that facilitate and regulate this (80, 82). Together these
components ensure tight regulation and balanced production of mature blood
cells.

1.2.1. Haematopoiesis

Haematopoiesis is the process of blood cell production and differentiation,
from haematopoietic stem cells (HSCs) to haematopoietic progenitor cells
(HPCs), to mature blood cells. Homeostatic mechanisms are in place to
ensure a constant steady supply of mature cells to maintain stable counts of
these cells in the circulating blood (83). The BM is the most regenerative
tissues in the human body (84), producing, on average, 500 billion blood cells
daily, including around 200 billion red blood cells, 100 billion white blood cells
and 150 billion platelets (85, 86). This production can increase vastly in
response to stress, such as infection, inflammation or bleeding. It is, therefore,
important that the process is well regulated, can easily adapt to change and is
sustainable for the entire lifespan.

The site of blood cell production changes during development. During foetal
development haematopoiesis initially occurs in the yolk sac, later in the liver,
spleen and placenta and from 5 months onwards also in the BM. After birth,
haematopoiesis in the liver stops and the BM becomes the primary site of
haematopoiesis, although the spleen and thymus maintain some
haematopoietic function (87, 88). During childhood there is a progressive
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replacement of BM with fat, particularly in the long bones and in adults most
haematopoiesis occurs in the vertebrae, ribs, sternum, skull, sacrum, pelvis
and proximal femur (81). However, it is possible for all previous sites of
haematopoiesis to revert to this function, for example in BM diseases such as
myelofibrosis where haematopoiesis within the BM is impaired (89).

1.2.2. Haematopoietic stem cells

HSCs are the source of all mature blood cells in the circulation, they are
defined by their multipotent nature and their ability to self-renew. In mice,
HSCs are defined by the expression or absence of specific cell surface
markers — they are recognised to be Lineage negative (Lin-), Sca1+, cKit+,
CD150+ and CD48- (Figure 1.5A) (90, 91). Traditionally HSCs were
considered to be at the apex of a hierarchical model of gradual loss of self-
renewal ability and differentiation. Long term (LT) HSCs, which are CD34- are
unique in their self-renewal ability and full long-term reconstitution capacity
(92). Short term (ST) HSCs, defined by the expression of CD34, and more
recently identified intermediate (IT) HSCs on the other hand have reduced
reconstitution ability but maintain their multipotent state (93, 94). There is,
however, increasing evidence that HSC populations are far more
heterogenous than this simple classification would suggest, and further sub-
groups have been described and may also be identified in the future (95, 96).
Data from single cell transcriptomics supports a more continuous model of
lineage commitment and differentiation (Figure 1.5D) (92). In particular it is
possible that subsets of LT-HSCs have a bias towards a particular lineage and

may preferentially promote the production of specific mature blood cells (97).

1.2.3. Haematopoietic Progenitor cells

Multipotent progenitor cells (MPPs), which originate directly from the ST-
HSCs, have no self-renewal capacity but remain multipotent. They
differentiate further into common myeloid or common lymphoid progenitors
(CMPs and CLPs). From this point the cell fate and eventual lineage of the
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mature cell becomes more limited (Figure 1.5B). Common Iymphoid
progenitors give rise to mature lymphoid cells including B cells, T cells and
natural killer (NK) cells. Common myeloid progenitors, on the other hand,
differentiate further into megakaryocyte erythroid progenitors (MEPs), which
produce red blood cells and megakaryocytes, and granulocyte macrophage
progenitors (GMPs), which will give rise to granulocytes and monocytes
(Figure 1.5C).

The process of HSC and HPC production and differentiation and the eventual
cell fate is regulated by haematopoietic growth factors and cytokines, which
stimulate survival and differentiation of certain cell lineages through interaction
with specific receptors on the target cells. They can target cells at different
stages of differentiation, for example stem cell factor (SCF) and FIt-3 ligand
(FLT-3) act directly on the HSC (98, 99), interleukin (IL) 3 and granulocyte-
macrophage colony stimulating factor (GM-CSF) are multipotential growth
factors that act on the multipotent HPCs and support the growth of cells of
different lineages (100), whilst granulocyte colony stimulating factor (G-CSF)
and erythropoietin (EPO) are more specific and drive selective production of
granulocytes and red cells respectively (100, 101). Thrombopoietin (TPO) is
unique in its role, as it primarily regulates megakaryocyte and platelet
development, but at the same time has a direct regulatory role on HSC
development and maintenance (99, 102), which has been shown to express
the TPO receptor Mpl (103). All these growth factors interact and work
together to maintain a pool of HSCs and progenitors as well as a steady supply
of mature blood cells and to drive differentiation of specific lineages in
response to stress.
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Figure 1.5. Hierarchical and continuous model of haematopoiesis

(A) Haematopoietic stem cells (HSC) are pluripotent and are classed as long-
term (LT) or short term (ST) HSCs. Together with the multipotent progenitor
cells (MPP) they form the LSK populations (Lin-, Scal+, cKit+). (B) The
haematopoietic progenitor cells (HPCs) are shown. MPPs differentiate into
common myeloid progenitors (CMP) and common lymphoid progenitors
(CLP). CMPs differentiate further info megakaryocyte erythroid progenitors
(MEP) and granulocyte macrophage progenitors (GMP). (C) Mature blood
cells produced include red blood cells, megakaryocytes, platelets, mature
granulocytes  (neutrophils, eosinophils and basophils), monocytes,
macrophages B cells, T cells and NK cells. (D) The continuous model of
haematopoiesis is shown, with no defined stages of differentiation and a
gradual acquisition of lineage bias.
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1.2.4. Mature blood cell components

Each mature blood cell has its specific role and reliable supplies are required
for the healthy functioning of the human body. Red blood cells make up 84%
of all cells in the human body (104), their main role is to transport oxygen and
carbon dioxide between the lungs and all other tissues (105) and they are
therefore vital for organs to function normally. Megakaryocytes primarily reside
in the BM but can also be found in the lung and peripheral blood and are
responsible for the production of platelets (106). Platelets circulate in the
peripheral blood for 5-7 days and become activated following vascular insults
or injury and have a key role in regulating haemostasis and thrombosis (107).
However, it is becoming increasingly evident that they have a number of other
functions, including as immune modulators, contributing to the innate immune
response and tumour surveillance (108, 109). White blood cells are a diverse
group of cells, including lymphocytes (B cells, T cells and NK cells),
monocytes, which can further differentiate into macrophages, and
granulocytes (neutrophils, basophils and eosinophils). Granulocytes and
monocytes are key to the immediate innate immune response, they are
involved in pathogen detection, driving inflammation, phagocytosis and
antigen presentation (110-112). Lymphocytes on the other hand are the main
effectors of the adaptive immune system, they are involved in antibody
production and secretion, recognition of antigens presented to them by antigen
presenting cells and are able to generate immune memory (113, 114).

1.2.5. Macrophages

Macrophages form part of the innate immune system and have an important
role in tissue development, homeostasis and inflammation. They respond to a
diverse range of stimuli and have many different functions including killing and
controlling pathogens and promoting tissue repair and remodelling. Due to this
wide range of functions the macrophage phenotype can be extremely variable
and is influence by the tissue of origin of the macrophage, the local tissue

microenvironment and stress signals. Importantly, it is possible for
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macrophages to switch from one functional phenotype to another depending

on these external factors (115).

Blood monocytes are derived from HSCs in the BM and can differentiate into
BM, lymph node and splenic macrophages as well as dendritic cells. In
addition, they migrate to certain tissues including the intestine, dermis and
heart and differentiate to constantly replenish the tissue specific macrophage
population (116-118). Other tissue specific macrophages originate from the
embryonic yolk sac progenitor cells. These include microglia, which
differentiate from yolk sac macrophages and lung alveolar macrophages,
Langerhans cells and liver Kupffer cells which primarily arise from foetal liver
monocytes (115). There is now increasing evidence that blood monocytes do
not significantly contribute to the populations of these tissue specific
macrophages in the steady state, but monocytes are able to migrate to these
tissues and differentiate into tissue specific macrophages in response to

inflammation (119).

1.2.6. The Bone Marrow Microenvironment

HSCs and HPCs reside in a highly specialised niche within the BM and their
microenvironment is vital for the regulation of HSC maintenance, normal
haematopoiesis and the haematopoietic response to stress. In addition to the
haematopoietic cells, a number of supportive cells reside in the BM niche
(Figure 1.6). These include multipotent mesenchymal stem and progenitor
cells, which can differentiate into BM stromal cells (BMSCs), osteoblasts,
adipocytes, endothelial cells, myocytes and chondrocytes (120-122). The
mesenchymal cells have fibroblastic characteristics and have historically been
difficult to distinguish from BMSCs, also sometimes called mesenchymal
stromal cells (123). Similar cell surface markers have been described in the
two populations, with absence of CD45, Ter119 and CD31 and expression of
CD105 (121, 122, 124). However, whilst they may have some functional
overlap, the mesenchymal stem cells are clearly set apart by their ability to
self-renew and differentiate, and some distinguishing markers including
CD140a have been identified (91, 122, 123, 125). BMSCs, on the other hand,
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have immunomodulator and secretor functions and directly interact with HSCs
through the secretion of chemokines and cytokines to regulate their

maintenance and differentiation (125).
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Figure 1.6. The bone marrow microenvironment

Haematopoietic stem cells (HSCs) reside in a specialised niche surrounded
by supporting cells. Mesenchymal stem cells differentiate info bone marrow
stromal cells (BMSCs), osteoblasts, adipocytes and endothelial cells (blue
arrows). These cells, as well as osteoclasts interact with the HSCs through
cytokines, chemokines, growth factors and adipokines (red arrows).

Osteoblasts and osteoclasts, which are derived from the monocyte lineage,
are primarily involved in bone formation and resorption, respectively (126,
127). Although osteoblasts have no direct role in haematopoiesis, osteoclasts
have been shown to be involved in HSC homing (128). Furthermore, as these
osteolineage cells reside in the same microenvironment as HSC and HPCs
the two processes of haematopoiesis and bone formation are undoubtedly

linked and disruption or dysregulation of one can directly impact the other.
Another key component of the BM microenvironment is the adipose tissue.

Adipocytes are derived from mesenchymal stromal cells and are an important

source of energy as their main role is to store triglycerides, which can be
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broken down into free fatty acids and glycerol during lipolysis (120). As well as
maintaining and regulating the BM metabolism, adipocytes also have
important endocrine functions (129). They have been shown to secrete a
number of regulatory adipokines and chemokines, which contribute to the
regulation of haematopoietic cell expansion and differentiation (130, 131). The
proportion of adipose tissue in the BM gradually increases with age, reaching
approximately 70% by the age of 70 (132). The expansion of adipose tissue
either as a result of ageing, or following chemotherapy or irradiation, has been
associated with impaired haematopoiesis, HSC function and an inability of the
BM to recover and repopulate (133-135).

Both quiescent and cycling HSCs have been shown to preferentially reside in
the perivascular and sinusoidal niche within the BM (136, 137). This places
them in close proximity to endothelial cells and perivascular cells, including
pericytes, and vascular smooth muscle cells, which surround the inner
endothelial lining of blood vessels (138). Thus, the perivascular cells form the
interface between the circulating blood and the BM and are involved in
regulating HSC homing and cell trafficking to and from the BM (125, 139).
Furthermore, endothelial cells have been shown to directly regulate HSC and
HPC differentiation and blood cell production through the secretion of G-CSF,
GM-CSF and IL-6 (139).
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1.3. Ageing in the Bone Marrow

1.3.1. Haematopoiesis

The normal function of the BM depends on careful regulation and interaction
of both haematopoietic cells and the supporting cells of the BM
microenvironment. This becomes somewhat disrupted with age and whilst
normal haematopoiesis usually continues, a number of changes have been
observed in the aged BM. In aged mice, genes associated with inflammation
and stress responses have been shown to be upregulated in HSCs, the self-
renewal and long-term repopulation ability of HSCs is reduced and a skewing
towards the myeloid lineage is observed (57, 140-142). Whether these
changes occur due to intrinsic changes in the HSC, HPCs or the BM
microenvironment remains to be determined. There is evidence that whilst
HSCs have the self-renewal potential that gives them the status of a stem cell,
this may not be unlimited and become restricted with increasing age (143).
The ageing of HSCs appears to be driven by the number of divisions they have
undergone and in mice changes in HSC regenerative potential and progeny
production are observed after only five cell divisions (144). Overall, these
changes result in impaired function of the HSC, dysregulation of normal
haematopoiesis and therefore have an impact on the function of the immune
system and immunosurveillance (145). This process, known as
immunosenescence, has been associated with age-related conditions
including infections, autoimmune disease and solid tumours (141, 146).
Furthermore, the changes within in the BM niche may contribute to the
development of age-related BM diseases such as leukaemia, myeloma and
myelodysplastic syndrome (MDS) (147-149). Thus, the changes observed
with ageing in the BM microenvironment and the HSC and HPC populations
have significant health implications for our ageing population and a better
understanding of these changes and of the interactions between the different
components of the BM may help to improve the care of these patients.
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1.3.2. Clearance of senescent cells

The impact of ageing on the BM and normal haematopoiesis in turn contributes
to systemic ageing as it directly affects the function of the cells responsible for
the clearance of senescent cells, the macrophages (150). The inflammation
resulting from the SASP has been shown to promote macrophage migration
and macrophage mediated clearance of senescent cells (151). This is
essential to maintain tissue function and, in turn, helps to limit the inflammation
and damage caused by the SASP (152, 153). However, macrophages
themselves are not immune to the impact of ageing and the influence of the
SASP. They have been shown to develop an altered phenotype and function
with ageing (154) and the SASP has been shown to influence the polarisation
of macrophages (30, 155, 156).

Macrophages have historically been classified into M1 and M2 macrophages
(157) and whilst there is now an understanding that this binary classification
may not be sufficient to incorporate all the complexities of macrophage
subtypes, it remains a useful tool to understand their basic function and
response to stress. M1 macrophages, also known as classically activated
macrophages, are stimulated by LPS and interferon-gamma (INF-Y), they
produce inflammatory mediators such as IL6, ROS and nitric oxide and have
an anti-microbial and tumoricidal function (158). M2 macrophages or
alternatively activated macrophages, on the other hand, are stimulated by IL4
and IL13 and typically secrete transforming growth factor beta (TGF-R), IL10,
arginase and metalloproteases. They have increased phagocytic activity,
promote angiogenesis and tissue repair and are immunosuppressive and pro-
tumoural (158).

In a senescent environment, macrophages have been shown to predominately
express M2-like characteristics (155, 156, 159). This in turn affects the
immunosurveillance  function  of  macrophages, contributes  to
immunosenescence (160) and impairs the effective clearance of senescent
cells. Thus, macrophage function diminishes with age both due to intrinsic
changes and the impact of the ageing microenvironment of the BM and other
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tissues (161). The interaction between senescent cells and macrophages is
clearly complex and bi-directional, with each group of cells affecting the other.
A better understanding of this relationship may help to identify targets to
promote the clearance of senescent cells and reduce the damaging effects of
the SASP on tissue function.
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1.4. Age-related Bone Marrow Diseases

1.4.1. Clonal Haematopoiesis

The self-renewal capacity and the high replicative potential of HSCs, whilst
needed for the function to steadily replenish circulating blood cells and
respond to stress, also makes HSCs vulnerable to oncogenic changes (162).
Mutations arising in HSCs or HPCs are passed down to all daughter cells and
can therefore be detected in circulating mature blood cells. Clonal cell
populations are present in most adults and this in itself does not directly
correlate with overt pathology (163). However, if the mutation in the HSC or
HPC confers a survival advantage, this can lead to an expansion of this clonal
cell population and could indicate a pre-malignant state, as is the case in
monoclonal gammopathy of undetermined significance (MGUS) and clonal
haematopoiesis of intermediate potential (CHIP). MGUS is characterised by
the clonal expansion of plasma cells and it often remains a stable
asymptomatic condition that does not require treatment. However, acquisition
of additional mutations will lead to progression to myeloma in 1% of patients a
year, on average (164, 165).

CHIP is defined by the presence of a clone with variant frequency = 2% and is
present in 10% of adults over the age of 70 (166, 167). The most common
somatic mutations shown to trigger CHIP occur in the DNM3TA, TET2 and
ASXL1 genes and skewed X chromosome inactivation has been identified as
a trigger (61, 168). Similarly to MGUS, many patients with CHIP remain
asymptomatic, however there is a significant risk (0.5-1% per year) of
transformation to haematological malignancies, including myeloproliferative
disorders, MDS and AML (169). In addition, CHIP has been associated with
other age-related pathologies, including cardiovascular disease, even in the
absence of any haematological disorders (170, 171). Conversely, it has been
suggested that clonal haematopoiesis may reduce the risk of Alzheimer’s
disease (172) and the presence of clonal haematopoiesis in the BM of stem
cell donors was associated with increased rates of graft-versus host disease

and reduced relapse rates (173, 174). It has therefore been hypothesised that
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clonal haematopoiesis alters normal BM function and blood cell development,
resulting in altered function and immunosurveillance and contributing to the
systemic chronic inflammation observed with ageing (175). However, the
exact mechanism of how individual mutations drive clonal haematopoiesis
and, eventually, pathological changes remain unclear. This makes it difficult to
risk-stratify patients and ensure appropriate monitoring to allow early
diagnosis and treatment. One approach has been to determine clone size and
fitness, the proliferative advantage a cell carrying the mutation in question has
over other cells (176, 177). This could help predict future clonal expansion and
progression to overt disease phenotypes (178) and therefore identify patients
at greater risk, who require closer monitoring and follow up. Furthermore,
studies using mouse models of clonal haematopoiesis, suggest that it may be
possible to manipulate clone fitness and to reduce disease development whilst
maintaining potential benefits associated with clonal haematopoiesis (179).

1.4.2. Haematological malignancies

Haematological malignancies are a heterogenous group of diseases that
together are the fifth most common cancer group in the UK and generally
increase in incidence with increasing age (180, 181). Broadly, they can be
divided into malignancies derived from cells originating in the BM, including
leukaemias and multiple myeloma, and those originating in the lymphoid tissue
(Hodgkin and non-Hodgkin lymphomas) (182). They have been at the forefront
of understanding the molecular basis of tumour development (183), as well as
the implementation of targeted and immunotherapy-based treatment
approaches (184). As a result, the prognosis for some haematological
malignancies has significantly improved in the last 30 years, including non-
Hodgkin lymphoma, especially due to the addition of rituximab to standard
chemotherapy regimens (185, 186) and, perhaps most strikingly, CML since
the introduction of targeted therapy with tyrosine kinase inhibitors (187-190).
Notably, these are both examples where targeted treatments improved
outcomes for patients irrespective of age (191, 192). In contrast other
haematological malignancies, particularly AML, remain difficult to treat and the

prognosis for older patients is usually significantly worse (180, 192). This
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highlights the ongoing need to better understand disease development and, in
particular, the interplay between ageing, disease pathogenesis and treatment

tolerance and effectiveness.

1.4.3. Acute Myeloid Leukaemia

Acute myeloid leukaemia (AML) is primarily a disease of the elderly. It most
commonly presents in patients over the age of 65 and has a peak incidence
between the ages of 80 and 85 (193). Despite improved understanding of the
disease biology, treatments have changed very little over the last 50 years and
whilst some more targeted treatments have been developed, the backbone of
treatment remains cytotoxic chemotherapy (194). Overall, the prognosis for
patients diagnosed with AML remains poor, in part due to the fact that many
of the older patients are unable to tolerate the intensive cytotoxic
chemotherapy regimens recommended as first line treatments and achieving
complete remission in these patients can therefore be difficult. However, even
in young, fit patients who tolerate these treatments and achieve remission,
treatment resistance and relapse are common and often occurs from minimal
residual disease sequestered in the BM (195, 196). It appears that the BM
niche adapts to hosting leukaemic cells and promotes treatment resistance
and relapse (25).

1.4.3.1. Acute Myeloid Leukaemia Pathogenesis

AML is usually defined by the presence of more than 20% immature myeloid
blast cells in the BM, or more than 10% blasts when certain characteristic
cytogenetic or molecular abnormalities are also present (197, 198). It can be
sub-classified further based on immunophenotypic markers that can help
differentiate between granulocytic, monocytic, megakaryocytic and erythroid
lineages or undifferentiated precursors. In contrast to solid malignancies, only
a small number of mutations are required for the leukaemic transformation with
an average of only 13 mutations present in AML blasts (199, 200). A two-hit
model of leukaemogenesis, in which two classes of mutation collaborate to
create the leukaemic blast, has been described (201). Class | mutations
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include FLT-3, KIT and N-RAS gene mutations and confer a survival and
proliferative advantage to the leukaemic blast. Class Il mutations result in the
inhibition of normal haematopoietic differentiation and apoptosis, they are
often chromosomal translocations which produce fusion genes involving the
Promyelocytic leukaemia/retinoic acid receptor alpha (PML-RARA), CEBPA,
RUNX1, MLL or NPM1 genes but can also result from mutations within these
genes (199, 202). Some of the more recently identified mutations, such as
DNMT3A, TET2, IDH1 and IDH2 mutations, have not yet been classified, as
the consequence of these mutations is not yet fully understood and they may
not directly fit into one of these groups (202). It is likely that, as we continue to
better understand the role of these different driver mutations, the classification
of mutations in AML will continue to change. The reason for identifying and
classifying these mutations is their significant impact on the prognosis for
patients with AML. Although age and co-morbidities affect this, by far the most
significant variable appear to be the genomic lesions (197). Deletion of
chromosome 3q and 5q, monosomies of chromosomes 5 and 7, complex
karyotypes and FLT-3 mutations have been associated with a poor prognosis.
On the other hand translocation t(15;17)/PML-RARA and translocations
involving core binding factor, t(8;21)/RUNX1-RUNX1T1, inversion 16 or
translocations (16;16)/CBFB-MYH11 and NPM1 mutations have been
associated with a more favourable prognosis (203). The genetic changes
within the leukaemic blasts can therefore help to inform treatment decisions
and can affect the outcome for patients. An example of a favourable mutation
is the translocation between chromosome 15 and 17, t(15;17), which is seen
in acute pro-myelocytic leukaemia (APML). In this subtype of AML, the single
balanced translocation creates the fusion oncoprotein PML-RARA and this
causes an arrest in myeloid differentiation. This can be targeted directly by all-
trans retinoic acid (ATRA), which interacts with the PML-RARA fusion protein
and rapidly triggers differentiation to granulocytes (204). More recently, the
addition of arsenic trioxide to the treatment regimen has improved outcomes
further and it is currently considered the only curative targeted cancer therapy
(205, 206).
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It is clear that AML is an extremely diverse disease. It is possible for multiple
clonal populations of cells to develop simultaneously and AML clones have a
significant ability to adapt. The evolutionary nature of the disease means that
it rapidly adapts to its environment and selects clones that have not been
targeted for expansion. Thus, simply targeting one mutation is often not

sufficient in treating the disease and treatment resistance is common.

1.4.3.2. Acute Myeloid Leukaemia Treatment

The treatment for AML consists of induction and consolidation phases.
Induction most commonly involves two cycles of DA (daunorubicin and
cytarabine), although alternative regimens such as FLAG-Ida (fludarabine,
high dose cytarabine, idarubicin and G-CSF) can also be used. Consolidation
usually consists of further chemotherapy such as intermediate or high dose
cytarabine (207, 208) and may also include an allogeneic stem cell transplant
(SCT). SCTs are usually considered for patients under the age of 60 with
standard or poor risk disease and reduced intensity conditioning allografts can
also be considered in some older patients (197, 198). In addition, more
targeted treatments have been added to treatment regimens more recently,
including gemtuzumab, an anti-CD33 monoclonal antibody, and midostaurin,
a FLT-3 inhibitor (194).

These treatment regimens, however, are intense and associated with high
morbidity and mortality rates, especially in older, more frail, patients with co-
morbidities. Intensive chemotherapy is myelosuppressive and therefore
carries a high risk of treatment associated infections and complications of
SCTs include infection, graft vs host disease and treatment associated
toxicities, which can result in long term morbidity and increased mortality (209).
As the peak incidence for AML is 80-85, these treatments are not suitable for
many patients. Less intense treatments, including azacytidine or low dose
cytarabine in combination with venetoclax, are available and whilst these can
reduce tumour volume and improve survival, achieving remission is not
possible (198). Furthermore, even these drugs are toxic and associated with
morbidity and therefore, for some patients a palliative approach and best

44



supportive care is the most appropriate option. This highlights the need for a
change in the treatment approach for AML. Increasing or changing the dose
or combination of cytotoxic drugs will not alter the outcome for the majority of
patients who simply cannot tolerate these treatments. Conversely, if we can
identify treatment targets and suitable drugs that are tolerated by our older
population then these would also benefit the young and improve outcomes for
all by improving remission rates and reducing relapse. The future direction of
treatments developed will likely include more mutation targeted drugs and
immunotherapies including bi-specific T cell engaging antibodies, checkpoint
inhibitors and chimeric antigen receptor (CAR) T cells (198). However, another
aspect to consider for future treatment development is the BM
microenvironment and how AML manipulates this into the pro-tumoral,

leukaemia supporting environment.

1.4.3.3. The Leukaemic Microenvironment

It is becoming increasingly evident that AML and other haematological
malignancies drive changes in the BM microenvironment and other BM
derived cells, including macrophages, endothelial cells, adipocytes and BMSC
and that this in turn promotes tumour development, survival and treatment
resistance (25, 210-215). In addition, AML impairs normal haematopoietic
function by blocking differentiation of normal HSCs, which leads to
characteristic cytopaenias often present at diagnosis (216).

AML has been shown to modulate macrophage polarisation to a pro-tumoural
M2 phenotype, thus altering their immunosurveillance and phagocytic
functions (211). Targeting these changes, through direct induction of the M1
macrophage phenotype (217) or activation of LC3 associated phagocytosis
via the stimulator of IFN genes (STING) pathways suppresses AML growth
and increases survival in in vivo models of AML (218). Furthermore, the
interaction between BM endothelial cells and leukemic blasts has been shown
to promote AML growth and contribute to chemotherapy resistance (219).
Adipose tissue provides a significant source of energy both during normal

haematopoiesis and for malignant cells in the BM microenvironment. AML
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blasts directly modulate adipocyte metabolism by inducing phosphorylation of
lipase to activate lipolysis and facilitate the release of free fatty acids (210). As
the adipose content of the BM increases with age, this may contribute to the

increased incidence of AML in the older population.

Another factor that may drive AML development in ageing is the accumulation
of senescent cells within the BM microenvironment. AML has been shown to
induce a senescent phenotype in BMSCs and the secretion of a SASP.
Superoxide derived from leukaemic blasts was shown to induce p16INK4a
driven senescence in BMSCs and in vivo depletion of senescent cells slows
tumour progression and prolongs animal survival (25). The temporal
correlation between senescent changes in the BM microenvironment and
tumour development remain to be explored further. It is possible that tumour
development only occurs once age-associated senescent changes have been
initiated or that the senescent changes only occur once malignant clones are
present to drive them. Most likely it is combination of both, the BM
microenvironment gradually accumulates senescent cells with increasing age,
this creates a more favourable environment for any progenitor cells that
acquire mutations and become malignant. These malignant cells in turn
accelerate the ageing process within the BM microenvironment, impairing
immunosurveillance and clearance of both senescent and malignant cells
(Figure 1.7) (63).

It is clear that AML does not only directly alter the BM microenvironment, but
also benefits from many age-related changes affecting the BM. This may in
part explain the less favourable prognosis for older patients diagnosed with
AML, which cannot be sufficiently explained by the differences in adverse
prognostic factors (220). It also highlights the importance of improving our
understanding of both leukaemia driven and age-related changes in the BM
microenvironment as these will likely contribute to treatment resistance and

disease relapse.
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Figure 1.7. Age-related changes in the bone marrow

With increasing age senescent cells accumulate in the BM microenvironment.
At the same time changes in the HSCs and HPCs drive clonal haematopoiesis.
The senescent changes and secretion of the SASP cause chronic
inflammation and create a pro-tumoural microenvironment, and thereby
contribute to the progression of clonal haematopoiesis to haematological
malignancies. These in turn further accelerate ageing of the BM
microenvironment.

1.4.3.4. Chemotherapy induced senescence

When considering the role of senescence in the context of malignancy, it is
important to differentiate between the tumour cells themselves and their
environment. Whilst it appears that tumour cells thrive in a senescent
environment, they themselves continue to actively proliferate and, although
they often over-express the anti-apoptotic BCL-2 proteins that are also
associated with the senescent phenotype they are not senescent. In fact,
inducing senescence in tumour cells can help to impair tumour proliferation
and promote immunosurveillance and subsequent clearance of malignant
cells (221, 222). This is the mode of action of retinoic acid and arsenic in the
treatment of APML: By activating p53 they induce a senescent phenotype in

leukaemic cells (206). Several other cytotoxic chemotherapy agents including
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daunorubicin have been shown to induce a senescent state. Unfortunately,
these are usually non-specific and therefore induce senescence not only in
tumour cells but also in non-cancerous cells (74). This, therefore, impacts on
the tumour microenvironment, as well as normal tissue health and function
and secretion of the SASP has been shown to create a chronic inflammatory
state which may contribute to chemotherapy associated side effects (38, 223).
As described above, a senescent BM microenvironment can promote tumour
growth (25) and it has also been shown that, in solid tumours, depletion of
senescent cells within the tumour microenvironment reduces recurrence and
metastases (74). It is clear that whilst the desired effect of chemotherapy
agents is to induce senescence in malignant cells, it is important to consider
the impact they have on the function of normal tissue, as well their potential to
actually create a pro-tumoural microenvironment that could support tumour

growth, treatment resistance and relapse in the future.
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1.5. Stressed Haematopoiesis

A healthy BM is not only key to normal blood cell production but also to the
body’s ability to respond to stressors such as infection or bleeding. In normal
haematopoiesis, the production of all blood cell lineages is well balanced to
produce adequate number of erythrocytes, myeloid cells, lymphocytes and
platelets. However, in response to stress, this balance is disrupted and specific
lineages are favoured. Thus, in response to bleeding, erythropoiesis is
promoted and infections trigger expansion of myeloid progenitors.
Furthermore, the numbers of mature cells produced can increase several fold
in a short period of time in order to meet the increase in demand (224). This
rapid expansion is regulated in a number of ways. In the case of infection,
pathogen recognition has to occur first. This is mediated by Toll-like receptors
(TLRs), which detect pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs) and have been shown to be
expressed by HSCs and HPCs (225, 226). They stimulate the release
cytokines and growth factors, including IL-3, IL-6, interferons, SCF, TPO, G-
CSF and GM-CSF, and promote HSC and HPC expansion and differentiation
(226, 227). This drives emergency granulopoiesis and the release of increased
leukocytes, in particular neutrophils, into the circulation. Emergency
erythropoiesis on the other hand, is regulated by EPO, which also drives
steady state red cell production, as well as SCF and glucocorticoids (228). In
cases of extreme stress more immature blood cells including myelocytes and
nucleated red blood cells, which are usually only present in the BM, can be
release into the peripheral blood (229). Furthermore, if stress persists and high
numbers of granulocytes are continuously produced in response to infection,
this can occur at the expense of other lineages causing thrombocytopenia,
lymphopenia and mild anaemia (224).

1.5.1. Metabolism in the Bone Marrow Niche

In order for cells to survive, proliferate and differentiate they require a constant
and reliable supply of energy. Several pathways exist to allow energy
production within the cells, each requires different substrates and the
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efficiency and overall energy output, in the form of adenosine triphosphate
(ATP), can vary significantly between pathways (Figure 1.8). Substrates
include glucose, which gives rise to pyruvate during the anaerobic process of
glycolysis, lactate, which is converted to pyruvate in a reversible reaction
catalysed by lactate dehydrogenase (230), free fatty acids (FFAs), which
produce acetyl-coenzyme A (CoA) through B-oxidation (231) and amino acids.
All of these substrates can generate acetyl-CoA as the final product, to
combine with oxaloacetate to form citrate in the first step of the tricarboxylic
acid (TCA) cycle (232). The TCA cycle consists of a series of reactions that
supply NADH and FADH: to the electron transport chain to fuel oxidative
phosphorylation (OXPHOS) (232, 233). OXPHOS is the most efficient mode
of energy production and produces the most ATP, however, both OXPHOS
and the TCA cycle are aerobic in nature and require an abundant supply of
oxygen and mitochondria. In addition, it results in the production of by-
products, including ROS, which can cause DNA damage and therefore affect
cell function and longevity (234).

The HSC niche is relatively hypoxic despite its perivascular location, as blood
has become relatively deoxygenated by the time it reaches the BM (235-237).
These hypoxic conditions promote HSC quiescence, minimise oxidative stress
and are known to benefit long-term HSC health (234). As a result, in the steady
state, quiescent HSCs primarily rely on anaerobic glycolysis, which only
produces 2 ATP molecules, for their energy supply (235, 236). Mitochondrial
mass and activity, on the other hand, is sustained at low levels and tightly
regulated by a balance of biogenesis and mitophagy (235, 238). Thus, levels
of OXHOS and resulting mitochondrial ROS are maintained at low levels in the
HSC niche during normal homeostasis.
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Figure 1.8. Metabolic pathways

Free fatty acids (FFA), produced during lipolysis, glucose, lactate and amino
acids are used to produce acetyl-CoA. FFA are converted during B-oxidation
and glucose is converted to pyruvate during glycolysis. Pyruvate in turn can
be converted to acetyl-CoA or lactate in a reversible reaction. Acetyl-CoA is a
substrate for the tricarboxylic acid (TCA) cycle which produces ATP as well as
NADH and FADH> which enter the electron transport chain to generate a
further 34 ATP molecules during oxidative phosphorylation (OXPHQOS,).

1.5.2. Metabolism during stressed Haematopoiesis

As the production of blood cells dramatically increases during stressed
haematopoiesis, the energy requirement of HSCs and HPCs also rises. As a
result, the less efficient anaerobic glycolysis is no longer sufficient to meet
demands. In response to stress, HSCs are able to rapidly switch to OXPHOS
for energy supply (239). This requires a rapid increase in mitochondrial mass
and is facilitated by superoxide driven mitochondrial transfer from the bone
marrow stromal cells (BMSC) to HSCs via connexin 43 GAP junctions (91).

This allows an immediate upregulation of OXPHOS without the delay that
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would result if HSCs relied solely on the upregulation of their own
mitochondrial biogenesis (91).

In addition, HSCs acquire a number of metabolites from their
microenvironment in order to fuel this increase in OXPHOS. Amino acids,
lactate, glucose and free fatty acids can all be used to generate acetyl-CoA,
which feeds directly into the TCA cycle (232). Fatty acids are in abundant
supply from the BM adipose tissue and their transfer to HSCs is mediated by
CD206, CD36, fatty-acid-binding proteins (FABPs) and fatty-acid-transporter
proteins (FATPs) (240-242). The inducible fatty acid transporter CD36 has
been shown to be upregulated in HSCs during infection to promote the uptake
of free fatty acids and support the shift to OXPHOS (240). Whilst HSCs
increase their energy consumption, proliferation and differentiation, a small
pool of quiescent undifferentiated HSCs is always maintained to allow for the
long-term replenishment of HPCs and mature blood cells.

1.5.3. The hijacking of the haematopoietic stress response

Like many physiological processes the haematopoietic stress response has
been hijacked by malignant haematopoietic cells. AML cells in particular have
been shown to take advantage of the diverse metabolic pathways available to
them. Whilst it was traditionally thought that tumour cells rely purely on
anaerobic glycolysis, which allows them to thrive in hypoxic environments
(243), there is now increasing evidence that a number of cancers are able to
acquire mitochondria from their tumour microenvironment. This enables them
to switch to OXPHOS and thus improve their energy efficiency giving them a
proliferative and survival advantage. Mitochondrial transfer has been observed
in AML, where it is mediated by NOX2 derived superoxide (214). Furthermore,
AML cells have been shown to utilise amino acids to fuel their increased
reliance on OXPHOS and that treatment with the BCL-2 inhibitor venetoclax
directly impairs the uptake of amino acids and supresses OXPHOS in ROS-
low leukaemic stem cells and eventually leads to cell death (244-246). Finally,
we know that AML drives the mobilisation of free fatty acids from adipocytes
(210) and this is associated with an upregulation of the FABP4 and CD36
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(247). Interestingly, it appears that leukaemic cells particularly rely on fatty acid
metabolism in relapsed disease and therefore are able to escape targeted
amino acid depletion by venetoclax (244). These examples demonstrate, not
only how physiological processes can inform our understanding of
mechanisms that drive tumour growth and development, but also how we can
use this understanding to target these pathways and develop better ways to

treat malignancies and prevent treatment resistance and relapse.
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1.6. Rationale

As our population ages, the burden of age-related diseases on individuals,
health care systems and society as a whole is steadily increasing.
Understanding the physiological changes that occur during ageing, alter the
functions of tissues and organs and contribute to disease development is thus
becoming increasingly important. The BM stress response is dependent on
tightly regulated interactions between HSCs and HPCs and the BM
microenvironment. Any changes in the microenvironment or in the
haematopoietic cell populations can disrupt these interactions and thus impair
the BM response to stress. It is therefore likely that the changes observed in
the ageing BM will impact on the ability of the BM to respond to stress.
Increased age is associated not only with an increased incidence of infections,
but also with an impaired ability to clear infections effectively and therefore an
increase in infection associated morbidity and mortality (7). The rapid
metabolic adaptability of HSCs and HPCs is key to their effective response to
stress. This requires not only an adequate supply of metabolites but also
healthy and functional mitochondria. However, mitochondrial dysfunction has
been identified as one of the hallmarks of ageing (13). Whilst this may not have
a significant impact of HSCs in the steady state when they primarily rely on
glycolysis (14) it may contribute to the BM’s ability to respond to stress,
including infection. A better understanding of the interactions between HSCs
and HPCs and the aged BM microenvironment will not only help to identify the
how age-changes alter HSC function and the BM response to stress but in the
future, it may also elucidate how these changes result in a pro-tumoural
microenvironment that drives the age-associated development of

haematological malignancies.
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1.7. Hypothesis

| hypothesise that mitochondrial function in HSCs and HPCs diminishes with
age and that this impairs their ability to respond to stress signals. | also
hypothesise that depleting senescent cells in the BM microenvironment can
restore HSC and HPC function and improve their response to infection.
Therefore, the aim of this study is to understand age-related mitochondrial
changes in the haematopoietic stem cell compartment. To address this aim |
have three complementary objectives (Figure 1.9).

1.8. Objectives

1. Characterising the metabolic profile of aged HSCs.

2. Defining how age-related metabolic changes alter the haematopoietic
response to stress.

3. Investigate the role of senescent cells in the haematopoietic response
to stress.

(18-24 months)
LPS @

Figure 1.9. Graphical representation of the three objectives.
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2. Materials and Methods

2.1. Materials

All reagents and materials used in the study are shown in Table 2.1 and

described in the Methods section below. The reagents were obtained from the

manufacturers as detailed below.

Table 2.1. Reagents used with Manufacturer and Catalogue Number
Agilent (Santa Clara, CA, USA), Biolog (Hayward, CA, USA), Cell Signalling (Danvers, MA, USA), Fisher
Scientific (Hampton, New Hampshire, USA), GE Healthcare (Little Chalfont, UK), Medisave UK Ltd
(Weymouth, UK), Miltenyi Biotec (Bergisch Gladbach, Germany), Nexcelom Bioscience (Lawrence, MA,
USA), PCR Biosystems (London, UK), Peprotech (Rocky Hill, NJ, Promega (Madison, WI, USA), USA),
Promega (Madison, WI, USA), Sarstedt (NUmbrecht, Germany), Selleck Chemicals LLC (Houston, TX,
USA), Sigma-Aldrich (St Louis, MO, USA), Stem Cell Technologies (Cambridge, UK), Stratech
(Cambridge, UK), ThermoFisher (Waltham, MA, USA), Wolf Laboratories (York, UK)

Product Manufacturer Catalogue number
1ml syringe Fisher Scientific 15489199

1x MAS Buffer Biolog 72303
26-gauge butterfly needle Medisave UK Ltd 2674829
26-gauge needle Fisher Scientific 12349169
27-gauge needle Fisher Scientific 10204444
ABT-263 Selleck Chemicals LLC S1001
Ammonium Chloride (NH4ClI) Stem Cell Technologies | 07850
SA-B-gal Cell Signalling 9860

Bovine Serum Albumin (BSA) Fisher Scientific BP1600-100
Busulfan Sigma-Aldrich B2635
CD117 microbeads Miltenyi Biotec 130-091-224

Cellometer SD100 counting chamber

Nexcelom Bioscience

CHT4-SD100-002

CellTrics 40um filter

Wolf Laboratories

04-0042-2316

DAPI ThermoFisher 62248

DMEM Medium ThermoFisher 10566016
EDTA Sigma-Aldrich E9886

EDTA tubes Sarstedt 6.265 374
Foetal Bovine Serum (FBS) ThermoFisher 105000056

FIX & PERM Cell Fixation & Permeabilization Kit | ThermoFisher GAS004
Ganciclovir Stratech ORB322504-BOR
Human IL-6 PeproTech 200-06
Hydrogen Peroxide (H202) Sigma-Aldrich H1009

IsoFlo (Isofluorane) Zoetis In house (DMU)
Lineage cell depletion kit Miltenyi Biotec 130-110-470
Lipopolysaccharide (LPS) Sigma-Aldrich L2630

LS columns Miltenyi Biotec 130-042-401
MEM Medium ThermoFisher 11095080
MitoPlate Biolog 141051
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Product Manufacturer Catalogue number
MitoSox ThermoFisher M36008
MitoTracker™ Green ThermoFisher M46750
Mouse CD105 — PE Cy7 Biolegend 120410
Mouse CD117 — PE Cy7 Miltenyi Biotec 130-108-355
Mouse CD11b — APC Biolegend 101212
Mouse CD150 — BV510 Biolegend 115920
Mouse CD150 — PE Cy5 Biolegend 115920
Mouse CD19 — PerCP ThermoFisher 45-0193-82
Mouse CD31 — BV421 Biolegend 102424
Mouse CD31 - FITC Miltenyi Biotec 130-123-675
Mouse CD31 — PerCP Biolegend 102522
Mouse CD4 — APC Cy7 Biolegend 100414
Mouse CD45 — BV510 Miltenyi Biotec 130-119-130
Mouse CD45 — PerCP Biolegend 103130
Mouse CD45.1 — BV605 Biolegend 110738
Mouse CD45.1 — PE Miltenyi Biotec 130-103-009
Mouse CD45.2 — FITC Miltenyi Biotec 130-102-312
Mouse CD48 — APC Cy7 Biolegend 103431
Mouse CD8 — APC Cy7 Biolegend 100714
Mouse IL-3 PeproTech 213-13
Mouse Ki67 — FITC Miltenyi Biotec 130-117-691
Mouse Lineage Cocktail - Pacific blue | Biolegend 133310
Mouse Ly6G — PE Cy7 Miltenyi Biotec 130-124-208
Mouse Sca1 - APC Miltenyi Biotec 130-102-343
Mouse SCF PeproTech 250-03
Mouse Ter119 — APC Miltenyi Biotec 130-102-290
OneComp eBeads™ Compensation Beads | ThermoFisher 01-1111-42
PCRBIO 1-Step Go RT-PCR Kit PCR Biosystems PB10.53-10
Penicillin-Streptomycin GE-Healthcare SV30010
Phosal 50PG Fisher Scientific NC0130871
Poly-D Lycine Solytion Sigma-Aldrich A-003-E
Polyethylene glycol 400 Sigma-Aldrich 202371
Primers for gPCR See Table 2.3

PureLink™ Genomic DNA Mini kit ThermoFisher K182002
gPCRBIO cDNA synthesis kit PCR Biosystems PB30.11-10
gPCRBIO SyGreen Mix PCR Biosystems PB20.12-51
ReliaPrep RNA Cell Miniprep System Promega 26012
Saponin Sigma-Aldrich 47036-50G-F
Seahorse XFp Base Medium Agilent 1033335-100
Seahorse XFp Mito Stress Test Kit Agilent 103010-100
Sodium Pyruvate Fisher Scientific 11501871
TagPath ProAmp MasterMix ThermoFisher A30865
TMRM ThermoFisher T668
Trypan Blue Solution Sigma-Aldrich T8154
Trypsin-EDTA ThermoFisher 25200056
Verapamil Sigma-Aldrich V4629
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2.2. Animal Models

All in vivo work was carried out in accordance with regulations set by the UK
Home Office and the Animal Scientific Procedures Act 1986 under project
licence 70/8814 (Prof. Kristian Bowles) and PP023671 (Dr Stuart Rushworth).

2.2.1. Animal maintenance

Animals were housed at the Disease Modelling Unit (DMU) at the University
of East Anglia, which is a specific pathogen free, containment level 3, facility.
Five different strains of mice were used for this study as described below.
Breeding pairs were set up at the age of 6-8 weeks and maintained for no
longer than 6 months. Offspring were weaned at the age of 3 weeks and used
for experiments at the age of 8-12 weeks. Mice, including ex-breeding females,
were also aged to 18-24 months. The aged colonies were closely monitored
and at any sign of age-related diseases including tumour development or
overgrooming the mice were sacrificed by a schedule 1 method and not used
for experiments. As female mice are easier to house in the long term and their
cages can continue to be merged at any age, all experiments in this study

used only female mice.

2.2.1.1. Wildtype C57BI/6 mice

C57BL/6J mice (CD45.2) were purchased from Charles River (UK). This is the
most widely used inbred mouse strain and was used for the majority of the
experiments described in this thesis. The C57BI/6 mice are long lived and have
good breeding records, making them optimal for routine use for in vivo work.
Both young and aged C57BI/6 mice were used to study the differences in the
young and aged BM and the response to lipopolysaccharide (LPS) treatment.
They were also used together with the PepCboy mice in the transplant models.
BMSC and LK cells were isolated from young and aged C57BI/6 mice to study
mitochondrial transfer and senescence associated beta-galactosidase (SA-3-

gal) staining respectively. Finally, aged C57BI/6 mice were used as control
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mice to compare with the p16-3MR mice, which have the same genetic
background, and to study the effect of ABT-263 treatment.

2.2.1.2. Wildtype PepCboy mice

B6.SJL-PtprcaPer3/Boy) (CD45.1) (PepCboy) were acquired from The Jackson
Laboratory (Bar Harbour, ME). This is a congenic C57BI/6 mouse strain, which
differs from C57BI/6 mice by the expression of CD45.1 rather than CD45.2.
This allows identification of hematopoietic cells from one strain in the
circulation or BM of the other and these two mouse strains are therefore
commonly used for transplantation models. In this thesis young and aged
PepCboy mice were used as donors of cells for transplantation into young
C57Bl/6 mice and young PepCboy mice were also used as transplant

recipients.

2.2.1.3. p16-3MR mice

p16-3MR mice were developed and provided by the Campisi Laboratory (21).
This is a genetically modified mouse model developed on a C57BI/6 genetic
background. In this mouse model a 3 modality reporter gene is associated with
the p16 promotor. In this study the herpes simplex virus 1 (HSV-1) thymidine
kinase (HSV-TK) reporter component was used. HSV-TK phosphorylates the
pro-drug ganciclovir (GCV) converting it to a DNA chain terminator and

causing apoptosis of senescent cells.

2.2.1.4. p16-tdTom mice

p16-tdTom mice were purchased from The Jackson Laboratory (Bar Harbour,
ME). Similarly to the p16-3MR mouse model, this model was developed on a
C57BIl/6 background in order to study senescent cells. A fluorochrome
tandem-dimer Tomato (tdTom) was knocked-in to the p16™N%4A locus. This
allows the detection of tdTom fluorescence in p16 expressing senescent cells.
In this study, this model was used to assess levels of p16 expression in HSCs,

HPCs and BMSCs from young and aged mice.
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2.2.1.5. Wildtype CBA

CBA mice were obtained from Charles River (UK). These mice differ from
other mouse strains used in this study by their mitochondrial genome. Their
mitochondrial DNA can be distinguished from C57B/6 mitochondrial DNA by
two single nucleotide polymorphisms. LKs cells from CBA mice were therefore
used to study mitochondrial transfer from young and aged BMSCs to LKs in

vitro.

2.2.2. Transplantation models

For the transplant model C57BI/6 and PepCboy mice were used. The
recipients were first treated with busulfan 25mg/kg for 3 days. LSKs or HSCs
were purified by fluorescent activated cell sorting (FACS) and the appropriate
number of cells for each experiment were resuspended in 1X phosphate buffer
solution (PBS) for a total volume of 200yl per recipient mouse. Engraftment
was measured by the relative levels of CD45.1 or CD45.2 donor cells in the
BM and peripheral blood (PB) of the recipient.

2.2.2.1. Transplantation of young and aged LSKs

Young PepCboy (CD45.1+) mice were treated with 25mg/kg busulfan for 3
days. The following day LSKs were FACS purified from young and aged
C57Bl/6 (CD45.2+) mice. 100,000 LSKs were injected into the tail vein of each
busulfan treated PepCboy mouse. Engraftment was assessed after 12 weeks
in the PB and BM.

2.2.2.2. Transplant with TMRM staining

For this transplant model young C57BIl/6 (CD45.2+) mice were treated with
25mg/kg busulfan for 3 days. LSKs were then FACS purified from young and
aged PepCboy (CD45.1+) mice based on their Tetramethylrhodamine, Methyl
Ester (TMRM) levels. LSKs were also isolated from young C57BI/6 mice. In a
competitive transplant setting 150,000 TMRM" or TMRM" LSKs from young
or aged PepCboy mice and 150,000 LSKs from C57BIl/6 mice were injected
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into the tail vein of the busulfan treated C57BI/6 mice. Engraftment was
assessed in the PB at 8 and 12 weeks and in the BM at 12 weeks.

After 12 weeks a new group of young C57BI/6 mice were treated with busulfan
for 3 days. CD45.1+ HSCs were then sorted from the BM of the C57BI/6
(CD45.2) mice engrafted with TMRM"° LSKs from young or aged mice. In a
secondary transplant 1000 CD45.1+ HSCs were injected into busulfan young
C57Bl/6 mice together with 100,000 whole BM support cells from C57BI/6
(CD45.2) mice. Engraftment was assessed after a further 12 weeks.

2.2.2.3. Transplant with LPS treatment

Again, young C57BI/6 (CD45.2+) mice were treated with 25mg/kg busulfan for
3 days and LSKs were then FACS purified from young and aged PepCboy
(CD45.1+) mice. 100,000 LSKs from C57BI/6 mice were injected into the tail
vein of the busulfan treated C57BI/6 mice. Engraftment was assessed in the
PB at 8 and 12 weeks and the engrafted mice were treated with 0.5mg/kg LPS
or vehicle control. All mice were sacrificed using two schedule 1 methods 16
hours after this treatment.

2.2.3. Animal Procedures

All procedures were carried out by myself under my personal UK Home Office
license IE10ADDS51, with the help from Dr Jayna Mistry (12777C6D5) and Dr
Stuart Rushworth (ICD3874DB). Training for each procedure was provided by
Mr Richard Croft (IGEBEFB87) and Mrs Anja Croft (LBA2ACED).

2.2.3.1. Intraperitoneal injections

Busulfan, LPS and GCV were administered by intraperitoneal (IP) injections.
For all IP injections mice were restrained using a scruff technique and a
volume of 200ul was injected into the peritoneum using a sterile 26-gauge
needle. Busulfan was given for 3 consecutive days prior to transplantation at
a dose of 25mg/kg. LPS was administered at a dose of 0.5mg/kg for all

experiments and mice were sacrificed after 16 hours, except when the overall
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survival was assessed. Ganciclovir was given at a dose of 25mg/kg for 5 days
followed by a seven-day rest period.

2.2.3.2. Intravenous injections

For the transplantation models, donor cells were isolated and resuspended in
PBS. Busulfan pre-treated recipient mice were placed in a heat chamber and
warmed to 37°C for 10 minutes to promote vasodilation. They were then
placed in a benchtop holding cone and 200ul of the cell suspension was
injected into the lateral tail vein using a sterile 27-gauge needle. Pressure was
applied to prevent any subsequent bleeding and the mice were monitored in a
new cage for a short period before they were returned to their home cage.

2.2.3.3. Oral Gavage

ABT-263 was administered by oral gavage at a dose of 100mg/kg daily for 7
days. It was first resuspended in 10% ethanol, 30% polyethylene glycol 400
and 60% Phosal 50PG. The suspension was freshly prepared each day and,
as a control, mice were administered the same combination of ethanol,
polyethylene glycol 400 and Phosal 50PG but without any ABT-263. Mice were
restrained using a scruff method and administered 200pl of the solution by oral
gavage. Mice were monitored until fully recovered from the procedure and then
returned to their home cage.

2.2.3.4. Blood sampling

Blood samples were obtained from the tail vein of mice to confirm engraftment
in the transplant models. Mice were placed in a heat chamber at 37°C for 10
minutes for vasodilation and then placed in a benchtop holding cone. Samples
were taken from the lateral tail vein with a trimmed 26-gauge butterfly needled.
Up to 200pl of blood was collected into an EDTA coated tube.

Terminal blood samples were obtained from mice by cardiac puncture to allow
collection of larger volumes of blood. Mice were placed under deep terminal
anaesthesia using isoflurane. Samples were taken from the left ventricle of the
heart using a 25-gauge needle and placed directly into an EDTA coated tube.
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2.2.3.5. Schedule 1

Mice were humanely sacrificed at the endpoint of each experiment or if
showing any signs of being unwell, including weightloss, reduced motility,
severe over-grooming, piloerection, hunched postures, signs of graft vs host
disease or, in the aged colonies, spontaneous tumour development. Two
schedule one methods were always used. Most commonly, gradual CO>
asphyxiation followed by neck dislocation were used. The exception to this
was when terminal blood samples were required and cardiac puncture was

used followed by neck dislocation.

2.3. lIsolation of primary mouse bone marrow

Mouse BM was usually isolated from the tibias and femurs of mice. The bones
were dissected out and all muscle was removed. They were then cut in half
and each bone was placed in a 0.5 ml Eppendorf tube with a hole at its base,
which was itself placed inside a 1.5ml Eppendorf tube. These tubes were then
centrifuged at maximum speed for 6 seconds and the cells from each bone
were collected at the base of the 1.5ml Eppendorf tube. The BM pellets were
resuspended in MACS buffer (PBS pH 7.4 containing 0.5% BSA and 1mM
EDTA) and pooled for each mouse. Cells were then filtered through a 40um
filter, washed and, if needed counted before being cultured for in vitro
experiments or prepared for flow cytometry or FACS.

When higher numbers of cells were required, in particular for metabolic
pathway analysis, cells were isolated by bone crushing. For this the spine,
sternum, hips, femurs and tibias were dissected out and carefully crushed
using a pestle and mortar. Small volumes of MACS buffer were added to
resuspend the BM cells throughout this process before they were filtered and

washed and then processed in the same way as the centrifuged BM samples.
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2.3.1. CD117 enrichment

To isolate CD117+ cells anti-CD117 magnetic microbeads were used (Miltenyi
Biotec, Bergisch Gladbach, Germany). Up to 100 million BM cells were
suspended in 500ul of MACS buffer and 20yl of anti-CD117 beads. They were
incubated for 20 minutes at 4°C and then spun down at 1500 rpm for 5
minutes. The supernatant was removed and the cells were resuspended in
1ml of MACS buffer. The cells were then transferred into a pre-washed LS
column (Miltenyi Biotec, Bergisch Gladbach, Germany) attached to a magnet.
The column was washed a further three times with 3ml of MACS buffer. At the
end the CD117 positive cells were flushed from the LS column by removing it
from the magnet and firmly plunging it. The CD117+ cells were then prepared
for FACS purification by adding TMRM staining and the appropriate antibody
panels, either in preparation for the transplantation or single cell sorting.

2.3.2. LK cells isolation

To isolated lineage negative (Lin-), CD117 positive (LK) cells, two sets of
magnetic beads were used. First BM cells were lineage depleted using a direct
lineage depletion kit (Miltenyi Biotec, Bergisch Gladbach, Germany). First
lineage depletion beads were added to up to 100 million cells and incubated
for 20 minutes at 4°C as per the manufacturer’s instructions. The same
procedure was followed as for the CD117 enrichment and the flow through
Lin- cells were collected at the end. These cells were subsequently spun down
at 1500 rpm for 5 minutes before being resuspended in MACS buffer and
CD117 magnetic beads for the CD117 enrichment as described above. The
resulting LK cells were either used directly for the seahorse metabolic flux
analysis, metabolic pathway analysis or beta galactosidase measurement, or
cultured for later use in co-culture experiment to measure mitochondrial
transfer. LK cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% foetal calf serum (FBS) and 1% penicillin-
streptomycin and supplemented with mouse stem cells factor (SCF)
(100ng/ml), mouse IL-3 (10ng/ml) and human IL-6 (10ng/ml) (Peptrotech, Inc.,
Rocky Hill, NJ, USA)

64



2.3.3. Bone marrow stromal cells

BMSCs were isolated from whole BM after centrifugation as described above.
BM cells were resuspended in Minimum Essential Medium (MEM) containing
20% FBS and 1% penicillin-streptomycin and then plated onto tissue culture
plastic. After 96 hours any non-adherent or non-viable cells were washed of
and fresh MEM was added to the adherent cells, which include BMSCs.
Medium was replaced twice a week until BMSC colonies were visible and then
used immediately and not passaged repeatedly to preserve the young and
aged phenotype as much as possible. To remove BMSC from the flask, the
serine protease trypsin-EDTA was used. Briefly, the medium was removed
and the cells were washed three times with 1X PBS before the addition of 2ml
of trypsin. The flask was then placed in the incubator to promote the activity of
trypsin and dissociation of the adherent cells from the flask. Next, 5ml of MEM
were added to the flask to inactivate the trypsin, the cells were then spun down
at 1500rpm for 5 minutes and resuspended in MEM to remove any excess
trypsin. BMSC markers were confirmed by flow cytometry (CD105+, CD140a+
CD31-, Ter119-, and CD45-). Finally, the cells were counted and used
immediately for the mitochondrial transfer co-culture experiment or the
seahorse metabolic flux analysis.

2.4. Cell culture assays

2.4.1. Cell counting with trypan blue

To determine the numbers of viable cells and ensure use of the correct cell
numbers for each assay, the trypan blue exclusion assay was used. This is a
widely used assay that allows easy identification of viable cells, as these have
an intact cell membrane and are unable to take up trypan blue, whilst non-
viable cells can take up the blue dye. To perform this assay cells to be counted
where mixed with trypan blue in a 1 in 2 dilution (10ul of each) and 10yl of this
mixture was then pipetted onto a haemocytometer. All viable cells were
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counted in each of the four outer quadrants and the total cell count per ml of
the cell suspension was calculated (Figure 2.1).

| | !
* 1
Viable cell =] °
Dead cell ]
[ ]
|
o |® Y | |
L
| [ ] [

Viable cell count
Number of quadrants counted

Cell number/ml =( ) x Dilution factor x10*

Figure 2.1. Cell counting using trypan blue exclusion.

Layout of the haemocytometer layout with cells shown in the outer 4 quadrants
to be counted. Dead cells are shown in blue as these take up trypan blue.
Viable cells are shown in yellow. The formula to calculate total cell number per
ml is shown below.

For animal experiments an automated cell counter, Cellometer T4 Bright Field
Viability Cell Counter (Nexcelom Bioscience LLC Lawrence, MA, USA) was
used. This uses bright field microscopy and pattern recognition software to
quantify the total cell numbers, live cells and dead cells. Isolated BM cells were
diluted 1 in 10 in MACS buffer and then further with trypan blue at dilution
factor of 1 in 2. 20pl of this mix were then loaded onto the cell counting
chamber (Nexcelom Bioscience LLC Lawrence, MA, USA) and the cell

concentration was calculated accounting for the total dilution factor of 1 in 20).
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2.4.2. Co-culture experiment

For the co-culture experiment BMSCs were isolated from young and aged
C57BI/6 mice and cultured as described above. Once confluent colonies of
cells were visible in the flask, they were removed using trypsin-EDTA and
counted using the trypan blue exclusion assay. They were then replated onto
a 24 well tissue culture plate with 100,000 cells in each well. At the same time,
LK cells were isolated from young CBA mice as described above and cultured.
24 hours after the stroma had been plated and fully adhered, the medium was
removed and the cells were washed with PBS. Subsequently 10,000 CBA LK
cells were added to the wells, leaving a few without LK cells as negative
controls. The co-cultured cells were then treated with 5uMol of H2O> and,
again, some wells left untreated as controls. After 24 hours the LK cells were
carefully removed from the wells without disturbing the adherent stroma. Their
DNA was then extracted for Tagman PCR analysis.

2.4.3. Senescence associated beta-galactosidase assay

LK cells were isolated from young and aged mice as described above and
immediately stained using the senescence associated beta-galactosidase
(SA-B-gal) staining kit (Cell Signaling Technology, MA). Cells were placed in
a 35mm wells and stained according to the manufacturer’s instructions. Briefly,
cells were fixed and 1ml of 3-gal staining solution was added to each 35mm
well. They were then incubated at 37°C. The cells were evaluated for the blue
colour change indicative of SA-B-gal positive cells. This assay was kindly
performed by Dr Stuart Rushworth.
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2.5. Flow cytometry and cell sorting

Flow cytometry was used extensively in the study, not only to identify cell
populations and determine cell counts, but also to measure mitochondrial
content, membrane potential and ROS using a number of dyes. Furthermore,
flow cytometry was used to sort specific cell populations, including HSCs, LSK
and BMSCs for both transplants or analysis of RNA expression levels. All of
these processes rely on staining of BM cells with antibodies conjugated with a
detectable fluorophore or fluorescent dyes. A number of flow cytometers were
used in this study, primarily dependent on the number of lasers of each
cytometer, which determines the number of fluorophores that can be detected
on each sample and also the ability to sort cells. However, at times the access
to some flow cytometers was limited due to Covid-19 restrictions and as a

result alternatives were used.

The antibody panels used for analysis and cell sorting are shown in Table 2.2,
some of these vary depending on the flow cytometer used and the colours that
could be detected. All antibodies were purchased from Miltenyi Biotech
(Bergisch Gladbach, Germany), BioLegend (San Diego, CA, USA) or
ThermoFisher (Waltham, MA, USA). For each antibody panel a compensation
was set up at the relevant flow cytometer and these were repeated at regular
intervals or after any servicing of the flow cytometer. Each flow cytometer was
cleaned and primed before use. OneComp eBeads™ Compensation Beads
(ThermoFisher, Waltham, MA, USA) were stained individually with each
antibody and fluorophore emission cross-over was measured. When dyes
were included in the panels, compensation was carried out using live cells
instead. In addition, fluorescence minus one controls were run for each panel
to allow accurate identification of positively and negatively stained cell

populations.

All data was downloaded as flow cytometry standard (FCS) files and analysed
using FlowJo version 10.8.1 software (FlowJo, LLC, Ashland, OR, USA).
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Table 2.2. Antibody panels used for Flow Cytometry Assays

Fluorophores
Antibody Panel APC BV421 PE FITC
APC Cy7 PerCP tdTom
TMRM HSC Sca1 CD48 TMRM
BMSC Ter119 CD45 TMRM CD31
MTG HSC Sca1 CD438 MTG
BMSC Ter119 CD31 TMRM MTG
MitoSox HSC Sca1 CD48 MitoSox
Ki67 HSC Sca1 CD48 Ki67
PB CD11b CD4/CD8 CD19
Transplant HSC Sca1 CD48 CD45.1 CD45.2
Mature cellsf  CD11b CD4/CD8 CD19 CD45.1 CD45.2
with TMRM HSC Sca1 CD48 TMRM
with MitoSox HSC Sca1 CD48 MitoSox CD45.2
tdTom HSC Sca1 tdTom
BMSC Ter119 CD31 tdTom
LSK Sca1
Cell sorting HSC Sca1 CD48 CD45.1
BMSC Ter119 CD45 CD31
with TMRM LSK Sca1l TMRM
HSC Sca1 CD48 TMRM

2.5.1. BM sample preparation for flow cytometry

Once the BM was isolated, centrifuged and resuspended as described above,
cells were then counted and 5 million cells were aliquoted out for each
antibody panel. A master mix of the antibody panel was prepared with 1ul of
each per sample. Antibodies were added to the cells suspended in 200ul of
MACS buffer and incubated for at least 20 minutes at 4°C in the dark. For
sorting of TMRM" and TMRM?" cells for both the transplant and single cell
sorting, CD117 enrichment was first performed as described above and the
CD117+ cells were then stained with TMRM and the appropriate antibody

panels.

If dyes were used, these were applied before antibody staining. Cells were
incubated with 200nMol MitoTracker Green (MTG) (ThermoFisher Waltham,
MA, USA), 400nMol Tetramethylrhodamine, Methyl Ester (TMRM)
(ThermoFisher Waltham, MA, USA) or 2uMol MitoSox (ThermoFisher
Waltham, MA, USA) and 50uMol verapamil (Sigma-Aldrich, St Louis, MO,
USA) in a total volume of 500ul for 30 minutes at room temperature. They were
then washed twice with MACS buffer and centrifuged at 1500 rpm for 5
minutes before being resuspended in 200ul of MACS buffer and stained with
the antibody cocktail. Frequencies of TMRM" and TMRM" or MitoSox" and
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MitoSox° cell populations were calculated as the percentage of the total
number of cells of each population. For example, the TMRM" frequency of
HSCs represents the percentage of HSCs with high levels of TMRM staining.

To measure Ki67 expression the aliquoted cells were first fixed and
permeabilised using the FIX & PERM Cell Fixation & Permeabilization Kit
(ThermoFisher, Waltham, MA, USA). The cells were first stained with the
antibody cocktail and incubated for 20 minutes at 4°C in the dark. They were
then centrifuged at 1500 rpm for 5 minutes and resuspended in 100ul of MACS
buffer and 100pl of Reagent A (Fixation Medium) was added. After a 15-minute
incubation at room temperature the cells were washed with MACS buffer and
centrifuged at 1500 rpm for 5 minutes. The supernatant was removed and the
pellet was resuspended in 100 pL of Reagent B (Permeabilisation Medium)
and 1 L of the Ki-67 antibody (Miltenyi Biotec, Bergisch Gladbach, Germany).
After a further 20 minutes incubation at room temperature the cells were
centrifuged again at 1500 rpm for 5 minutes and re-suspended in 200uL of
MACS buffer.

2.5.2. Peripheral blood sample preparation

To analyse PB cells, blood samples were collected into EDTA coated tubes.
Samples were mixed carefully and 10ul of each sample were placed in 100pl
Ammonium Chloride (NH4CI) (Stem Cell Technologies, Cambridge, UK) for
red cell lysis. After 5 minutes 800ul of MACS buffer were added and the
samples were vortexed. They were then spun down at 500 x g for 5 minutes
supernatant was removed. The samples were resuspended in 50ul of the pre-
prepared antibody master mix. To prepare the antibody mix 0.5yl of each
antibody per sample were added to 50ul of MACS buffer per samples. Once
the antibody was added to each sample, they were incubated at 4°C for 15
minutes. Finally, 300ul of DAPI diluted in MACS buffer to a concentration of
80ng/ml were added to each sample.
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2.5.3. Flow Cytometers

2.5.3.1. BD FACSCanto Il

The FACSCanto Il flow cytomter (BD, Franklin Lakes, NJ, USA) is located at
the Norfolk and Norwich University Hospital in the Pathology Laboratory and
is maintained by Dr Allyson Tyler. It has three lasers, 488, 633 and 405nm and
can therefore detect eight fluorophores at a time - FITC, PE, PE Cy5, PE Cy7,
APC, APC Cy7, BV421 and BV510. This flow cytometer has an automated
carousel which facilitates the running of numerous samples. The FACSCanto
Il was used for most of the experiments in this study and most antibody panels
were set up for the parameters that can be detected with this flow cytometer.

2.5.3.2. BD Fortessa LSR

The BD Fortessa LSR flow cytometer is located at the Quadram Institute on
the Norwich Research Park. Samples were run by Dr Stuart Rushworth or
Katherine Hampton. The flow cytometer has five lasers (355, 405, 488, 561
and 640nm) and can detect 18 fluorophores simultaneously. It was used for
PB panel and the Ki67 HSC panel

2.5.3.3. BD FACSymphony A1

The BD FACSSymphony A1 is located at the Bob Champion Research and
Education Building at the University of East Anglia and only became available
towards the end of this study. This flow cytometer has four lasers (405, 488,
561 and 637nm) and can detect up to 16 colours at a time. It was used for
analysis of the competitive transplant with TMRM" and TMRM'" LSKs and the
subsequent secondary transplant.

2.5.3.4. Sony SH800 Cell Sorter

The Sony Cell Sorter is located at the Quadram Institute at the Norwich
Research Park. It has four lasers (405, 488, 561 and 637nm), but is limited to
only detect 6 colours at a time. It can, however, detect tdTom and was
therefore used to analyse the expression of p16-tdTom in LSKs and BMSCs.
Furthermore, it can be used to sort cells and was used to sort LSKs and HSCs
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for all transplant experiments. It was also used to sort LSKs and BMSCs
directly into RNA lysis solution for RNA expression analysis. All samples were
run and sorted by Dr Stuart Rushworth.

2.5.3.5. BD FACSAria Fusion

The BD FACSAria Fusion flow cytometer and cell sorter is located the Earlham
Institute at the Norwich Research Park and was operated by Dr Edyta
Wojtowicz. It has the same numbers of lasers and therefore fluorophore
detection capability as the BD Fortessa LSR but also has the ability to sort
cells. This cell sorter was used to isolate TMRMM and TMRM'° HSCs for single
cell sequencing.

2.6. Seahorse Metabolic Flux analysis

The Seahorse XFp Analyser (Agilent Technologies, Santa Clara, CA, USA)
was used to measure metabolic activity of LK cells using the XFp Cell Mito
Stress Kit. This was carried out with the help of Dr Jamie Moore. In preparation
for the assay, XFp flux cartridges were hydrated with XF Calibrant overnight
at 37°C. On the next day Seahorse XFp culture plates were coated with poly-
D lysine for at least 2 hours. BM was isolated from each mouse and pooled for
each treatment condition. LK cells were isolated using lineage depletion and
CD117 enrichment and subsequently counted by trypan blue exclusion. They
were then spun down and resuspended in Seahorse base media
supplemented with pyruvate (1mM), L-Glutamine (2mM), Glucose (10mM).
150,000 cells in 180ul were plated onto each well of the Seahorse XFp culture
plate and centrifuged briefly to achieve a uniform monolayer of cells. Cells
were equilibrated in a humidified non-CO2 incubator until the start of the

assay.

For analysis of the metabolic activity of BMSCs, cells were isolated and
cultured as described above. Once confluent BMSC colonies were visible,
cells were removed from the tissue culture flask using trypsin-EDTA and
counted. 2000 BMSCs were plated onto each well of the Seahorse XFp culture
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plate and incubated over night to allow adherence of the cells. The following
day the media was removed and the cells were washed before 180ul of
Seahorse base media supplemented with pyruvate (1mM), L-Glutamine

(2mM), Glucose (10mM) was added to each well.

The XFp Cell Mito Stress Kit is designed to measure the oxygen consumption
rate (OCR), which reflects the levels of oxidative phosphorylation and basal
extracellular acidification rate (ECAR) of cells, which is a measure of
glycolysis. It uses timed injections of Oligomycin (2 uM), carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone (FCCP) (1 uM), and Rotenone (0.5 uM),
in accordance with the manufacturer’s instructions. These agents inhibit ATP
synthase to reduce OCR, increase OCR by targeting the inner mitochondrial
membrane, and reduce OCR through inhibition of complex 1 and 3 in the
electron transport chain, respectively (Figure 2.2). This assay therefore allows
measurement of basal and maximal respiration. These were calculated by
subtracting the non-mitochondrial oxygen consumption from the basal and
maximal respiration readings. All results were normalised to input cell number
and analysed using Microsoft Excel and GraphPad Prism software version
9.4.1 (GraphPad Software, San Diego, CA, USA).

Oligomycin FCCP Rotenone

Oxygen Consumption Rate

Non-mitochondrial Oxygen Consumption

Time

Figure 2.2. Seahorse Metabolic Flux Cell Mito Stress Kit.

Samples were injected with Oligomycin, FCCP and Rotenone at pre-
determined time points. The OCR was measured at 3 time points before and
after each drug was injected to allow calculations of basal and maximal
respiration in each sample.
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2.7. Metabolic Pathway Analysis

This assay was completed and analysed by Benjamin Johnson. This assay
uses MitoPlates from Biolog (Hayward, CA, USA) to measure the utilisation of
different metabolic substrates by cell populations. MitoPlates were prepared
following manufacturer’s instructions, 30 pyL Assay mix containing 50 pg/mL
Saponin (Sigma-Aldrich, St Louis, MO, USA) were pipetted into the wells and
incubated at 37°C for 1 hour. During this incubation time BM was isolated from
mice and pooled for each treatment group. LK cells were harvested as
described above, filtered using a 40um nylon filter and counted. Cells were
pelleted, and resuspended in 1x MAS Buffer (Biolog, Hayward, CA, USA) to
give a final concentration of 2.5x10° cells/ml. Next, 30uL of the cell suspension
were pipetted into each well of the MitoPlate (Biolog, Hayward, CA, USA).
Triplicate repeats were plated for each sample. The MitoPlate was read for 6
hours with 5-minute intervals at OD590 using the OmniLog plate reader. The
initial and final OD readings were separated and organised per well. Data was
restructured to fit the correct MitoPlate format, the final OD reading was
subtracted from the initial OD and any negative results were set to 0 and later
marked as not detected (ND). The triplicate and substrate control wells were
averaged, each individual calculated OD value was subtracted from this value
and averaged, creating the average aggregate minus no substrate table. The
negatives were removed from this table and the data reorganised to match
each substrate. Finally, all data was normalised to young control mice and
heatmaps were created using 3 colour conditional formatting.
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2.8. Molecular Biology

2.8.1. RNA extraction

RNA was extracted for the analysis of gene expression in FACS purified
BMSCs and LSKs. The ReliaPrep RNA cell miniprep system (Promega,
Southampton, UK) was used for this. Cells were directly sorted into BL+TG
lysis buffer, the volume was varied depending on the numbers of cells sorted
according to the manufacturer’s instructions. The appropriate recommended
volume of Isopropanol was next added to each sample and mixed well by
vortexing. The lysates were loaded into the ReliaPrep mini-columns and
centrifuged at 13,000 x g for 30 seconds. The columns were washed with
500ul of RNA wash solution and again spun at 13,000 x g for 30 seconds.
Next, 30ul of DNase incubation mix (24l yellow core buffer, 3ul Manganese
Chloride and 3ul DNase |) were added to each sample and the samples were
incubated for 15 minutes at room temperature. They were then washed with
200pl of Column Wash solution followed by 500ul of RNA wash solution and
spun at 13,000 x g for 30 seconds each time. A final wash step with 300ul of
RNA Wash Solution was performed and the samples were spun at 13,000 x g
for 2 minutes. The columns were then placed into the 1.5ml elution tubes and
the correct volume of nuclease free water was added (depending on the initial
cell numbers used). The samples were centrifuged at 13,000 x g for 1 minute
and the isolated RNA was stored at -80°C until use.

2.8.2. DNA extraction

To analyse changes in mitochondrial DNA content in BMSC cells from young
and aged mice and in LKs in the co-culture experiment, DNA was extracted
using the PureLink™ Genomic DNA Mini kit (ThermoFisher, Waltham, MA,
USA), which includes all the reagents used below. BMSCs were FACS purified
and DNA was then immediately extracted, whilst LK cells were carefully
removed from the co-culture assay and DNA was then extracted. Cells were
pelleted, resuspended in 200ul PBS and 20ul of Proteinase K and 20ul of

75



RNase A) were added to each sample. The samples were vortexed and after
a 2-minute incubation 200pl of PureLink Genomic Lysis/Binding Buffer were
added and the samples were mixed again by vortexing. The samples were
incubated for 10 minutes at 55°C using a heat block to promote protein
digestion and then 200pl of 96-100% ethanol were added to the lysate. The
lysate was transferred into the PureLink Spin Column and centrifuged at
10,000 x g for 1 minute. Next, the spin column was washed with 500ul of Wash
Buffer 1, before being centrifuged at 10,000 x g for 1 minute, and 500yl of
Wash Buffer 2 followed by a 3-minuted centrifugation at 15,000 x g. Finally,
the spin column was placed into a 1.5ml Eppendorf tube and 100yl of PureLink
Genomic Elution buffer were added to each sample and incubated for 1 minute
before being centrifuged at 15,000 x g for 1 minute. The DNA samples were
stored at -20°C until used.

2.8.3. Quantification of extracted RNA/DNA

The NanoDrop Spectrophotometer (ThermoFisher, Waltham, MA, USA) was
used to quantify the DNA or RNA isolated from each sample. First, a blank
sample of 1yl nuclease free water was run and then 1ul of each sample was
analysed to measure the RNA or DNA concentration in ng/ml, as well as
sample purity. Sample purity was measured using the absorbance threshold
of nucleic acids, which is maximum at 260nm and the ratio of absorbance at
this level to absorbance at 280nm is used to define the purity of DNA or RNA
samples. A 260/280 ratio of 1.7 to 2.3 was considered sufficiently pure.

2.8.4. cDNA synthesis

The extracted RNA was used to synthesise cDNA through reverse
transcription using the gPCRBIO cDNA synthesis kit (PCR Biosystems,
London, UK). For a 10ul reaction a master mix was made up containing 2ul of
5X cDNA Synthesis Mix, 0.5ul of 20XRTase per samples. Each RNA sample
was diluted to an equal concentration with nuclease free water to a total

volume of 7.5ul and 2.5l of the master mix were added. The PCR tubes were
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placed into a Thermocycler (Bio-Rad, Watford, UK) and run on a pre-defined
program with 30 minutes at 42°C, 10 minutes at 85°C, to denature the RTase,
and then a return to 4°C until the samples were removed and stored at -20°C

until used.

An alternative method used for some samples was a one-step PCR using the
PCRBIO 1-Step Go RT-PCR Kit (PCR Biosystems, London, UK). This does
not require the cDNA synthesis step and samples are directly prepare for
gPCR with a RTase containing master mix.

2.8.5. Real time quantitative PCR

Real time quantitative PCR (qPCR) was performed on a Roche Lightcycler
480 (Roche, Basel, Switzerland) using SYBR-green technology (PCR
biosystems, UK) to analyse gene expression or Tagman based analysis of
mitochondrial DNA content. Primers were obtained from Qiagen (Hilden,
Germany), Sigma-Aldrich (St Louis, MO, USA) or ThermoFisher (Waltham,
MA, USA) and details of each primer are shown in Table 2.3. For the
KiCqStart® SYBR Green primers, forward and reserve primers were first
combined using 5ul of each and diluted in 90yl of nuclease free water.

Table 2.3. Primers used in qPCR analysis

QuantiTect SYBR-Green Primers (Qiagen) |

KiCqStart® SYBR-Green Primers (Sigma-Aldrich)

Gene Assay name GeneGlobe ID
GAPDH Mm_Gapdh_3 SG QuantiTect Primer Assay QT01658692
p16 Mm_Cdkn2a_1_SG QuantiTect Primer Assay QT00252595
p21 Mm_Cdkn1a_va.1_SG QuantiTect Primer Assay | QT01752562
IL-6 Mm_1I6_1 SG QuantiTect Primer Assay QT00098875
Laminin B1 Mm_Lmnb1_1 SG QuantiTect Primer Assa QT00101346

Gene Forward primer 5’-3’ Reverse primer 5’-3’
BCL-2 ATGACTGAGTACCTGAACC ATATAGTTCCACAAAGGCATC
BCL-XL GCTTGGGATAATGAGACAAG | GAGAACATTCAGACCACAAG

Tagman® Primers (ThermoFisher)

Gene Assay name Assay specifics
Mouse Tert Tagman® copy number reference assay mouse 4458368

Mouse ND1 ND1 Tagman gene expression assay 4331182

COX3 9348snp | Custom Tagman® COX3 Assay ANNKVUR

ND3 9461snp | Custom Tagman® ND3 Assay ANPRPEN
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2.8.5.1. Gene expression

To analyse gene expression in LSKs and BMSCs qPCR was performed with
SYBR-Green technology (PCR Biosystems, UK), using either diluted
synthesised cDNA samples or the PCRBIO 1-Step Go RT-PCR Kit (PCR
Biosystems, London, UK) as described above. When cDNA was used, a
master mix was made with 1pl of the primer, 4pl of SYBR-Green Mix and 1yl
of nuclease free water. 6pl of this mix was of this mix was plated onto a 384-
well plate before 4 pl of diluted cDNA were added. For the 1-step qPCR assay
a master mix containing 0.1ul RTase Go 1-Step, 2.5ul of SYBR-Green Mix and
0.4yl of the PCR primer per sample was made and added directly to a 384-
well plate. 2ul of RNA was then added to each well.

Once all sampled were plated, the plate was sealed and centrifuged at 1000
rom for 1 minute. It was placed in a Roche Lightcycler 480 (Roche, Basel,
Switzerland) for gqPCR and run on a pre-programmed cycle as outlined in
Table 2.4.

Table 2.4. qPCR SYBR-Green Lightcycler programming

B RTORGI Cycles | Temperature Time

Pre-amplification 1 95°C 2 minutes
95°C 15 seconds
Amplification 45 60°C 10 seconds
72°C 10 seconds

95°C 5 seconds

Melt curve 1 65°C 1 minute
97°C Continuous
Cooling 1 40°C 30 seconds

1-step gPCR ‘

Reverse transcription 1 45°C 10 minutes
Polymerase activation 1 95°C 2 minutes
95°C 10 seconds
Amplification 40 60°C 10 seconds
72°C 30 seconds

95°C 5 seconds

Melt curve 1 65°C 1 minute
97°C Continuous

Cooling 1 40°C 30 seconds
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The output from the Lightcycler is the cycle threshold (Ct) value. The Ct value
for each gene of interest was normalised to the housekeeping gene
Glyceraldehyde 3-phosphate dehydrogenase (GPADH). GAPDH is present in
every cell and its expression is not altered by other genetic changes. To
determine the relative expression of each gene in young controls and aged
mice first the ACt value for a specific gene was quantified by subtracting the
Ct of the housekeeping gene from the Ct of the gene. The AACt could then be
calculated by subtracting the ACt of the test condition (samples from aged
mice) from the young control. The fold change in expression was then
determined relative to control young cells by 222t Each sample was
replicated at least four times.

2.8.5.2. Tagman based mitochondrial DNA analysis

For the co-culture experiment assessing mitochondrial content and to quantify
mitochondrial DNA content in BMSCs, DNA was extracted as described
above. qPCR using Tagman probes Tert, ND1 and ND3 and COXS3
(ThermoFisher, Waltham, MA, USA) was then performed. Tert is a genomic
probe whereas ND1, ND3 and COX3 are mitochdrial DNA probes. The ND3
and COX3 probes have two sequence specific fluorophores, 2'-chloro-
7'phenyl-1,4-dichloro-6-carboxy-fluorescein (VIC) and 6- Carboxyfluorescein
(FAM), that can be used to differentiate between single nucleotide
polymorphisms (SNP) in the mitochondrial DNA of C57BI/6 mice and CBA
mice. In CBA mice ND3 is detected on FAM and on VIC, whilst COX3 is only
detected on FAM. In C57BI/6 mice on the other hand, both ND3 and COX3
only show positive fluorescence on VIC (Table 2.5). Therefore, any COX3
detected on VIC must originate from a C57BI/6 mouse. The Tagman assays
were run in simplex reactions so that both fluorescence of both VIC and FAM
could be analysed.
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Table 2.5. Table to show detection of COX3 and ND3 SNPs in CBA and
C57BI/6 mice on FAM and VIC fluorophores

COX3 ND3
FAM CBA CBA
VIC C57Bl/6 CBA and C57Bl/6

To analyse the mitochondrial DNA content of BMSCs, the Tert and ND1
probes were used. The COX3 and ND3 probes were used together with Tert
for the mitochondrial transfer experiment. A master mix was made for each
primer containing 0.25ul of primer, 2.5ul TagPath and 1.25ul nuclease free
water per sample. 4ul of master mix and 1 pl of DNA were plated onto a 384
plate. The plate was sealed and centrifuged at 1000 rpm for 1 minute. It was
then run on pre-defined programme in a Roche LightCycler 480 (Roche, Basel,
Switzerland) (Table 2.6). Ct values were obtained and mitochondrial DNA Ct
values were normalised to genomic Ct values. The AACt method described
above was used to calculate the relative mitochondrial copy numbers in each
sample. For the mitochondrial transfer experiment detection of COX3 on VIC
was used to quantify the relative mitochondrial content originating from
C57Bl/6 mice in the LK cells from which the DNA was extracted.

Table 2.6. Tagman® assay Lightcycler programming

Cycles @ Temperature Time
Pre-amplification 1 60°C 30 seconds
95°C 5 minutes
Amplification 50 95°C 15 seconds
60°C 1 minute
Cooling 1 40°C 30 seconds
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2.9. Quantification and Statistical Analysis

All analysis in this study was carried out using FlowJo software version 10.8.1
(FlowJo, LLC, Ashland, OR, USA), GraphPad Prism software version 9.4.1
(GraphPad Software, San Diego, CA, USA) and Microsoft Excel
(Alburquerque, NM, USA). Due to variability in the data, particularly when
carrying out in vivo work, statistical comparison was performed without an
assumption of normal distribution using the Mann-Whitney test. For
comparison of more than two groups the Two-way ANOVA followed by
Tukey’s multiple comparison test was used. Differences among groups were
considered significant when the probability value, p, was less than 0.05 (*P <
0.05, **P < 0.01, ***P < 0.001, ****P<0.0001, ns = not significant). Results are
represented showing each sample value and the standard deviation. Sample
size (n) represents number of biological replicates. No statistical methods
were used to pre-determine sample size.
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3. Characterising the metabolic profile of aged HSCs

3.1. Introduction

Some age-related changes in the BM microenvironment and haematopoietic
stem cell (HSC) population have been well characterised. These include
overall expansion of cell populations, a shift to favour myeloid differentiation
and a reduced self-renewal capacity of the HSCs (141, 148). It is becoming
increasingly clear that HSC health and, consequently, also these age-related
changes are strongly influenced by the BM microenvironment (135). It is
therefore important to consider ageing of the HSC population in the context of

the ageing BM microenvironment.

The metabolic profile of HSCs is vital, not only to maintain their state of
quiescence and long-term health (234), but also to appropriately upregulate
energy production in the response to stress (91). Mitochondrial health in
particular is key to HSC function and has been shown to decline with age
(248). Moreover, HSCs have been shown to become more heterogenous with
age and it is therefore possible that different sub-populations of HSCs exist
with varying functional capacities (143). Any changes in HSC metabolism and
overall health will likely impact on the function and health of the downstream
haematopoietic progenitor cells (HPCs). In this thesis | will study both the HSC
and HPC populations, as defined in Figure 1.5, and determine how their
metabolic profile changes with age and how this in turn is influenced by

changes in the aged BM microenvironment.

Mitochondrial content, function and health can be measured using a number
of well characterised mitochondrial dyes using flow cytometry. MitoTracker
Green (MTG) is a fluorescent dye which localises to mitochondria irrespective
of their mitochondrial membrane potential and can, therefore be used to
measure total mitochondrial content (249). Mitochondrial membrane potential
can be measure using Tetramethylrhodamine, Methyl Ester (TMRM). This is a
lipophilic cationic fluorescent dye which accumulates in active mitochondria
proportionately to the mitochondrial membrane potential (250). Finally,
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MitoSox is a positively charged probe that accumulates in mitochondria, where
it is oxidised by superoxide. The oxidised product is fluorescent and directly
reflects the levels of mitochondrial superoxide production and is therefore a
measure of mitochondrial reactive oxygen species (ROS) (251). Others have
shown that these dyes can be exported by HSCs and HPSs through calcium
channels and this can impact the staining and detection of these dyes (252).
Therefore, all stains were applied together with the calcium channel blocker
verapamil, which has been shown to effectively block this efflux of these

mitochondrial dyes (253).

In this chapter | aim to define the age-related changes of HSCs and HPCs
and, in particular, to characterise the mitochondrial changes in these cell
populations. Furthermore, | will also determine how the BM microenvironment
may influence these changes. Finally, | will examine whether mitochondrial
function can be used to define sub-populations of HSCs with different

functional profiles.
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3.2. Defining age-related mitochondrial changes in HSCs and HPCs

To analyse the age-changes in HSC and HPC populations young (8-12 weeks
old) and aged (18-24 months old) female C57BIl/6 mice were sacrificed. BM
was extracted from the femurs and tibias by centrifugation and stained with
antibodies for cells surface markers and different mitochondrial dyes in
preparation flow cytometric analysis (Figure 3.1A). Figure 3.1B shows the
gating strategy for the HPC populations of LS-Ks (Lin-, CD117+, Sca1-), LSKs
(Lin-, CD117+, Sca1+) and MPPs (Lin-, CD117+, Sca1+, CD150-, CD48+) and
the HSC population (Lin-, CD117+, Sca1+, CD150+, CD48-). All gating was
determined using fluorescent minus one (FMO) controls.
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Figure 3.1. Gating strategy for HSCs and HPCs in young and aged mice.
(A) Schematic to show BM was isolated from the femurs and tibias of 8—12-
week-old mice and 18-24 months old mice and subsequently stained for flow
cytometry to identify different HSC and HPC populations. (B) Using one
example from a young and one example of an aged mouse, the gating strategy
for LS-Ks (Lin-, CD117+, Sca1-), LSKs (Lin-, CD117+, Sca1+), HSCs (Lin-,
CD117+, Sca1+, CD150+, CD48-) and MPPs (Lin-, CD117+, Sca1+, CD150-
, CD48+) is shown.
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First, the cell counts of each of these populations was determined and HSC,
LSK and MPP counts were found to be increased in aged mice compared to
young mice. Although there was no significant difference in the cell counts of
LS-Ks (Figure 3.2).
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Figure 3.2. Haematopoietic cell populations expand in aged mice.

Cells were isolated from young and aged mice and cell counts of HSCs, LSKs,
MPPs and LS-Ks, per 100,000 BM cells were determined by flow cytometry.
*P < 0.05, *P < 0.01, ns = not significant using Mann-Whitney U test.
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Next, peripheral blood samples were taken from both young and aged mice
and, following red cell lysis, samples were stained for flow cytometry analysis
of nucleated peripheral blood (PB) cell populations. Staining with DAPI was
used to define the live cell populations. Frequencies of monocytes (CD11b+,
Ly6G-), neutrophils, CD11b+, Ly6G+), T cells (CD4+ or CD8+) and B cells
(CD19+) were measured (Figure 3.3A) and the relative myeloid to lymphoid
frequency was determined. Figure 3.3B shows that, as expected, there is shift
towards increased myeloid cell production in aged mice. This data is
consistent with previously published data, showing increased BM cellularity
and myeloid shift (141, 148).
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Figure 3.3. Nucleated peripheral blood cells from aged mice show
myeloid bias.

(A) The gating strategy for nucleated PB cells is shows: First single
mononuclear live cells were identified using FSC-Area (FSC-A) and FSC-
Height (FSC-H) as well as DAPI staining. Next gating was applied to define
lymphoid cells, CD19+ B cells and CD4+ or CD8+ T cells and myeloid cells,
monocytes (CD11b+, Ly6G-) and neutrophils, (CD11b+, Ly6G+). (B) The
relative frequency of lymphoid and myeloid cell populations in young and aged
mice is shown.
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Mitochondrial membrane potential, mitochondrial content and mitochondrial
ROS were measured to assess how mitochondrial health changes in aged
HSCs and HPCs. As previously described (248), staining with TMRM revealed
two distinct cell populations, TMRM high (TMRM") cells and TMRM low
(TMRMP) cells, in both young and aged mice (Figure 3.4A). The results show
that the frequency of TMRMM HSCs, LSKs, MPPs and LS-Ks is significantly
reduced in the BM of aged mice (Figure 3.4B). This may suggest a reduction

in overall mitochondrial function or activity in the aged HSCs and HPCs.
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Figure 3.4. Mitochondrial membrane potential declines in
haematopoietic cells of aged mice.

(A) Representative flow cytometry plot of TMRM staining of HSCs in young
(blue) and aged (red) mice with TMRM" and TMRM® cell populations shown.
(B) TMRM" cell frequencies of HSCs, LSKs, MPPs and LS-Ks is shown in BM
isolated from young and aged mice. *P < 0.05, **P < 0.01, ns = not significant
using Mann-Whitney U test.

87



Next, mitochondrial content of the cells was measured using MitoTracker
Green (MTG). Mitochondrial content was found to be increased in HSCs and
LSKs from aged mice (Figure 3.5). It is possible that this is a compensatory
mechanism to counteract the decline in mitochondrial function but it may also
reflect in inability to effectively clear dysfunctional mitochondria. No change

was observed in the MPPs or LS-Ks.
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Figure 3.5. Mitochondrial content increases in HSCs and LSKs from aged
mice.

Mean fluorescent index (MFI) of MTG staining in HSCs, LSKs, MPPs and LS-
Ks isolated from young and aged mice is shown. *P < 0.05, ns = not significant
using Mann-Whitney U test.
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Finally, MitoSox dye was used as a measure for mitochondrial ROS. As with
TMRM, two cell populations, MitoSox high (MitoSox") and MitoSox low
(MitoSox'°) were identified (Figure 3.6A). The frequency of MitoSox" HSCs
was, in fact, found to be reduced in aged mice (Figure 3.6B), which suggests
reduced levels of mitochondrial ROS. However, this could be a result of the
overall reduced mitochondrial activity and function in the HSCs. No changes
were observed in the MitoSox levels of the LSKs or MPPs of aged mice and
there was also a reduction in the MitoSox" cell frequency of the LS-Ks (Figure
3.6C). Together this data suggests that in HSCs and HPCs from aged mice
there is an accumulation of mitochondria but this coincides with a decline in

mitochondrial function.
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Figure 3.6. Changes in mitochondrial ROS in HSCs and HPCs of aged
mice compared to young.

(A) Example of MitoSox staining of HSCs isolated from young (blue) and aged
(red) mice with MitoSox" and MitoSox" cell populations shown. (B) MitoSox™
cell frequency of HSCs from young and aged mice. (C) MitoSox" cell
frequencies of LSKs, MPPs and LS-Ks. *P < 0.05, **P < 0.01, ns = not
significant using Mann-Whitney U test.
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To define the proliferative activity of HSCs in the steady state in the aged and
young mice, BM cells were fixed and permeabilised and cell cycling was
measured using Ki-67. Ki-67 is a nuclear protein expressed by proliferating
cells and can therefore be used to assess the proportion of actively dividing
cells amongst cell populations (254). The Ki-67 positive population was
defined using FMO controls (Figure 3.7A). HSCs from aged mice showed no
change in cycling activity compared to young mice (Figure 3.7B) and the same
was true in LSKs, MPPs and LS-Ks. Overall, HSCs, LSKs and MPPs from both
young and aged mice had low levels of cell cycling, whilst a higher percentage
of LS-Ks were found to be cycling (Figure 3.7C). This suggests that the
mitochondrial changes in the HSCs and HPCs of aged mice does not directly

affect cell cycling in the steady state.
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Figure 3.7. Ki67 is not changed in HSCs and HPCs from aged mice.

(A) Flow plot example of Ki67 staining in young (blue) and aged (red) HSCs
with a representative gate for the Ki67 positive cell population identified by the
FMO control. (B) Percentage of Ki67 positive HSCs in young and aged mice.
(C) Percentage of Ki67 positive LSKs, MPPs and LS-Ks is shown. *P < 0.05,
ns = not significant using Mann-Whitney U test.
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3.3. Transplantation into a young BM microenvironment improves HSC
mitochondrial health

The BM microenvironment plays a vital role in regulating and maintaining HSC
and HPC function. To determine whether the BM microenvironment can
influence the mitochondrial health of aged HSCs and HPCs, a previously
established transplant model was adapted (240). This model uses PepCboy
and C57BI/6 mice as these two mouse strains express different alleles of the
CD45 cell surface marker, PepCboy mice express CD45.1 and C57BI/6 mice
express CD45.2 (255, 256). As CD45 is commonly expressed on all
haematopoietic cells, this model allows tracking of any engrafted
haematopoietic cells from one mouse strain in the other (257, 258). Here,
young female PepCboy (CD45.1+) mice were treated with 25mg/kg of
busulfan for 3 days. One day later LSKs from young and aged female C57B/6
(CD45.2+) mice were purified by fluorescent activated cell sorting (FACS) and
injected by tail vein injection into busulfan conditioned PepCboy mice (Figure
3.8). LSKs were used in this transplant model as this allows quicker isolation
of more cells using FACS and therefore reduces the ex-vivo time of the cell
populations to maximise their viability for transplantation. A proportion of the
LSK cells isolated are the HSCs which have the ability to engraft and
repopulate the host BM. After 12 weeks the mice were sacrificed, PB samples
were taken and the BM was extracted and analysed by flow cytometry.

Busulfan
25mg/kg for 3 days

— —t
' 12 weeks
Young or aged 100,000 Young
C57BI/6 LSKs PepCboy
(CD45.2%) (CD45.1%)

Figure 3.8. Schematic of the transplant model.

The set-up of the transplant is shown. LSKs were isolated from young and
aged C57BI/6 (CD45.2+) mice and 100,000 cells transplanted into each young
PepCboy (CD45.1) mouse that was previously treated with 26mg/kg busulfan
for 3 days. After 12 weeks engraftment was confirmed by analysis of PB and
isolated BM.
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Figure 3.9A shows an example of the gating strategy to determine engraftment
of the CD45.2+ donor cells in the CD45.1+ host mice. Although LSKs from
aged mice were able to re-populate the BM of young mice this was slightly
reduced when compared to the engraftment of LSKs from young mice (Figure

3.9B).
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Figure 3.9. LSKs from aged mice are able to re-populate the young BM.

(A) Representative flow cytometry plot showing the gating strategy for
identifying engrafted CD45.2 donor LSKs in the BM isolated from young
CD45.1+ PepCboy mice 12 weeks after transplantation. (B) Percentage
engraftment (CD45.2+ cells) of HSCs, LSKs, MPPs and LS-Ks as well as PB
cells is shown in PepCboy mice transplanted with LSKs from either young or
aged C57BI/6 mice. *P < 0.05, ns = not significant using Mann-Whitney U test.
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Next, to determine if the young BM microenvironment can alter the HSC and
HPC populations, the engrafted CD45.2 cells were analysed further by flow
cytometry. Cell counts of CD45.2+ HSCs, LSKs and LS-Ks were found to be
the same in mice engrafted with aged LSKs compared to those engrafted with
young LSKs, although there was a small reduction in MPP counts (Figure
3.10A). Furthermore, examination of the CD45.2+ nucleated PB cells revealed
that the myeloid bias observed in aged mice was corrected following the
transplant into young mice (Figure 3.10B). This data suggests that
transplantation of LSKs from aged mice into a young BM microenvironment
reverses some of the age-related changes observed, including the increase in
BM cellularity and the shift towards myeloid differentiation.
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Figure 3.10. BM cell counts and PB lineage distribution following
transplantation of young and aged LSKs.

(A) Cell counts per 100,000 BM cells of donor CD45.2+ HSCs, LSKs, MPPs
and LS-Ks are shown in young PepCboy (CD45.1+) mice transplanted with
LSKs from young or aged C57BI/6 (CD45.2+) mice. (B) Relative distribution of
donor myeloid and lymphoid lineages in the PB blood of mice engrafted with
young or aged LSKs. ns = not significant using Mann-Whitney U test or Two-
way Anova.
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Furthermore, when the mitochondrial membrane potential of the HSCs, LSKs,
MPPs and LS-Ks was measured, the frequency of TMRM" cells was found to
be the same in cells originating from young and aged mice (Figure 3.11). This
suggests that haematopoietic cells from aged mice are able to recover some

of their mitochondrial function when transplanted into young mice.
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Figure 3.11. Transplantation of aged LSKs into young mice increases
their mitochondrial membrane potential.

BM was isolated from mice engrafted with LSKs from young or aged mice and
the frequency of TMRM" donor HSCs, LSKs, MPPs and LS-Ks is shown. ns =
not significant using Mann-Whitney U test.

Similarly, little change was observed in the levels of mitochondrial ROS,
measured by MitoSox in the HSC and HPC populations of the engrafted
CD45.2 positive cells from aged and young transplanted cells (Figure 3.12).
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Figure 3.12. MitoSox levels in young and aged HSCs and HPCs following
transplantation into young mice.
MitoSox" cell frequency in engrafted HSCs, LSKs, MPPs and LS-Ks following

transplantation of LSKs from young and aged mice into young mice. *P < 0.05,
ns = not significant using Mann-Whitney U test.
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3.4. Mitochondrial membrane potential defines sub-populations of
young and aged HSCs

Maintenance of low mitochondrial activity in HSCs has been associated with
increased long-term HSC health and improved self-renewal capacity in young
mice (259). However, HSCs from aged mice have a significant increase in the
frequency of TMRM" HSCs. To investigate whether all of these cells maintain
their function and repopulation ability, a competitive transplant model was set
up. BM was isolated from young and aged PepCboy (CD45.1+) mice and first
enriched for CD117+ cells using magnetically labelled anti-CD117
microbeads. They were then stained with TMRM, Lineage cocktail, CD117 and
Scal and TMRMM and TMRM" LSKs were FACS purified. The CD117
enrichment prior to cell sorting reduces the time required to sort adequate
numbers of TMRMM and TMRMP cells and therefore improves overall cell
viability. As described above these sorted LSK populations contain either
TMRM" or TMRM'® HSCs (Figure 3.13A). This transplant model was used to
determine how mitochondrial membrane potential affects the repopulation
potential of HSCs from young and aged mice. Figure 3.13B shows again that
the HSCs isolated from aged mice have a significant increase in TMRM® cell
frequency compared to HSCs from young mice. 150,000 TMRM" or TMRM'"©
LSKs were adoptively transferred into busulfan conditioned young C57BI/6
(CD45.2+) mice, together with an equal number of competitive young C57BI/6
LSKs (Figure 3.13C).

95



A B HSC
oD 3 100- B TMRMP
/ @Q § B TMRMN
\ ¢ & g
) ) % 50
Young or aged 150 000 ©
PepCboy N hi 04
(CD45.1%) Tl\;hléll\Rﬂll:)/ll_g{(S Young Aged
C \ PB sampling
> | SKs > } }— BM™
8 12 weeks
Young C57BI/6 Young C57BI/6
(CD45.2) (CD45.2+)

Figure 3.13. Schematic of the completive transplant of TMRM" and
TMRM'" LSKs from young and aged PepCboy mice.

(A) TMRM" and TMRM?° LSKs were FACS purified from young and aged
PepCboy (CD45.1) mice. (B) The relative distribution of TMRM" and TMRM?®
HSCs amongst the FACS purified LSK population used for transplantation. (C)
Schematic of the competitive transplant model. Both 150,000 of the FACS
purified TMRM" or TMRM" LSKs from young or aged PepCboy (CD45.1) mice
and 150,000 LSKs from young C57BIl/6 (CD45.2) were injected into young
C57BI/6 (CD45.2) mice by tail vein injection.

To assess engraftment of the different TMRM cell populations from young and
aged mice, blood samples were taken from the transplanted mice after 8 and
12 weeks. Flow cytometry was used to determine the percentage of CD45.1+
engrafted PB cells. The TMRM" cells from both young and aged mice were
shown to be engrafted (Figure 3.14A), demonstrating an HSC repopulation
potential that is preserved in the TMRM'° HSCs from aged mice. There was
very little engraftment of TMRMP" cells from young mice and no engraftment of
TMRMM cells from aged mice. After 12 weeks the mice were sacrificed and
their BM extracted for analysis of engraftment as well as TMRM levels.
Analysis of HSC, LSK, MPP and LS-K populations were consistent with the
PB findings, with good engraftment of the TMRM" cells from both young and
aged mice but little or no engraftment of the TMRM" cells (Figure 3.14B).
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Figure 3.14. TMRM'", but not TMRM" HSCs, from young and aged mice
are able to repopulate the BM of young mice following transplantation.

(A) PB samples were taken from mice 8 and 12 weeks after the tail vein
injection of either TMRM" or TMRM® LSKs from young or aged mice. The
percentage engraftment, measured by the percentage of CD45.1 donor PB
cells detected by flow cytometry, is at 8 and 12 weeks is shown. (B) 12 weeks
after transplantation the mice were sacrificed and the percentage engraftment
of the CD45.1 HSC, LSK, MPP and LS-K populations was analysed by flow
cytometry. *P <0.05, **P < 0.01, ****P<0.0001, ns = not significant using Two-

way Anova.

Next, the BM and PB from mice engrafted with TMRM'" LSKs was further
analysed to assess the distribution of mature nucleated CD45.1+ donor blood
cell populations. In the BM there was an increase in myeloid lineages in mice
engrafted with TMRM" cells from aged mice compared to young but a similar
distribution of the cell populations was seen in the PB samples from both

groups of mice (Figure 3.15).
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Figure 3.15.. Distribution of donor mature blood cells in the BM and PB
of mice engrafted with TMRM' LSKs from young or aged mice.

Analysis of the mature blood cell populations in BM and PB samples from
C57BI/6 mice successfully engrafted with TMRM? LSKs from either young or
aged mice. Relative distributions of myeloid and lymphoid cell populations are
shown.

Examination of the mitochondrial membrane potential of the CD45.1+ HSCs,
LSKs, MPPs and LS-Ks, using TMRM, revealed that the engrafted TMRM"
cells from both young and aged mice gave rise to progeny with both TMRMM
and TMRM'" signatures (Figure 3.16). Furthermore, the relative frequency of
engrafted TMRMM and TMRM'° HSCs from young and aged mice was similar
to that observed in young mice, with only a small number of TMRM'° HSCs.

HSC LSK MPP LS-K B TMRM°
= TMRMN

N

o

o
1

Cell frequency
3
1

1 1 1 1 1 1 1
Young Aged Young Aged Young Aged  Young Aged
Cells transplanted

Figure 3.16.Engrafted TMRM'® HSCs give rise to both TURM'" and TMRM"

progeny.
Relative frequencies of TMRM® and TMRM" HSCs, LSKs, MPPs and LS-Ks
in mice engrafted with TMRM" HSCs from young or aged donors are shown.
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To further define the long-term repopulation potential of TMRM'° HSCs from
young and aged mice a subsequent secondary transplant was set up. At the
termination of the first transplant, BM was isolated from C57BI/6 (CD45.2+)
mice initially engrafted with TMRM' LSKs from young or aged mice. As
described previously BM was enriched for CD117 and subsequently CD45.1+
HSCs were FACS purified. For this secondary transplant HSCs rather than
LSKs were used to maximise cell purity. 1000 CD45.1+ HSCs, together with
100,000 CD45.2+ support cells consisting of full BM, were injected into young
C57BI/6 mice by tail vein injection (Figure 3.17).
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Figure 3.17.Schematic of the secondary transplant model.

CD45.1 LSKs were isolated from young and aged PepCboy mice and
engrafted into young CD45.2+ C57BI/6 mice. After 12 weeks the C57BI/6 mice
were sacrificed, their BM was isolated and CD45.1+ HSCs originating from the
young and aged PepCboy mice were FACS purified. 1000 CD45.1 HSCs were
subsequently transplanted into each young CD45.2+ C57BIl/6 mouse by tail
vein injection together with 100,000 whole BM cells for support. After 12 weeks
the experiment was terminated and BM and PB engraftment was established
by flow cytometry.
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After 12 weeks engraftment was assessed in both the BM and the PB. The
TMRM'" HSCs from young mice showed ongoing repopulation potential and
engraftment was consistently demonstrated. However, the TMRM® cells that
were originally taken from aged mice had significantly reduced engraftment in
this secondary transplant (Figure 3.18). This demonstrates reduced
repopulation and self-renewal potential of aged HSCs despite the expansion

of the TMRM cell population in aged mice.
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Figure 3.18. TMRM'" HSCs from aged mice fail to engraft in a secondary
transplant setting.

BM was isolated and terminal PB samples were taken from the C57BIl/6 mice
12 weeks following the secondary transplant. Flow cytometry was used to
measure the percentage engraftment of CD45.1+ HSCs, LSKs, MPPs, LS-Ks
and PB cells in the mice injected with cells originating from young or aged
PepCboy mice.
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Finally, the engrafted cell populations of the TMRM'® HSCs from young mice
following the secondary transplant were analysed. PB blood analysis revealed
a persistent predominance of lymphocytes over myeloid cells as is seen in
healthy young mice (Figure 3.19A). Furthermore, the TMRM'° HSCs continued
to give rise to similar frequencies of TMRMM and TMRM'"° HSCs, LSKs, MPPs
and LS-Ks as seen in young mice (Figure 3.19B). Due to the reduced
engraftment in mice transplanted with TMRM'® HSCs from aged mice there
were not sufficient CD45.1+ cells in the PB or BM to analyse the mature cell

populations or TMRM levels accurately.
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Figure 3.19. Secondary transplantation of TMURM'° HSCs from young
mice does not impact on their progeny.

(A) The relative distribution of donor myeloid and lymphoid cells in the PB of
mice following secondary transplant of TMRM?° HSCs. (B) Frequencies of
TMRMP? and TMRM" donor CD45.1+ HSCs, LSKs, MPPs and LS-Ks in the
BM of C57BI/6 (CD45.2+) mice following secondary transplantation of TMRM?®
HSCs from young mice.
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The data shown here demonstrates that whilst in young mice low mitochondrial
membrane potential is directly linked to the repopulation potential of HSCs, in
aged mice, where the frequency of TMRM" HSCs increases, this does not
correlate with preserved HSC function. Thus, not only are TMRM" HSCs
functionally distinct from TMRM® cells, but it is likely that amongst the TMRM'"
HSCs, there are distinct sub-populations of cells with different functional
profiles and self-renewal capacity. In young mice, the TMRM'"° HSCs appear
to primarily represent the true HSCs with long-term repopulation potential. In
old mice on the other hand, whilst some of these true HSCs may remain and
therefore allow for some limited self-renewal capacity, the majority of TMRM'"
HSCs appear to lose their long-term repopulation potential. In order to further
define these different cell populations, BM was isolated from two young and
two aged mice and after CD117 enrichment, stained for TMRM and HSC cell
surface markers. Single TMRM'" and TMRM" HSCs were FACS purified for
single cell sequencing using the SmartSeq2 protocol (Figure 3.20).
Processing and sequencing of these samples is in progress at the time of
writing.
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Figure 3.20. Experimental schematic.

BM was isolated from young and aged C57BIl/6 mice and first stained with
TMRM and then the HSC antibody panel. Single TMRM" and TMRM"° HSCs
were sorted from each mouse in preparation for SmartSeq2 sequencing.
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3.5. Summary

In this chapter | have investigated the mitochondrial health of HSCs in the aged
BM and how this impacts on overall HSC function and self-renewal capacity. |
have demonstrated that mitochondrial function in HSCs from aged mice
declines and that this change can be reversed to an extend by transplanting
these cells into a young BM microenvironment. This highlights the importance
of the BM microenvironment in supporting HSC function. Finally, | describe
how HSCs in young mice can be clearly functionally distinguished based on
their mitochondrial membrane potential, with only TMRM'® HSCs having true
repopulation potential. Whilst in aged mice a small population of these self-
renewing TMRM'° HSCs appears to persist, their repopulation ability is limited
and successful engraftment in a secondary transplant was not achieved. In
order to be able to characterise these individual HSCs populations in young
and aged single cell sequencing is being undertaken, however, the completion
and analysis of this is beyond the scope of this thesis.
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Figure 3.21. Characterising the metabolic profile of aged HSCs.

In young mice most HSCs (Lin-, CD117+, Sca1+, CD150+, CD48-) have a
TMRM"  phenotype. However, the transplant model in this chapter
demonstrates that it is only the TMRM" HSCs that have repopulation potential
and therefore reflect the true stem cell population. In aged mice the frequency
of TMRM" HSCs is increased, however, their long-term repopulation potential
is impaired when compared to TMRM" HSCs from young mice. This suggests
that there may be a sub-population of TMRM®° HSCs in aged mice with a
different functional phenotype, but with low levels of TMRM due to an
accumulation of dysfunctional mitochondria. Transplantation of the HSCs from
aged mice into young mice results in an increase in the TMRM" HSC
frequency reflecting improved HSC mitochondrial function.
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4. Defining how age-related metabolic changes alter the

haematopoietic response to stress

4.1. Introduction

The burden of infection increases with age, with not only increased incidence
of infections, but also an increase in associated morbidity and mortality. The
body’s ability to respond to and clear infections is dependent on the adequate
and rapid production of immune cells and is, therefore, directly linked to HSC
function. Infection is thus a model that can be used to study the BM’s ability to

respond to stress.

In young mice a number of metabolic changes have been described that help
to drive rapid HSC expansion and mature blood cell production in response to
stress. This includes the acquisition of mitochondria from the BMSC by
mitochondrial transfer via Connexin 43 Gap Junctions (91) and an increase in
free fatty acid uptake and metabolism (240). Together these changes allow a
rapid shift from glycolysis to oxidative phosphorylation (OXPHOS) and
therefore a rapid increase in energy production, which is essential to fuel the
increased requirement for cell cycling, production and differentiation.

Treatment with lipopolysaccharide (LPS) is frequently used as mimic for
infection in in vivo mouse models. LPS is the main component of the outer cell
membrane of gram-negative bacteria and has been shown to activate the
immune response through a number of receptors including Toll-like receptor 4
(TLR-4), LPS binding protein (LBP) and CD14 (260). In this chapter | will
investigate how the haematopoietic response to stress changes with age,
using LPS treatment. In particular | will determine how ageing alters the
metabolic changes in the HSCs and HPC populations that occur in response
to LPS treatment. Finally, | will investigate if the age-related metabolic changes

can be reversed by adoptively transplanting aged HSCs into a young BM.
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4.2. The metabolic response to LPS in aged mice

In young mice LPS treatment has been shown to result in HSC expansion and
increased cycling within 16 hours of LPS treatment at a dose of 1mg/kg (91).
To determine the effect of LPS treatment on aged mice, both young and aged
mice were treated with a lower dose of 0.5mg/kg LPS (Figure 4.1A). Whilst
young mice were able to fully recovery from this treatment, in aged mice a
relatively quick deterioration in the animals’ health was observed even with
this low dose of LPS. Figure 4.1B shows Kaplan Meier curve of the survival of
young and aged mice following LPS treatment and demonstrates that aged
mice did not survive more than 36 hours after the treatment.
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Figure 4.1. Aged mice die within 36 hours of low dose LPS treatment.
(A) Schematic of the experiment. Young or aged mice were treated with
0.6mg/kg LPS and then monitored carefully for signs of deterioration. (B) A
Kaplan Meier curve for the survival of young and aged mice following LPS
treatment is shown.

To investigate the BM changes in aged mice following LPS treatment, both
young (8-12 weeks) and aged (18-24 months) mice were treated with
0.5mg/kg of LPS or vehicle control and sacrificed after 16 hours (Figure 4.2).
Their BM was isolated and prepared for analysis by flow cytometry.
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Figure 4.2. Experimental schematic.
Young and aged C57BIl/6 mice were treated with 0.6mg/kg LPS or vehicle
control and 16 hours later they were sacrificed and their BM was isolated.

Consistent with previously published data, in young mice the HSC, LSK, MPP
and LS-K populations expanded significantly following LPS treatment.

However, in aged mice only the LSK count was increased (Figure 4.3).
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Figure 4.3. HSCs and HPCs from aged mice fail to expand after LPS
treatment.

BM was isolated from young and aged mice treated with LPS and aged
matched controls. Cell counts per 100,000 BM cells of the HSCs, LSKs, MPPs
and LS-Ks in control mice (con) compared to LPS treated mice are shown. *P
< 0.05, **P < 0.01, ns = not significant using Mann-Whitney U test.
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To assess if this lack of expansion in the aged haematopoietic cells is due to
reduced cycling, the percentage of Ki-67 positive cells was analysed by flow
cytometry. The results show that Ki-67 increases in the HSCs and LSKs from
young mice and also in the HSCs from aged mice (Figure 4.4). This

demonstrates that in the aged mice HSC cycling is still upregulated in
response to LPS treatment.
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Figure 4.4. Ki67 increases in HSCs from aged mice after LPS treatment.

BM isolated from young and aged mice after LPS treatment and age matched
controls was stained for Ki67. (A) Representative flow plot of Ki67 staining in
HSCs from young (blue) and aged (red) controls and young and aged LPS
treated mice (green). (B) Percentage of Ki67 positive cells in young and aged
mice after LPS treatment compared to age matched controls. *P < 0.05, **P <
0.01, *™P < 0.001, ****P<0.0001, ns = not significant using Two-way Anova.
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Next, the metabolic profile of HSCs and HPCs from young and aged mice after
LPS treatment was assessed by measuring mitochondrial membrane
potential, mitochondrial content and mitochondrial ROS. In young mice, there
is a clear increase in the frequency of TMRM" HSCs after LPS treatment
(Figure 4.5A). Furthermore, the TMRM" LSK and MPP frequency remains
stable and there is only a small decrease in the TMRM" LS-K frequency
(Figure 4.5B). In aged mice, on the other hand, there is no change in the
TMRMP HSC frequency and a significant drop in the TMRM" frequency of
LSKs, MPPs and LS-Ks (Figure 4.5A and B). This demonstrates that whilst in
young mice LPS treatment results in an increase in mitochondrial membrane
potential to help meet the higher energy demands during stress, this is not

observed in aged mice.
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Figure 4.5. Aged HSCs and HPCs are unable to increase their
mitochondrial membrane potential after LPS treatment.

(A) Representative flow cytometry plot showing TMRM staining in HSCs from
control young (blue) and aged (red) mice compared to age matched LPS
treated mice (green). Frequency of TMRM" HSCs in young and aged LPS
treated and control mice is shown. (B) TMRM" frequency of LSKs, MPPs and
LS-Ks. *P < 0.05, *P < 0.01, ***P < 0.001, ****P<0.0001, ns = not significant

using Two-way Anova.
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Next, mitochondrial content was measured using MTG. This was shown to
significantly increase in the HSCs and LSKs from both young and aged mice
following LPS treatment (Figure 4.6). A small increase was also observed in
the MPPs from young mice but not in old mice or in the LS-K population. This
may suggest that the process of mitochondrial transfer is conserved in the
aged mice, even if it does not correlate with an increase in mitochondrial

membrane potential and therefore mitochondrial function.
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Figure 4.6. Mitochondrial content increases in HSCs and LSKs of young
and aged mice following LPS treatment.

Mean fluorescent index (MFI) of MTG staining is shown in HSCs, LSKs, MPPs
and LS-Ks of young and aged mice treated with LPS compared to age
matched controls. *P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001, ns = not
significant using Two-way Anova.
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Finally, MitoSox dye was used to measure mitochondrial ROS in HSC and
HPCs from young and aged mice following LPS treatment. No significant
changes in the MitoSox" frequency were observed in the HSC or LSK
populations (Figure 4.7A). However, given the overall cell expansion following
LPS treatment this simply reflects a proportionate increase in total numbers of
cells with high mitochondrial ROS (Figure 4.7B). Thus, in young mice there is
an increase in number of MitoSox" HSCs and LSKs and in aged mice the

number of MitoSox" LSKs increases.
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Figure 4.7. The numbers of MitoSox" HSCs and LSKs increase
proportionately to overall cell expansion after LPS treatment in young

and aged mice.

(A) The frequency of MitoSox" HSCs and LSKs in young and aged controls
and LPS treated mice is shown. (B) The number of MitoSox" HSCs and LSKs
per 100,000 BM cells is shown. *P < 0.05, ***P < 0.001, ns = not significant

using Two-way Anova.
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To directly assess the impact of the changes in mitochondrial membrane
potential on levels of OXPHOS, the seahorse metabolic flux analysis was
used. This allows measurement of the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) of cells, which represent levels of
OXPHOS and glycolysis respectively (261, 262). For these measurements to
be accurate and reliable, cells should be isolated and processed quickly and
at a similar rate for all the different conditions to be analysed. Furthermore, the
assay requires at least 450,000 cells for each condition. This limits the cell
populations that can be used in this assay, as enough cells need to be isolated
without impacting on the cell viability and delaying the processing of samples
of each treatment condition. As a result, lineage depletion and CD117
enrichment was used instead of FACS purification to isolate the LK (Lin-,
CD117+) cell population. This includes all the populations studied individually
by flow cytometry in this chapter so far (LS-Ks, LSKs, MPPs and HSCs).

BM was isolated from young and aged mice treated with LPS or vehicle control
and the samples were pooled for each of these four conditions. Next, a lineage
depletion kit was used to isolate the Lin- cells, which were subsequently
magnetically labelled with anti-CD117 microbeads to enrich for CD117+ cells.
The isolated LK cells were counted and equal numbers of cells were used for
each condition. In young mice LPS treatment resulted in an increase in OCR
and therefore OXPHOS with increases in both basal and maximal respiration,
whilst in aged mice there was only limited increase in maximal respiration
(Figure 4.8A and B). Figure 4.8C shows the relative changes in OXPHOS and
glycolysis, measured using OCR and ECAR. This demonstrates a clear
increase in OCR and, therefore, a shift from glycolysis to OXPHOS in LKS
from young mice after LPS treatment but very little change in both outputs in

LKs isolated from aged mice treated with LPS.
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Figure 4.8. LPS treatment results in an increase in OCR in young but not
aged mice.

(A) Seahorse metabolic flux analysis of OCR in LK cells isolated from young
and aged mice 16 hours after treatment with LPS or vehicle control. (B) Basal
and maximal respiration for each treatment condition are shown. (C) Changes
in OCR compared to ECAR in LKs from young and aged mice treated with
LPS compared to controls are shown. **P < 0.01, ***P < 0.001, ****P<0.0001,
ns = not significant using Two-way Anova.
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In order to further define the metabolic profile of LKs from young and aged
mice after LPS treatment, substrate metabolism was measured using
Mitoplates from Biolog. This allows measurement of how much of each
substrate is utilised by the isolated LK cells. This assay also requires high
number of cells that can processed and prepared quickly and therefore the LK
population was chosen again and isolated as described above. Figure 4.9
demonstrates an overall reduction in the metabolism of both glycolytic and
TCA cycle substrates in aged controls compared to young controls.
Furthermore, whilst there is a significant increase in the use of TCA cycle
metabolites in LKs isolated from young mice treated with LPS compared to
young controls, there is little change in substrate metabolism in the aged mice
after LPS treatment. Overall, this data and the results from the seahorse
metabolic flux analysis reflect an increase in energy output in young mice after

LPS treatment, which is not observed in aged mice.
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Figure 4.9. In LKs from aged mice substrate metabolism is reduced and
not upregulated after LPS treatment.

LKs were isolated from young and aged mice 16 hours after treatment with
LPS or vehicle control. Mitoplates from Biolog were used to measure the
utilisation of glycolytic and TCA cycle substrates by the isolated LKs.
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Finally, to assess how these metabolic changes in HSCs and HPCs reflect on
mature blood cell blood production, terminal blood samples taken from young
and aged mice treated with LPS or vehicle control. Flow cytometry was used
to measure the cell counts of mature nucleated blood cells as described in
Figure 3.9. In young mice, treatment with LPS results in a significant increase
in the neutrophil counts and a reduction in B cell and T cell counts. In aged
mice, however, no increase in neutrophil count was observed and in addition
the monocyte count decreased significantly after LPS treatment (Figure 4.10).
This suggests an inadequate production of neutrophils following LPS

treatment in aged mice and reflects an impaired immediate immune response.
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Figure 4.10. Aged mice fail to increase neutrophil production in response
to LPS treatment.

Terminal blood samples were taken from young and aged mice treated with
LPS and age matched controls. Cell counts of neutrophils (CD11b+, Ly6G+),
monocytes (CD11b+, Ly6G-), B cells (CD19+) and T cells (CD4+/CD8+) per
ml of PB are shown. *P < 0.05, ***P < 0.001, ****P<0.0001, ns = not significant
using Two-way Anova.
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4.3. Transplantation of aged haematopoietic cells improves their
metabolic response to LPS

As shown in chapter 3, transplantation of aged HSCs into a young BM
microenvironment resulted in an improved metabolic profile of the HSCs and
HPCs. A further transplant was therefore set up to establish if this can also
result in an improved metabolic response to LPS. Young C56BI/6 (CD45.2+)
mice were treated with busulfan 25mg/kg for 3 days and then injected with
100,000 FACS purified LSKs from aged PepCboy (CD45.1) mice. Blood
samples were taken at 8 and 12 weeks to confirm engraftment and
subsequently the engrafted mice were treated with 0.5mg/kg LPS or vehicle
control (Figure 4.11). 16 hours later the mice were sacrificed and the BM was

isolated.
Busulfan LPS (0.5mg/kg) or
25mg/kg for 3 days vehicle control
PB Sampling
& .‘ (16hrs BM
— @ — ] 1 >
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Figure 4.11. Schematic of the transplant model with LPS treatment.
LSKs were sorted from aged PepCboy (CD45.1+) mice and injected into
busulfan treated C57BI/6 by tail vein injection. After 8 weeks PB samples were
taken to assess engraftment. This was repeated at 12 weeks before the mice
were treated with LPS or vehicle control. After 16 hours the experiment was
terminated and the BM isolated.
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Engraftment was shown to be similar in the LPS treated group and the control
group as demonstrated both in the peripheral blood at 8 and 12 weeks and in

the BM after the mice were sacrificed (Figure 4.12).
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Figure 4.12. Engraftment of donor CD45.1+ cells from aged mice
Engraftment of CD45.1+ donor cells from aged PepCboy mice in the PB of
young C57BI/6 mice at 8 and 12 weeks after transplantation and of the HSC
population in the BM at 12 weeks. Data is shown for control (con) mice and
those treated with LPS. Ns = not significant using Mann-Whitney U test.

The isolated BM was analysed by flow cytometry for cell count and
mitochondrial membrane potential. Figure 4.13 shows significant expansion in
the HSC, LSK and MPP populations of the donor cells following LPS treatment

and no change in the cell count of the LS-K population.

HSC LSK MPP LS-K
*% sk ** ns
o 500 o 8000 © 4000 o 25000
8 400 8 7 8 o 8 200001 o ?
g 3 300 3 S 2 e0ee g 3 2000 g % 15000
- - -3 =
E ; 200 E § 4000 E ; 2000 g ; 10000
> 3 >
g m g m 8o 8@
= 100 = 20009 o = 1000 = 5000
8 0 S 0 8 0 8 0
Con LPS Con LPS Con LPS Con LPS
Aged Transplant Aged Transplant Aged Transplant Aged Transplant

Figure 4.13. Transplantation of HSCs from aged mice into young mice
results in HSC and HPC expansion after LPS treatment.

Following transplantation of HSCs from aged PepCboy mice into young
C57BI/6 mice, the engrafted C57BI/6 mice were treated with 0.5mg/kg LPS
and sacrificed after 16 hours. Counts of engrafted CD45.1+ HSCs, LSKs,
MPPs and LS-Ks per 100,000 BM cells in control mice (con) compared to
LPSs treated mice are shown. *P < 0.05, **P < 0.01, ns = not significant using

Mann-Whitney U test.
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Furthermore, the analysis of mitochondrial membrane potential with TMRM
staining revealed an increase in TMRMM HSCs after LPS treatment in the
engrafted cells and a stable TMRM" frequency of all the HPC populations
(Figure 4.14). This reflects the picture seen in young mice treated with LPS
and there was no drop in TMRM" cell frequency as observed in aged mice.
This, therefore, suggests an improved metabolic response to LPS in the
transplanted HSCs and HPCs.
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Figure 4.14. The metabolic response of aged HSCs and HPCs to LPS
improves after transplantation into young mice.

The TMRM" frequency of CD45.1+ HSCs, LSKs, MPPs and LS-Ks isolated
from young C57BI/6 (CD45.2+) mice engrafted with LSKs from aged PepCboy
(CD45.1+) mice after LPS treatment compared to vehicle control is shown. *P
< 0.05, ns = not significant using Mann-Whitney U test.
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Finally, the metabolic profile of the transplanted cells was analysed using the
seahorse metabolic flux analysis. The LK cell population was isolated as
described in chapter 3. Analysis of the LK cells showed an increase in OCR,
basal respiration and maximal respiration (Figure 4.15). Together, this data
suggest that the metabolic response of HSCs and HPCs from aged mice is
influenced by the ageing microenvironment. Removal from this environment
and placement in a new young environment can improve the haematopoietic
metabolic response to LPS. This highlights the importance of the BM niche in
regulating and supporting the HSC response to stress.
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Figure 4.15. Levels of OCR increase in aged LKs in response to LPS after
transplantation.

(A) Oxygen consumption rate (OCR) in LK cells isolated from mice engrafted
with aged LSKs and subsequently treated with LPS or vehicle control. (B)
Changes in OCR compared to extracellular acidification rate (ECAR) in LKs
after LPS treatment compared to controls. (C) Basal and maximal respiration
are shown.
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4.4. Mitochondrial transfer is preserved in aged mice

The BM microenvironment clearly influences the metabolic response of HSCs
and HPCs to stress in aged mice. Previous work has demonstrated that
mitochondrial transfer from bone marrow stromal cells (BMSC) to HSCs is
required to drive the rapid shift from glycolysis to OXPHOS and promote cells
expansion (91). For this to remain effective in aged mice, the interaction
between HSCs and BMSCs must be preserved and BMSCs must be able to
supply adequate numbers of healthy mitochondria. Therefore, mitochondrial
content and mitochondrial membrane potential was measured in BMSCs from
young and aged mice. Whilst BMSCs can be defined in different ways, here
the most commonly used cell surface markers, CD45-, Ter119-, CD31- and
CD105+ were used, as shown in Figure 4.16 (121, 122, 124). Positive and
negative gates were determined using FMO controls.
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Figure 4.16. Gating strategy for bone marrow stromal cells.
Representative flow plot to show the gating strategy for BMSCs (CD45-,
Ter119-, CD31- and CD105+) as determined by FMO controls.
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Similarly, to other BM populations, the BMSC count per 100,000 BM cells was
increased in the BM from aged mice compared to young mice (Figure 4.17A).
Mitochondrial content was measured by flow cytometry using MTG and was
unchanged in BMSCs isolated from aged mice compared to BMSCs from
young mice (Figure 4.17B). These results were confirmed using TagMan PCR.
BMSCs from young and aged mice were FACS purified, using the same gating
strategy as shown in Figure 4.16, and DNA was extracted. TagMan PCR was
used to measure the mitochondrial DNA content, which was normalised to
genomic DNA content in order to account for any differences in cells numbers
and analyse the relative mitochondrial copy numbers (Figure 4.17C).
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Figure 4.17. Mitochondrial content in BMSCs from aged mice is
unchanged compared to young mice.

BM was isolated from young and aged mice and stained for flow cytometry
analysis. (A) Cell count of the BMSCs per 100,000 BM cells in young and aged
mice. (B) The mean fluorescent index of MTG staining in BMSCs isolated from
young and aged mice is shown. (C) BMSCs were isolated from young and
aged mice and DNA was extracted for TagMan PCR analysis of mitochondrial
DNA relative to genomic DNA. **P < 0.01, ns = not significant using Mann-
Whitney U test.
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Despite the stable numbers of mitochondria in BMSC from aged mice
compared to young mice, however, the frequency of TMRM" BMSCs was
reduced (Figure 4.18A). To measure the OCR of BMSCs from young and aged
mice, BM was isolated from young and aged mice and BMSCs were cultured
in vitro. Subsequently, cells were counted and equal numbers were plated onto
seahorse plates. Seahorse metabolic flux analysis showed a decrease in
OCR, basal and maximal respiration in BMSCs isolated from aged mice
compared to young mice (Figure 4.18B and C). Although this data could have
been influenced by changes occurring ex vivo during the culturing process of
the BMSC, together with the reduction in TMRM" BMSC frequency it suggests
an overall decline in the mitochondrial function of BMSCs from aged mice.
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Figure 4.18. Mitochondrial function in BMSCs from aged mice declines.
(A) The TMRM" BMSC frequency in young and aged mice is shown. (B)
Seahorse metabolic flux measurement of oxygen consumption rate (OCR) in
BMSCs isolated from young and aged mice. (C) Basal and maximal
respiration of BMSCs from young and aged mice are shown.
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Data in this chapter demonstrates that mitochondrial content of HSCs and
LSKs increases in both young and aged mice after LPS treatment (Figure 4.6).
However, in aged mice this does not correlate with increased mitochondrial
membrane potential as measured by TMRM. This, together with the decline in
mitochondrial function in the BMSC population from aged mice, suggests that
the mechanism of mitochondrial transfer is, in fact, preserved in aged mice,
but that the mitochondria being transferred have reduced function. To confirm
this, BMSCs from young and aged C57BI/6 mice were cultured in vitro. These
were then co-cultured with LKs from young CBA mice and mitochondrial
transfer was stimulated with H20:2 treatment for 24 hours (Figure 4.19).
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Figure 4.19. Experimental set up to study mitochondrial transfer in aged
BMSC.

Young and aged C57BI/6 stroma cells were co-cultured with young CBA LK
cells and the treated with H-O> to stimulate mitochondrial transfer. After 24
hours DNA was extracted from the LK cells to analyse the mitochondrial DNA
content by TagMan PCR.
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The C57BI/6 and CBA mitochondrial genome can be distinguished by two
single-nucleotide polymorphisms (SNP). SNP analysis by TagMan PCR
therefore allows quantification of mitochondria originating from the C57BI/6
BMSCs in the CBA LKs. Figure 4.20 shows that mitochondrial transfer occurs
both from young and aged BMSCs to LKs, with increased levels of donor
mitochondrial DNA detected after H2O. treatment. This supports the
hypothesis that the mechanism of mitochondrial transfer is preserved in aged

mice.
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Figure 4.20. Mitochondrial transfer in conserved in aged BMSCs.

Levels of transferred donor mitochondrial DNA from BMSCs in LK cells are
shown relative to total genomic DNA. LK cells were either cultured with young
or aged BMSCs alone (Con) or also treated with H20; in order to stimulate
mitochondrial transfer.

Finally, the metabolic changes in BMSCs in young and aged mice following
LPS treatment or vehicle control were analysed by flow cytometry. No
significant changes were seen in the frequency of TMRM" BMSC after LPS
treatment in young or aged mice (Figure 4.21A) Mitochondrial content on the
other hand was shown to decrease after LPS treatment in both young and
aged mice, which would be consistent with the transfer of mitochondria from
BMSC to HSCs and HPCs (Figure 4.21B). Interestingly, whilst in young mice
this is associated with an increase in mitochondrial ROS measured by
MitoSox, in aged mice the frequency of MitoSox" BMSCs decreases after LPS
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treatment (Figure 4.21C). Here this is mirrored by the change in numbers of
MitoSox" cells and therefore does not appear to be a result of a change in
total cell numbers. One possible explanation for this is that as dysfunction
mitochondria are transferred out of the BMSCs their level of mitochondrial

ROS improves at least temporarily.
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Figure 4.21. Metabolic changes of BMSCs after LPS treatment.

BMSCs were isolated from young and aged mice after LPS treatment and
compared to BMSCs isolated from age matched controls by flow cytometry.
(A) The frequency of TMRM" BMSCs is shown. (B) Mean fluorescent index
(MFI) after MTG staining of BMSCs. (C) MitoSox" cell frequency and total
number of MitoSox" BMSCs are shown.
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4.5. Summary

The data shown here demonstrates the HSC and HPC metabolic response to
infections is impaired in aged mice. This leads to reduced cell expansion,
inadequate production of mature immune cells and overall reduced survival.
Fundamentally, HSCs and HPCs in aged mice appear to be unable to increase
their mitochondrial membrane potential and sufficiently upregulate their TCA
cycle metabolism and subsequent levels of OXPHOS. As a result, the
increased energy requirements associated with emergency granulopoiesis
cannot be met and overall production of mature blood cells in response to LPS
is insufficient. Importantly, this change is at least partially driven by the
changes in the aged BM microenvironment and can be reversed when aged
HSCs are transplanted into young mice. Furthermore, whilst the mechanism
of mitochondrial transfer is preserved in aged mice, it does not appear to drive
an increase in mitochondrial membrane potential as it does in young mice.
Instead, it is likely that both functional and dysfunctional mitochondria are
transferred and therefore the shift to OXPHOS cannot be supported. Overall,
this results in an impaired ability to effectively respond to LPS treatment, which
is reflected by the short overall survival of aged mice treated with LPS.
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Figure 4.22. Defining how age-related metabolic changes alter the
haematopoietic response to stress.

Aged mice accumulate HSCs with dysfunctional mitochondrial leading to an
impaired metabolic response to stress and an inability to switch from glycolysis
to OXPHOS. Transplantation of aged HSCs into young mice reverses this
effect and restores the HCS and HPC metabolic response to stress.
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5. Investigating the role of senescent cells in the

haematopoietic response to stress

5.1. Introduction

The role of the BM microenvironment in HSC maintenance and, in particular
in response to stress is becoming increasingly evident. The data discussed in
chapters 3 and 4 demonstrates that the BM microenvironment contributes to
age-related changes in the haematopoietic response to stress. Cellular
senescence is a major driver of many age-related phenotypes and diseases
and has been associated with mitochondrial dysfunction (18). The earlier
chapters demonstrate that dysfunctional mitochondria accumulate in HSCs,
HPCs and BMSCs in aged mice. However, cellular senescence is defined as
the irreversible arrest of cell proliferation and it is therefore questionable
whether HSCs, which are directly defined by their proliferative potential, can
become senescent. Nevertheless, it is possible that a subgroup of HSCs or
HPCs may acquire a senescent-like phenotype in the ageing BM, which could
impact on their function and proliferative potential. Furthermore, the cellular
components of the BM microenvironment, including BMSCs, can certainly
become senescent, as has been demonstrated in a number of BM
malignancies including AML and myeloma (25, 263). As the supportive cells
of the BM microenvironment can directly influence, alter and control HSC
function, a senescent phenotype in these cell populations could have
detrimental effects on HSC and HPC function.

If, however, these cells could be eliminated and the BM microenvironment
rejuvenated it may be possible to improve the haematopoietic response to
stress. There are a number of ways to target senescent cells in vivo. One is to
use specifically designed mouse models, such as the p16-3MR mouse model.
In this model, the p16 promotor drives the expression of HSV-TK, which
phosphorylates the pro-drug ganciclovir (GCV) causing cell death (Figure 1.4)
(21). Thus, in this mouse model senescent cells can be selectively depleted
by treatment with GCV by intraperitoneal injection. This allows the study of the
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role of senescent cells in disease development and how depletion of

senescent cells can improve the ageing phenotype.

Senescent cells can also be targeted more indirectly with pharmaceutical
agents. The drug ABT-263, which targets the anti-apoptotic proteins BCL-2,
BCL-XL and BCL-W, has been shown to have senolytic activity and effectively
reverse premature ageing of the haematopoietic system in irradiated animals
(57). Whilst the anti-apoptotic BCL-2 family of proteins are known to be
upregulated in senescent cells (42), their expression is not unique to
senescent cells and ABT-263 may therefore not only specifically target
senescent cells. Thus, for example, it has a direct impact on platelets, causing
severe thrombocytopenia, which has significantly limited its clinical use (64).
Nevertheless, its senolytic activity is well established and it remains a useful
tool to study how the in vivo elimination of senescent cells can alter tissue

function.

In this chapter | aim to study the senescent changes present in the ageing BM
and to determine the effect of depleting senescent cells in the BM
microenvironment on HSC metabolic health. | also plan to determine if
targeting the BCL-2 family of proteins with ABT-263 can improve the HSC

metabolic response to stress in aged mice.
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5.2. Senescence in the aged BM microenvironment

A number of senescence markers were used to determine which cell
populations acquire a senescent phenotype in the aged BM. First, the p16-
tdTom mouse model was used, in which the p16'NK4A promotor is linked to the
ultrabright fluorochrome tandem dimer Tomato (tdTom). This allows detection
of senescent cells, defined by p16 expression, using flow cytometry. BM was
isolated from both young and aged p16-tdTom mice and stained for flow
cytometry analysis of HSCs, LSKs and LS-Ks (Figure 5.1A). Figure 5.1B
shows representative flow plots of tdTom positive HSCs and LSKs from young
and aged p16-tdTom mice. HSCs had no expression of p16 measured by
tdTom in both young and aged p16-tdTom mice. In the LSK and LS-K cell
population only low levels of tdTom were detected, with no significant
differences between cells isolated from aged or young mice (Figure 5.1C).
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Figure 5.1. HSCs have no expression of p16-tdTom.

(A) BM was isolated from young and aged p16-tdTom mice and flow cytometry
was used to measure the expression of p16-tdTom. (B) Representative flow
plot of tdTom expression in HSCs and LSKs from young (blue) and aged (red)
mice. (C) The percentage of tdTom positive LSKs and LS-Ks in young and
aged mice is shown. ns = not significant using Mann-Whitney U test.
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Next, LSKs were FACS purified and RNA was extracted and analysed for
expression of the senescence associated genes p16 and p21 by gPCR. This
showed no change in p16 expression in LSKs from aged mice compared to
young and a decrease in p21 expression (Figure 5.2A). Finally, LK (Lin-,
CD117+) cells were isolated from aged and young mice as described
previously using lineage depletion followed by CD117 enrichment. LKs were
used here to minimise the effects of ex-vivo processing of the BM cells. The
cells were stained to measure senescence associated beta-galactosidase
(SA-B-gal), which is defined as detectable 3-gal activity at a pH of 6 (264). This
pH dependent 3-gal is a well characterised hallmark of senescent cells and is
a widely used marker for senescence (265). Consistent with data from both
the p16-tdTom mouse model and the gPCR analysis, no change was detected
in the levels of SA-B-gal in the LKs from aged mice compared to LKs from
young mice (Figure 5.2B). Together, this data demonstrates that aged HSCs
and HPCs do not acquire a senescent phenotype and this is therefore not the

driver of the observed age-related metabolic changes.
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Figure 5.2. HPCs do not become senescent in aged mice.

(A) The relative expression of p16 and p21, normalised to GAPDH, in LSKs
from young and aged C57BIl/6 mice, measured by qPCR is shown. (B)
Percentage of SA-B-gal positive LK cells measured by evaluation of blue
colour staining. *P < 0.05, ns = not significant using Mann-Whitney U test.
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Examination of senescent markers in BMSCs, on the other hand, revealed a
different picture. BMSCs (CD45-, Ter119-, CD31-, CD105+) were defined and
gated for as described in Figure 4.16. Using the p16-tdTom mouse model p16-
tdTom expression was found to be significantly increased in BMSCs isolated
from aged mice compared to young mice. Figure 5.3A shows a representative
flow plot of tdTom expression in BMSCs isolated from a young and an aged
p16-tdTom mouse. A clear shift in tdTom expression was detected in the

BMSC from aged mice compared to young mice (Figure 5.3B).
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Figure 5.3. p16-tdTom expression is increased in BMSCs from aged
mice.

(A) Example of the distribution of tdTom expression in BMSCs from young
(blue) and aged (red) mice. (B) Percentage of tdTom positive BSMCs
measured by flow cytometry. *P < 0.05 using Mann-Whitney U test
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Finally, BMSC from young and aged mice were FACS purified and RNA was
extracted for gPCR analysis for the expression of p16 and p21, as well as IL-
6, a common component of the senescence associated secretory phenotype
(SASP), and laminin B1, which is known to decrease in senescent cells (266).
Expression of p16 and IL-6 were upregulated in BMSC from aged mice
compared to BMSC from young mice and there was no change in p21
expression (Figure 15.4). In addition, laminin B1 expression was reduced in
BMSC from aged mice. Thus BMSCs, but not HSCs or HPCs, acquire a

senescent phenotype with age.
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Figure 5.4. BMSCs from aged mice express a senescent phenotype.
qPCR analysis of the expression of p16, p21, IL-6 and Laminin B1, normalised
to GAPDH in BMSC sorted from young and aged C57BI/6 mice. *P < 0.05, ns
= not significant using Mann-Whitney U test.
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5.3. Selective depletion of senescent BMSCs improves the metabolic
response of haematopoietic cells to LPS

In order to determine whether the elimination of the senescent BMSCs can
improve the metabolic response of HSCs to stress, the p16-3MR mouse model
was used. Aged p16-3MR mice were treated with GCV 25mg/kg for 5 days by
intraperitoneal injection to deplete p16 expressing senescent cells. Age-
matched C57BI/6 mice were used as controls and also treated with GCV to
ensure that the treatment itself did not impact on the HSC population or its
response to stress. After a further 7 days, to allow full recovery from the
treatment, mice were sacrificed and their BM was isolated for analysis by flow
cytometry (Figure 5.5).

18-24 months
p16-3MR or C57BI/6

Figure 5.5. Schematic of the experimental set up.

Aged p16-3MR or C57-Bl/6 mice were treated with 26mg/kg GCV for 5 days.
After a 7 day rest period the mice were sacrificed and their BM was isolated
by centrifugation.

BM analysis demonstrated a reduction in BMSC counts in p16-3MR mice
treated with GCV compared to C57BI/6 control mice (Figure 5.6A). No change
was observed in the mitochondrial membrane potential, measured by TMRM,
of the BMSCs from GCV treated p16-3MR mice compared to C57BI-3 controls
(Figure 5.6B). However, analysis of the HSC population revealed an increase
in TMRMP" cell frequency in the p16-3MR aged mice treated with GCV (Figure
5.6C). This suggests that targeting the senescent cells in the BM
microenvironment can have a direct impact on the mitochondrial health of
HSCs.
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Figure 5.6. Depletion of senescent BMSCs improved HSC mitochondrial

membrane potential.
(A) Flow cytometry analysis of BMSC cell counts per 100,000 BM cells in aged

C57BI/6 and p16-3MR mice treated with GCV. (B and C) Frequency of TMRM"
BMSCs and HSCs is shown. *P < 0.05, ns = not significant using Mann-

Whitney U test.

Next, to determine how this impacts the HSC and HPC response to stress,
aged p16-3MR mice were first treated with GCV for 5 days, and after a 7-day
recovery period, they were treated with 0.5mg/kg LPS or vehicle control

(Figure 5.7). The mice were sacrificed after 16 hours and their BM isolated for

flow cytometry and seahorse analysis.
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Figure 5.7. Schematic of the experimental design.

Aged p16-3MR mice were treated with 26mg/kg GCV daily for 5 days and after
a further 7 days they were treated with either 0.6mg/kg LPS or vehicle control.
After 16 hours the experiment was terminated and the BM was extracted for

analysis.
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No significant change was seen in the HSC, LSK and MPP counts following
LPS treatment of aged GCV treated p16-3MR mice and there was a small
increase in the LS-K count (Figure 5.8). This could suggest that depletion of
senescent cells does not directly affect HSC and HPC expansion in response
to stress. However, this data is limited by the small number of mice due to the
limited availability of aged p16-3MR mice, the impact of adverse effects
resulting from both GCV and LPS treatment and the variability in results

observed in all aged mice.
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Figure 5.8. LPS treatment does not result in significant haematopoietic
cell expansion in aged GCYV treated p16-3MR mice.

BM was extracted from aged p16-3MR mice first treated with GCV for 5 days
and then with LPS or vehicle control (Con). Cell counts per 100,000 BM cells
for HSCs, LSKs, MPPs and LS-Ks were analysed by flow cytometry. *P < 0.05,
ns = not significant using Mann-Whitney U test.
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Analysis of the TMRM" cell frequency of the HSC and HPC populations
revealed that this remained stable following LPS treatment after depletion of
senescent cells with GCV (Figure 5.9). Thus, although there was no increase
in TMRM" HSC frequency, as is seen in young mice, there was also no
decrease observed in the TMRM" frequency of any of the HPC populations,

as occurs in aged mice.
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Figure 5.9. TMRM" cell frequency remains stable in HSCs and HPCs of
aged GCYV treated p16-3MR mice following LPS treatment.

Frequency of TMRM" HSCs, LSKs, MPPs and LS-Ks isolated from aged p16-
3MR mice treated with GCV and LPS or vehicle control measured by flow
cytometry. ns = not significant using Mann-Whitney U test.

Mitochondrial content increased following LPS treatment in the HSCs and
LSKs from aged p16-3MR mice treated with GCV (Figure 5.10). This is
consistent with the change observed in both young and aged mice treated with
LPS and most likely a result of mitochondrial transfer from BMSCs. The levels
of mitochondrial ROS were quite variable in p16-3MR mice treated with both
GCV and then LPS compared to controls, with an overall upward trend in the
MitoSox"cell frequency of HSCs and HPCs (Figure 5.10).
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Figure 5.10. Changes in mitochondrial content and ROS after GCV and
LPS treatment in p16-3MR mice.

(A) Mean fluorescent index (MFI) of MTG stained HSCs, LSKs, MPPs and LS-
Ks measured by flow cytometry in p16-3MR mice treated with GCV and LPS
or vehicle control (Con). (B) Frequencies of MitoSox" HSCs, LSKs, MPPs and
LS-Ks in GCV and LPS treated p16-3MR mice compared to mice treated with
GCV alone. *P < 0.05, ns = not significant using Mann-Whitney U test.

Finally, seahorse metabolic flux analysis was carried out to study the changes
in HPC metabolism following depletion of senescent cells in the BM
microenvironment and LPS treatments. As previously described LK cells were
used for this assay and cells from aged C57BI/6 mice were used as controls
(Figure 5.11A). Figure 5.11B and C show that in aged p16-3MR mice, treated
with GCV and then LPS, there is an increase in OCR and therefore, a shift
towards OXPHOS which was not observed in aged C57BI/6 mice treated with
LPS. This is also reflected in a significant increase in the basal and maximal
respiration rate in the aged p16-3MR mice (Figure 5.6D). Together, the data
shown here suggests that depletion of senescent cells in the BM
microenvironment results in an improved metabolic response of

haematopoietic cells to stress.
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Figure 5.11. LKs from p16-3MR mice treated with GCV and then LPS
show a shift towards OXPHOS.

(A) Experimental schematic. Aged p16-3MR and C57BIl/6 mice were treated
with GCV for 5 days. They were then treated with LPS or vehicle control and
16 hours later their BM was extracted and LK cells were isolated for seahorse
metabolic flux analysis. (B) Levels of oxygen consumption rate (OCR) in aged
p16-3MR or C57BI/6 mice treated with LPS compared to controls. (C) Relative
changes in levels of OCR and extracellular acidification rate (ECAR) in LPS
treated mice compared to controls. (D) Basal and maximal respiration rates
are shown for each of the four treatment groups. **P < 0.01, ns = not significant
using Two-way Anova.
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5.4. Targeting pro-apoptotic BCL-2 proteins in the aged BM
microenvironment allows recovery of HSC and HPC mitochondrial

health

The overexpression of the anti-apoptotic BCL-2 family of proteins has been
associated with a senescent phenotype. The data in this chapter demonstrates
that BMSC, but not HSCs or HPCs, become senescent in aged mice. To
determine how this change is reflected on the expression of the anti-apoptotic
BCL-2 proteins both BMSCs and LSKs from young and aged mice were FACS
purified. RNA was extracted and expression of BCL-2 and BCL-XL were
analysed by qPCR. LSKs from aged mice showed a decrease in BCL-2
expression compared to LSKs from young mice and no change in the BCL-XL
expression (Figure 5.12A). In BMSC on the other hand, whilst there was no
difference BCL-2 expression in BMSCs from young and aged mice, the
expression of BCL-XL was significantly increased in BMSCs from aged mice
compared to young mice (Figure 5.12B). Thus, the senescent BMSCs, but not
the HPCs, show overexpression of the anti-apoptotic protein BCL-2 and could

therefore potentially be targeted using ABT-263.
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Figure 5.12. BCL-XL expression is increased in BMSCs from aged mice.
qgPCR was used to measure the expression of BCL-2 and BCL-XL, normalised
to GAPDH, in sorted (A) LSKs and (B) BMSCs from young and aged C57BI/6
mice. *P < 0.05, ns = not significant using Mann-Whitney U test.

To study the effect of in vivo inhibition of the anti-apoptotic BCL-2 proteins,
aged mice were treated with ABT-263 or vehicle control daily for 7 days via
oral gavage. Subsequently, after a seven-day recovery period they were
treated with LPS or vehicle control and sacrificed 16 hours later (Figure 5.13)
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Figure 5.13. Schematic of the experiment.

18-24 months old C57BI/6 mice were treated daily with 100mg/kg ABT-263 or
vehicle control for 7 days followed by 0.5mg/kg LPS or vehicle control. 16
hours after the LPS treatment the mice were sacrificed and their BM was

extracted for analysis.

Flow cytometry was used to assess the effect of ABT-263 treatment on BMSC
frequency, which was shown to be reduced in aged mice treated with ABT-
263 compared to age matched controls (Figure 5.14A). Furthermore, the
expression of p16 was downregulated in the ABT-263 treated mice and there
was no change in p21 expression (Figure 5.14B). Together this data shows
that treatment with ABT-263 successfully depletes the senescent BMSCs in

the aged BM microenvironment.
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Figure 5.14. ABT-263 treatment reduced BMSC frequency and p16
expression.

(A) Flow cytometry analysis of BMSC frequency in aged mice treated with
ABT-263 compared to vehicle control (con). (B) Expression of p16 and p21,
analysed by qPCR and normalised to GAPDH in BMSCs sorted from aged
ABT-263 treated C57BI/6 mice and age-matched controls. *P < 0.05, **P <
0.01, ns = not significant using Mann-Whitney U test.
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Next, the effect of targeting the senescent BMSCs with ABT-263 on the HSC
and HPC populations following LPS treatment was analysed by flow
cytometry. Treatment with ABT-263 followed by LPS resulted in significant
expansion of the HSC, LSK and MPP populations, which is not seen in the

age matched controls treated with LPS alone (Figure 5.15).
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Figure 5.15. ABT-263 treatment of aged mice promotes expansion of
haematopoietic cells after LPS treatment.

Flow cytometry analysis of HSC, LSK, MPP and LS-K counts per 100,000 BM
cells in aged C57BI/6 mice treated with ABT-263 or vehicle control with or
without LPS. **P < 0.01, ***P < 0.001, ns = not significant using Two-way
Anova.
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In addition, analysis of the mitochondrial membrane potential showed a
significant increase in TMRM" HSC frequency and stable TMRM" frequency
of LSKs and MPPs in mice treated first with ABT-263 and then LPS (Figure
5.16). These changes are similar to those observed in young mice after LPS
treatment. In aged controls on the other hand, LPS treatment resulted in no
change in TMRM" HSC frequency and the TMRM" frequency of LSKs, MPPs
and LS-Ks was reduced following LPS treatment, consistent with earlier data

from aged mice.
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Figure 5.16. TMRM" HSC frequency increased in aged mice pre-treated
with ABT-263 in response to LPS.

Effects of LPS treatment on TMRM" frequency of HSCs, LSKs, MPPs and LS-
Ks in aged mice treated with ABT-263 or vehicle control are shown. *P < 0.05,
**P < 0.01, *™*P < 0.001, ns = not significant using Two-way Anova.

To fully investigate the impact of the changes in the BM microenvironment
resulting from ABT-263 treatment on the haematopoietic metabolic profile

metabolic output of LKs was measured by seahorse metabolic flux analysis.
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This showed that ABT-263 treatment alone promoted an increase in OCR in
the LK population with increases in both basal and maximal respiration
compared to LKs from aged controls (Figure 5.17). This was, however, further
increased after LPS treatment, demonstrating an improved response to stress
in the LKs from aged mice treated with ABT-263.
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Figure 5.17. ABT-263 treatment improves the metabolic response to
stress in aged mice.

(A) Seahorse metabolic flux analysis was used to measure OCR in aged
control C57BL/6 mice, aged C57BIl/6 mice treated with LPS, aged C57BI/6
mice treated with ABT-263 alone and aged C57BIl/6 mice treated with ABT-
263 and LPS. (B) The relative changes in OCR and ECAR in the four treatment
groups are shown. (C) Changes in basal and maximal respiration in ABT-263
or vehicle control (con) treated mice with and without LPS treatment. *P < 0.05,
***P < 0.001, ****P<0.0001 using Two-way Anova.
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Finally, metabolic substrate analysis of the LKs was carried out using
Mitoplates from Biolog. This revealed an increased use of TCA cycle
metabolites in mice treated with ABT-263, which was further enhanced
following LPS treatment (Figure 5.18). Together, this data demonstrates that
targeting of senescent BMSCs with ABT-263 improves the metabolic response

to HPCs to infection.
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Figure 5.18. Substrate metabolism is upregulated in HPCs from aged
mice treated with ABT-263 and LPS.

LKs were isolated from aged mice treated with ABT-263 or vehicle control
followed by LPS or vehicle control. Biolog analysis of the utilisation of glycolytic
and TCA cycle substrates by the isolated LKs is shown. ND = not detected.
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5.5. Summary

The results discussed here highlight the key role of the BM microenvironment
in regulating and promoting HSC and HPC function and health. BMSCs, but
not HSCs or HPCs, were shown to acquire a senescent phenotype in aged
mice with associated overexpression of the anti-apoptotic protein BCL-XL.
Interventions that target the senescent BMSC in the microenvironment both in
the p16-3MR mouse model and using the drug ABT-263 resulted in an
improved metabolic responses of HSC and HPCs to LPS treatment. This was
demonstrated by an increased or stable TMRM" cell frequency, a shift towards
OXPHOS and an increased use of TCA cycle metabolites. Overall, this
suggests a healthier haematopoietic response to stress that is similar to the
response observed in young mice. Furthermore, it supports the hypothesis that
the age-related metabolic changes observed in chapters one and two are not
solely driven by intrinsic changes of the HSC and HPC populations but that
the BM microenvironment significantly contributes to these changes.

BMSC senescence

Improved HSC mitochondrial
function and restored

Depletion of metabolic response stress
senescent BMSC

Aged
(18-24 months)

Figure 5.19. Investigating the role of senescent cells in the
haematopoietic response to stress.

BMSCs from aged mice acquire a senescent phenotype that directly affects
HSC and HPC function, in particular their mitochondrial health. Depletion of
senescent cells in the BM microenvironment results in improved HSC
mitochondrial function and restores the HSC and HPC metabolic response to
stress.
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6. Discussion

6.1. General Discussion

Humans are living longer than ever. The average life expectancy continues to
increase. This is a result of extensive medical advances and societal changes.
However, this progress has also created new challenges, diseases that were
once fatal have now become chronic conditions and entirely new disease
entities have been described. Moreover, diseases that occur rarely in younger
populations are becoming increasingly common as the population ages.
Together, these changes have transformed the landscape of medicine, patient
numbers are continually increasing and their care needs are becoming ever
more complex. In haematology, this is, for example, reflected in patients with
myeloma. Only 20 years ago the 5- and 10-year survival rate was 27.6% and
14.3%, respectively, and this has now almost doubled to 47.0% and 32.5%
(267). This, of course shows fantastic progress in the management of the
disease and has had an enormous impact on patients and their families. With
this success, however, also comes an ongoing need for monitoring and
treatment of these patients and this, in turn, has an effect on the healthcare
services. Moreover, as patients with myeloma live longer, they develop other
age-related conditions and their care needs therefore become more complex
and treatment plans must consider co-morbidities and drug interactions. A
holistic and patient individualised approach is needed and this requires both
time and resources. This is just one example of how the combination of a
growing ageing population and medical advances are shaping current medical

care provision.

The purpose of ageing research is not, as some may believe, to indefinitely
increase life expectancy, but instead to actually reduce disease development
and morbidity in this ageing population. By understanding the age-related
changes that drive disease development, it may be possible to slow down this
process, reduce morbidity and, as a result, improve the quality of life for older
people whilst reducing the burden on the health services and society. To start

this process, it essential to understand the biological changes that occur with
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age. In this thesis | have focused on localised age-related changes in the BM
and how these may have a systemic impact by altering the haematopoietic
response to stress. | have investigated the metabolic changes of
haematopoietic cells in the aged BM and how the ageing BM

microenvironment influence these changes.

The data in this study demonstrates that HSCs and HPCs do acquire some
intrinsic metabolic changes with age and that these may impact on their overall
function, their expansion and differentiation potential, and, of course, their re-
renewal capacity. However, examination of the BMSCs revealed that their
senescent phenotype in aged mice, at least in part, drives some of the age-
related changes observed in the haematopoietic cell populations. This was
supported by the observation of improved metabolic function following
transplantation or depletion of senescent cells.

Understanding the metabolic changes that occur with age and how these
contribute to the impaired haematopoietic stress response may in the future
shed light on how these changes also promote the development of
haematological malignancies. Most haematological malignancies increase
with age and in some of them cellular senescence has directly been shown to
promote growth and disease progression (25, 263). Understanding of the
changes that occur in the BM during physiological ageing may inform future
research of how these changes can promote tumour development and

chemotherapy resistance.
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6.2. Key Findings

6.2.1. In young and aged mice two distinct HSC populations can be
defined based on the mitochondrial membrane potential

In this study | have shown that the metabolic profile of HSCs from aged mice
differs from that of young mice. The vast majority of HSCs from aged mice
have a low mitochondrial membrane potential, whilst in young mice TMRM'"
HSCs are seen infrequently. The reasons HSCs primarily rely on glycolysis is
to minimise oxidative stress and mitochondrial ROS as this has been
implicated in reducing long-term HSC health and self-renewal potential (268,
269). Studies have shown that lowering the mitochondrial activity of HSCs
promotes self-renewal over differentiation (259). The transplant model
described in this study confirms that HSCs with low mitochondrial membrane
potential have superior repopulation potential compared to HSCs with high
mitochondrial membrane potential measured by TMRM. Thus, TMRM" HSCs
were unable to repopulate the BM following transplantation. TMRM'"° HSCs, on
the other hand, engrafted in the competitive transplant setting. This was
observed in HSCs from both young and aged mice. Thus, this study clearly
identifies two functionally distinct HSC populations based on their metabolic
profile. It suggests that the true HSC population, with self-renewal capacity, is
much smaller than the total population of cells defined by the HSC cell surface
markers (Lin-, CD117+, Sca1+, CD150+, CD48-).

Whilst TMRM!® HSCs from aged mice successfully engrafted in the first
transplant, in a secondary transplant their engraftment was significantly
reduced compared to TMRM" HSCs from young mice. As aged mice have
significantly more TMRM'® HSCs compared to young mice, this raises the
question whether this TMRM" HSC population is heterogenous and not all
cells in this population have the same functional profiles. The single cell
sequencing analysis that is currently underway will hopefully shed some light
on this and help identify distinct subpopulations within this metabolically
defined HSC population. The results may make it possible to further define the
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characteristics of the true HSC population that drive engraftment in the BM
and maintain the HSC renewal capacity.

6.2.2. Mitochondrial function is impaired in HSCs from aged mice

In aged mice, the decline in mitochondrial membrane potential of HSCs is
associated with an increase in mitochondrial content and a reduction in the
frequency of MitoSox" HSCs. The reason for the reduction in mitochondrial
ROS is unclear, however it could simply reflect an overall reduction in
mitochondrial activity. Together with the changes in mitochondrial membrane
potential, this could indicate an accumulation of mitochondria with impaired or
reduced function in the HSCs from aged mice. It is therefore possible that the
mechanism that drives low mitochondrial membrane potential in HSCs from
young and aged mice is different. Whilst in young mice this is a well-regulated
protective mechanism to minimise oxidative stress and promote long-term
health, in aged mice this actually reflects a decline in mitochondrial health and
an accumulation of dysfunctional mitochondria. Mitochondrial dysfunction is
one of the hallmarks of ageing and has been associated with the development
of age-related diseases (14, 270, 271). It therefore follows that age-related
changes in mitochondrial function could drive or contribute to pathological
changes in the haematopoietic compartment. Moreover, mitochondrial
dysfunction has been directly associated with cellular senescence, as both a
driver for and a result of the senescent phenotype (18, 272).

6.2.3. The haematopoietic response to stress is impaired in aged mice

A key function of the BM is its ability to respond quickly and effectively to
external stress, including bleeding and infection (273). In the case of infection,
the BM response is essential for the initiation of an adequate immune
response, timely control of the infection and, ultimately, a complete systemic
recovery (91). When this is disrupted, infections can lead to local and systemic
inflammatory changes, sepsis and widespread organ damage leading to
delayed or impaired recovery (274, 275). The older population is known to be
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more susceptible to infections and more likely to experience severe symptoms
due to an overall diminished immune response (276-278). Patients often
recover more slowly and their risk of long-term morbidity and mortality

following infections is increased (7, 279).

Whilst there is some understanding of how the aged BM changes, with cell
expansion, myeloid shift and overall reduction in the self-renewal capacity of
HSCs, exactly how this alters the haematopoietic response to stress remains
largely unknown. In this study | have focussed on the metabolic changes in
the HSC and HPC populations, which previous work has shown to be key in
regulating the HSC response to stress in the young (91). This study shows
that not only is the baseline metabolic function of HSCs and HPCs impaired,
but they are also unable to upregulate their metabolic output effectively in
response to stress. LPS was used as a mimic for infection in this study and
whilst in young mice this drives HSC and HPC expansion and a rapid shift to
OXPHOS, in aged mice this shift is not observed. OXPHOS is the most
efficient way to produce ATP and therefore is favoured by HSCs and HPCs
when demands for proliferation and differentiation are high (91, 280). The
metabolic pathway analysis showed that HPCs from aged mice are
metabolically less active both at baseline and after LPS than HPCs from young
mice, with reduced metabolism of glycolytic and TCA cycle substrates. The
baseline changes likely reflect the accumulation of dysfunctional mitochondria,
whilst the impaired response to LPS suggests a possible disruption of the
support from the BM microenvironment. This study demonstrates that this is
not caused by a fault in the mechanism of mitochondrial transfer, but rather
that the mitochondria being transferred may not have the functional capacity
to support the increased energy demand of the HSCs and HPCs in response

to stress.
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6.2.4. Transplantation of aged HSCs into young mice improves their
mitochondrial function and the haematopoietic response to stress

HSCs and HPCs rely heavily on the BM microenvironment and its supportive
cellular components, including BMSCs, adipocytes, endothelial cells
osteoblasts and osteoclasts (281). The impact of ageing in the BM
microenvironment on HSC and HPC health and their mitochondrial function
becomes evident when cells are removed from aged microenvironment and
transplanted into young mice. It is known that HSCs from aged mice have an
overall reduced repopulation potential. | confirmed this and showed that HSCs
from aged mice can repopulate the BM of young mice and engraft, but that this
is slightly less effective compared to transplanting young HSCs. Moreover, the
TMRM based transplant model demonstrates that the repopulation potential
of HSCs from aged mice significantly reduces in a secondary transplant.
However, once engrafted into a young BM microenvironment, HSCs from aged
mice show a potential to recover from the impact of the aged BM
microenvironment. Not only does their baseline mitochondrial membrane
potential improve, but they can also mount a more effective response to LPS
treatment, with increase in mitochondrial activity measured by TMRM and
OCR. This demonstrates that the changes observed in the aged HSCs and
HPCs are to some extent reversible and targeting of the microenvironment

could improve the mitochondrial health of haematopoietic cell populations.

6.2.5. BMSCs, but not HSCs or HPCs, become senescent in aged mice

Cellular senescence is the irreversible arrest of cell proliferation and is usually
characterised by the secretion of the SASP (19). Many factors have been
shown to promote cellular senescence, including mitochondrial dysfunction,
oxidative stress and DNA damage (22). The acquisition of the senescent
phenotype can be beneficial or detrimental to tissue function and systemic
recovery from injury. This is determined by the physiological context driving
the senescent changes and has been described as an example of antagonistic
pleiotropy — the concept that a biological process is beneficial in young
organisms with a short lifespan but becomes harmful when the lifespan is
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significantly extended (282, 283). Thus, the accumulation of senescent cells
observed in ageing has been associated with impaired tissue function and the

development of age-related diseases (23-28).

Although mitochondrial dysfunction has been described to directly induce
senescence in some cell populations, in this study | demonstrate that this is
not the case in HSCs and HPCs. In keeping with previous suggestions that
stem cells by definition cannot become senescent as this would mean losing
their self-renewal potential (143), | show that both HSCs and HPCs from aged
mice do not express the senescent markers p21 or p16 or other characteristics
of cellular senescence including SA-B-gal staining. It therefore appears that in
these cell populations mitochondrial dysfunction, whilst it may impact on
overall cellular function and health, does not drive senescence. However, the
haematopoietic cell populations should not be studied in isolation. They have
such a significant dependence on their environment that it is essential to
consider any age-related changes in the BM microenvironment in conjunction
with the changes observed in the HSC populations. Here, | show that the
BMSCs in aged mice acquire a senescent phenotype and secrete a SASP and
that this has a direct impact on HSC and HPC mitochondrial health and overall

function.

6.2.6. Depletion of senescent cells in the aged BM microenvironment
improves HSC and HPC function.

The transplant models demonstrate that the BM microenvironment plays an
important role in HSC and HPC function and can alter their mitochondrial
health. Next, | wanted to determine whether the aged microenvironment can
be modulated in vivo in order to improve the mitochondrial health of HSCs and
HPCs. The senescent BMSCs presented a good potential target for this,
particularly as BMSCs are known to directly regulate HSC function and
maintenance. Furthermore, a number of mouse models exist which allow
direct targeting and elimination of senescent cells in vivo. Two models were
used to determine how the depletion of senescent cells in the BM

microenvironment alters the haematopoietic stress response: the p16-3MR
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mouse models and the BCL-2/BCL-XL/BCL-W inhibitor ABT-263. Using both
of these models | show that elimination of senescent cells allows recovery of
HSC and HPC metabolic health and an improved metabolic response to
stress. The frequency of TMRM" HSCs increased in both models, suggesting
overall improved mitochondrial function and this increased further or remained
stable following LPS treatment. These findings were similar to those observed
in young mice, but contrast with the results from aged mice where TMRMM
HSC and HPC frequency is low and reduced further after LPS treatment. In
addition, ABT-263 treatment alone increased the utilisation of TCA and
glycolytic metabolites reflecting increased metabolic activity in the HPC
population, this was again enhanced by LPS treatment and reflects the data

observed in young mice.

The data in this study shows that in both of these models senescent BMSCs
are targeted and eliminated by treatment with ABT-263 and GCV in the p16-
3MR mouse model. This is demonstrated by the reduction in BMSC counts
and a downregulation of p16 and p21 expression. Interestingly, this was not
associated with a change in TMRM levels in the BMSCs, suggesting that the
senescent phenotype is not directly linked to mitochondrial function in this
setting. Although it is clear that senescent BMSC contribute to the age-related
metabolic changes in HSC and HPC and are effectively targeted in both in vivo
models, it is also important to consider the role of other supportive cell
populations in the BM microenvironment. Neither the GCV treatment, nor ABT-
263 are specifically targeted at BMSCs and would instead deplete any
senescent cell populations both in the BM and systemically. It would, therefore,
be of interest to investigate the role of senescence in other cell populations
within the ageing BM microenvironment and their impact on the
haematopoietic metabolic function in the future. Furthermore, whilst ABT-263
has been shown to have senolytic activity, the expression of the anti-apoptotic
BCL-2 family of proteins is not unique to senescent cells. As a result, ABT-263
treatment may have a wider, less specific, target cell population that would be
more difficult to fully define. Finally, the systemic effects of these treatments
are likely to be complex and would be challenging to decipher.
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This highlights the clinical limitations of senescent cell depletion and the wider
use of senolytics. In vivo models are a good tool to demonstrate the effect of
eliminating senescent cells and it would even be possible to develop models
in which only specific cell populations are depleted when they acquire a
senescent phenotype. However, as is the case with ABT-263, when using
pharmaceutical agents this specificity is usually lost. Most known targets
associated with the senescent phenotype are not unique to senescent cells
and have other essential functions which, when disrupted, result in unwanted
side effects. Furthermore, one must remember that the process of senescence
and the secretion of the SASP developed as protective mechanisms that are
vital for effective wound healing and tissue repair. Thus, elimination of all
senescent cells or blocking the SASP could have negative implications in the

long term.

The key to ageing research may, therefore, not be to remove senescent cells
entirely but rather to inhibit the effect they have on their surrounding tissues.
Understanding how the accumulation of senescent cells contributes to
pathologies could help to promote tissue health by targeting the processes
impaired by this accumulation. An alternative approach would be to identify
the driving mechanism for the accumulation and impaired clearance of
senescent cells in ageing. It is evident, however, that senescent cells are key
to many age-related pathologies and understanding these processes better

can only be beneficial to our ageing population.
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6.3. Limitations

Although the data in this study improves our understanding of how ageing
alters the metabolic profile of HSCs and HPCs, in particular in response to
stress, it nevertheless has a number of limitations. These relate both to
restrictions when carrying out in vivo work and the ability to isolate and
preserve cell populations ex vivo. The majority of the work for this study was
carried out using in vivo models. In vitro work was limited as any culturing of
cells could alter their phenotypes and particularly affect the ability to compare

young and aged cell populations.

Whilst a primary focus of this study was the HSC population, for many of the
in vitro assays LK populations were used instead. This was partly because
some assays, particularly the seahorse metabolic flux analysis and the
metabolic pathway analysis, require large numbers of cells. Thus, it would
have been difficult to isolate enough HSCs even when pooling samples from
multiple mice. Furthermore, the process of separating out the HSC population
by FACS would have taken much longer than the methods of lineage depletion
and CD117 enrichment. This would have removed the cell populations from
the microenvironment for longer and could potentially have acted a direct
stress stimulus and could, therefore, have influenced the metabolic pathways
of the cell populations.

For the same reason, the majority of transplants were performed using LSKs
and not HSCs, as these can be sorted much faster, therefore limiting the time
the cells are outside the BM microenvironment. However, this could have
resulted in some small differences in the total number of HSCs sorted from
each mouse and subsequently transplanted. This is particularly relevant as the
HSC frequency of LSKs in aged mice is slightly higher than in young mice. It
is therefore possible that in the transplants using LSKs from aged mice more
HSCs were injected than in those using LSKs from young mice. Despite this,
the results remain pertinent as aged mice showed reduced engraftment
compared to young mice and if higher numbers of HSCs had been engrafted,
if anything this difference would be underestimated.
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Another limitation was working with aged mice. All experiments were designed
in keeping with the 3Rs (Replacement, Reduction and Refinement) and Home
Office guidelines to perform humane animal research and prevent animal
suffering. As a result, the total numbers of mice were kept low for all
experiments. As more variability is often observed in aged mice more mice
were used in each treatment group where possible. However, this was at times
limited by the availability of aged mice. In particular, only a small number of
aged p16-3MR mice were available. In addition, occasionally, mice were found
to have tumours at the time of dissection that had not been evident before the
experiment was started, or significant outlying results on analysis and were

therefore excluded.

The availability of aged mouse colonies also limited the transplant set ups. In
all but one transplant, cells from PepCboy mice were engrafted into C57BI/6
mice whilst in the final transplant this was reversed. This was primarily due to
the mice available at the time of the transplant. This is particularly important
for the competitive transplants, as CD45.2 engraftment has been shown to be
slightly favoured over CD45.1 in competitive transplants (255). However, for
each transplant the different treatment groups always had the same direction
of transplant and therefore remain comparable to each other.

It would have been interesting to investigate the effect of transplanting young
HSCs into an aged BM microenvironment. However, this would have required
busulfan treatment of aged mice for three days followed by the transplantation.
Given the vulnerability of the aged mice, it was decided that this would not be
feasible.

Finally, the age of the mice also influenced the treatments that could be given.
Thus, only LPS was used as an infection mimic and at a reduced dose of
0.5mg/kg. As even this low dose caused significant deterioration in aged mice
after 16 hours, alternatives of whole bacterial infections such as salmonella
were not felt to be appropriate given the risk of animal suffering. LPS only has
one target and therefore results in a relatively well controlled and limited
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immune response, whilst whole bacterial infections secrete a number of
virulent factors and therefore trigger a more widespread inflammatory
response. Nevertheless, whilst LPS treatment may not fully reflect the
systemic and localised effect of bacterial infection it remains a useful tool in

studying the kinetics of the BM response to stress.
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6.4. Future work

All primary aims and objectives of this study were addressed in this thesis.
However, as is often the case with research, the result has been a new list of
unanswered questions that could be addressed in the future. In addition, whilst
this study improves our understanding of how ageing changes the
haematopoietic stress response, many aspects of this remain unclear or

unknown.

Firstly, the data from the single cell sequencing of TMRM" and TMRM" HSCs
from young and aged mice remains outstanding. It will be interesting to see
whether this successfully identifies functionally different subpopulations in
HSCs from both young and the aged mice. Furthermore, this could help
identify potential specific targets for interventions to improve overall HSC
function, particularly in the aged HSCs.

In addition, this study only focusses on the BMSCs within the BM
microenvironment. Other BM cell populations are known to be equally
important both in HSC maintenance and in supporting the HSC response to
stress. Adipocytes and the provision of free fatty acids have, for example, been
shown to also be essential for an effective metabolic response to infection in
HSCs (240). Moreover, macrophage function, or rather dysfunction, has been
implicated as a potential mechanism for impaired clearance of senescent cells
in ageing. Investigating how macrophage phenotypes and polarisation
changes both in the BM and in tissue specific macrophages may help to
understand how ageing alters their function and prevents effective clearance
of senescent cells.

Finally, it would be interesting to determine how the observed age-related
changes influence the development of BM malignancies. The incidence of
most BM malignancies increases with age and they appear to thrive in the
senescent BM microenvironment (25, 263). Understanding how the metabolic
changes in the aged BM described in this study promote malignant growth
may help to identify specific targets in the aged BM microenvironment. This
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would require investigations of both animal models and primary human BM
samples from patients with malignancies such as AML or myeloma to

determine how ageing creates a more pro-tumoral microenvironment.
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6.5. Conclusion

In this thesis | have shown how senescent BMSCs drive metabolic changes of
the HSC and HPC populations in aged mice and that this has a direct impact
on the haematopoietic stress response. In addition, | have identified two
functionally distinct HSC populations in both young and aged mice based on
their mitochondrial membrane potential. The significance of this remains to be
explored further once the single cell sequencing has been completed. Here, |
show that HSCs and HPCs from aged mice have impaired metabolic function
at baseline and that their metabolic output cannot be adequately upregulated
in response to stress. Furthermore, this is not simply due to intrinsic changes
of the haematopoietic cell populations, which themselves do not acquire a
senescent phenotype, but rather driven by the accumulation of senescent
BMSCs in the BM microenvironment. Thus, removal of HSCs from the aged
BM microenvironment and transplantation into young mice results in the
recovery of the HSC metabolic health and an improved response to stress. In
addition, depletion of senescent cells from the BM microenvironment using the
p16-3MR mouse model or the senolytic ABT-263 has a similar effect and
results in an improved metabolic response to LPS treatments. Overall, this
study is yet another example of how the accumulation of senescent cells can
impair normal physiological processes and drive disease development. It will
never be possible to entirely reverse or stop the ageing process. Complete
elimination of senescent cells may not be clinically feasible or desirable.
However, perhaps it will one day be possible to target the mechanisms by
which senescent cells drive pathologies and thereby improve the quality of life
of our ageing population. Not to enable them to live forever but, rather so that
they can enjoy a longer disease-free period towards the end of their lives.
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