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Chapter 1

General introduction and outline of the
thesis
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Cellular senescence

Definition and markers of cellular senescence

Cellular senescence represents a cellular state of stable and generally
irreversible growth arrest originally described as one of the main processes
regulating cellular and organismal ageing (Hayflick and Moorhead, 1961).
Senescence acts as a potent tumor-suppressive mechanism by arresting
damaged and potential tumorigenic cells. A major regulator of a senescence-
associated cell cycle arrest is a chronic DNA-damage response (DDR), which
derives from unresolved DNA lesions and triggers activation of cell cycle
inhibitors p21 and/or pl6. Senescent cells are characterized by various
structural changes, including misshaped nuclei, enhanced lysosomal
content and activity, altered mitochondria morphology and differential
plasma membrane composition (Hernandez-Segura et al., 2018a). Other
common features observed in senescent cells are profound changes in their
(epi)genetic landscape and gene expression, persistent macromolecular
damage, and aberrant metabolism and activation of a hypersecretory
phenotype (Gorgoulis et al.,, 2019; Hernandez-Segura et al., 2018a).

The hypersecretory phenotype is defined as the senescence-associated
secretory phenotype (SASP), a collection of chemokines, cytokines, matrix
remodeling proteases, lipids and extracellular vesicles (EVs) (Hernandez-
Segura et al., 2018a). The SASP is a highly heterogeneous program whose
composition depends on various intrinsic and extrinsic factors (Basisty et
al., 2020; Hernandez-Segura et al., 2017). Restricted and localized SASP
contributes to various beneficial functions. It favors correct organ patterning
during embryogenesis, halts malignant transformation by reinforcing cell
cycle arrest and activating tumor immunosurveillance, and promotes tissue
repair (Yun, 2018). By contrast, persistence of senescent cells and SASP has
been associated with chronic inflammation, age-related pathologies, and
a cancer-permissive microenvironment (Campisi, 2000). Consistently, in a
young, healthy individual, senescence is successfully induced in damaged
cells, to ensure correct tissue function and repair, and counteract incipient
oncogenic stimuli, whereas their improper activation and disposal followed by
progressive accumulation with age leads to disease (Figure 1). For this reason,
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interventions selectively targeting cellular senescence hold the potential to
delay ageing and alleviate multiple age-related dysfunctions.

Detection of cellular senescence

Hernandez-Segura et al. have provided protocols for the induction and
validation of cellular senescence in cultured cells (Hernandez-Segura et al.,
2018b). These protocols can also be adapted to detect cellular senescence
in tissue ex vivo. Cellular senescence can be induced by replication stress,
ionizing radiation, ultraviolet radiation, chemotherapy, oxidative stress and
epigenetically. The induction of senescence is determined by a combination
of multiple markers. A common marker of senescent cells is senescence-
associated p-galactosidase (SA-B-gal) activity and it detects the increased
lysosomal content and activity in senescent cells. This is accompanied by EAU
incorporation assays, assessing the cell cycle arrest by alack of DNA replication.
Also, gene expression of cell cycle markers p16 and p21 is upregulated in
senescent cells and is detected using real-time quantitative PCR (RT-qPCR).
The expression of SASP factors are also detected on a gene level by RT-qPCR
and can be confirmed on a protein level using ELISA. The most common SASP
markers are IL6, IL8, IL1a, CXCL1, CXCL10, CCL2, CCL20, PAI1, MMP1, MMP3,
MMP9, but can be expanded depending on the type pathways activated in
the cells. Together, these markers confirm the induction of the senescence
program in cells.

Central nervous system
Cellular composition of the brain

The central nervous system (CNS) is composed of the brain and the spinal
cord, and controls most bodily functions including movement, memory and
thoughts. Neurons make up about 50 percent of the brain (Herculano-Houzel,
2009) with the other 50 percent composed of different types of supporting cells
(Purves et al., 2001). Neurons are the cells responsible for signal transduction
and the transmission of information. The neuronal functions are supported by
cells called neuroglia or glial cells in short. Besides neurons and glia, the CNS
contains endothelial cells, fibroblasts, macrophages, epithelial cells, smooth
muscle cells, and pericytes. The three most important glial cells are microglia,
astrocytes, and oligodendrocytes. Their physiological function and what

11
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Figure 1: Senescence-Centric View of Ageing.

Senotherapeutics

“Trends in Cell Biology

Some of the hallmarks of ageing (Lopez-Otin et al., 2013) (mitochondrial dysfunction,
deregulated nutrient-sensing, loss of proteostasis, epigenetic alterations, telomere attrition,
and genomic instability) induce normal cells to become senescent, which in turn can induce
paracrine senescence in nearby normal cells through senescence-associated secretory
phenotype (SASP). Senescence-promotion through SASP together with a decline in the
immune system activity, converge to induce organismal accumulation of senescent cells. In
aged individuals, chronic accumulation of senescent cells contributes to tissue dysfunction
and increased risk of age-associated diseases development. Nevertheless, senescent cells
elimination with different senotherapeutic approaches can improve healthspan in aged
individuals.

Glial cells from physiology to pathology in ageing
Microglia

Microgliaare the maininnateimmune cells of the CNS regulating neuroimmune
function. While peripheral macrophages are derived from hematopoietic stem
cells, microglia originate from the yolk sac in early embryonic development
(Prinz and Priller, 2014). Microglia are essential for CNS homeostasis due to
their wide variety of supportive properties: synaptic pruning, shaping axonal
projections, supporting activated/overactivated neurons, learning-associated
synapse formation and innate immune responses amongst others (Colonna
and Butovsky, 2017). Microglia, as the tissue macrophages of the brain,
phagocytose dead cells and debris while also surveilling their surroundings
for infections. Furthermore, during demyelination, a process discussed in
more detail in the section about oligodendrocytes, microglia clear cellular
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debris and stimulate the differentiation of oligodendrocyte progenitor cells
(OPCs) into oligodendrocytes by secretion of signaling molecules to improve
remyelination (Baror et al., 2019).

During ageing, the ability of microglia to maintain homeostasis decreases.
In order to investigate this on a transcriptional level, Galatro et al analyzed
the transcriptional profile of purified microglia from 39 human subjects.
Age-associated changes in human microglia were detected and showed
enrichment for genes involved in cell adhesion, axonal guidance, cell
surface receptor expression and actin (dis)assembly (Galatro et al., 2017). In
addition, during ageing, the ability of microglia to engulf protein aggregates
is compromised, microglia have reduced process motility, reduced migration,
reduced chemotaxis, an enhanced response to inflammatory stimuli leading to
enhanced release of inflammatory cytokines, loss of neuroprotective potential
(Spittau, 2017), and impaired support of remyelination (Baror et al., 2019),
thereby negatively influencing the cognitive functioning in the aged brain.

Astrocytes

Astrocytes are tissue-supporting glial cells with an extensive variety of
functions. Astrocytes maintain homeostasis of extracellular fluids, ions and
transmitters; provide metabolites as energy substrates to neurons; regulate
blood-brain-barrier function; support synapse development and plasticity;
and support neural circuit function, neurological function and behavior
(Sofroniew, 2020). In addition, astrocytes are capable of supporting other glial
cells for example oligodendrocytes by promoting OPC differentiation into
oligodendrocytes (Willis et al., 2020).

With age, this support that can be conveyed via extracellular vesicles, is
diminished inageingastrocytes (Willisetal.,2020). Moreover, ageing astrocytes
upregulate genes associated with synaptic transmission or elimination, widely
recognized Alzheimer’s disease (AD) risk genes, peptidase-inhibitor genes,
genes involved in inflammatory pathways, and downregulate genes involved in
cholesterol synthesis (Boisvert et al., 2018; Pan et al., 2020). However, with age,
astrocytes maintain homeostatic and neurotransmission-regulating genes.
The loss of astrocyte function and gain of neuroinflammatory function of
astrocytes might influence cell function in age-associated neurodegenerative
disease (Cohen and Torres, 2019).

13
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Oligodendrocytes

Oligodendrocytes are the myelinating cells of the CNS and are derived from
oligodendrocyte precursor cells, OPCs (Bergles and Richardson, 2016). OPCs
are one of the few progenitors that remain abundant during adulthood in
the CNS, where they retain the ability to generate new oligodendrocytes.
The new oligodendrocytes wrap myelin sheets around unmyelinated axons
of neurons to function as an electric insulator resulting in enhanced signal
transduction speed (Simons and Nave, 2016). Regeneration of myelin, also
called remyelination, occurs after myelin loss, known as demyelination,
through normal ageing or disease, as well as changing patterns of myelination
in response to life experience.

With ageing, myelin thickness decreases and remyelination is reduced
(Neumann et al., 2019). One of the main reasons of diminished remyelination
is the reduced differentiation of OPCs into oligodendrocytes. One of the
causes of impaired oligodendrocyte differentiation is unresolved DNA damage
in aged oligodendrocytes (Tse and Herrup, 2017). Interestingly, age-related
deficits in memory were shown to be improved by stimulating oligodendrocyte
differentiation from OPCs and thereby myelin renewal (Wang et al., 2020).
Renewed myelin sheaths are thinner compared to myelin that was formed
during development. Thin myelin is an indicator of remyelination which
retains axonal function (Duncan et al., 2017). Impaired myelination during
ageing is associated with decreased brain function and impaired recovery in

demyelinating diseases such as multiple sclerosis (MS) (Sim et al., 2002).

Cellular senescence in the central nervous system

Cellular senescence in neurodegeneration

In the past decade, the senescence research field has grown exponentially.
The past 5 years, many studies have been performed on the role of cellular
senescence in the CNS and especially on the effect of senescence on age-related
neurodegenerative diseases. Here, the current view on the role of senescent
cells in neurodegenerative disease will be summarized, and senescence in
Alzheimer’s disease, amyotrophic lateral sclerosis, Parkinson’s disease and
multiple sclerosis will be highlighted.
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Alzheimer’s disease

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disease
causing progressive dementia (Guerreiro and Bras, 2015). It is characterized
by extracellular plaques composed of amyloid-p aggregates and intracellular
neurofibrillary tangles composed of aggregated hyperphosphorylated tau
(Gallardo and Holtzman, 2019). Early-onset familial AD accounts for 5-10 % of
all cases and is strongly linked to causal gene mutations in amyloid precursor
protein (APP) and presenilin (PSEN1/2) genes (Ayodele et al., 2021). Sporadic,
or late-onset AD is a multifactorial disease for which age is the most important
risk factor (Armstrong, 2019).

Cellular senescence in AD has been observed in post-mortem human brain
tissues and has been further characterized using mouse models containing
tau or amyloid pathology. p16™¥2 upregulation, one of the most common and
specific senescence markers, has been described in astrocytes of AD patients
(Bhat et al., 2012). Also, senescence markers p21, p16 proteins, and SA-p-gal
were detected in OPCs in human AD tissues (Zhang et al., 2019). Moreover,
in laser capture micro-dissected cortical neurons containing neurofibrillary
tangles from AD brains, transcriptional upregulation of senescence-associated
genes was observed (Musi et al., 2018). To study AD, many transgenic mouse
modelshave been generated representing familial AD, however no mouse model
fully recapitulates both the pathological aspects and behavioral phenotypes
of AD (Myers and McGonigle, 2019). Increased p16™ [evels were detected
in hippocampal neurons (Wei et al., 2016) and in oligodendrocyte progenitor
cells (Bussian et al., 2018) in amyloid mouse models. In addition, elimination
of senescent oligodendrocyte progenitor cells improved cognitive function
and reduced amyloid load (Zhang et al., 2019). In AD models of dysfunctional
tau protein, genetic or pharmacological elimination of senescent cells have
also been shown to ameliorate disease progression (Bussian et al., 2018; Musi
et al., 2018). This suggests that elimination of senescent cells from the AD
brain might be beneficial for familial AD. More research needs to be performed
to investigate if the same holds true for sporadic cases.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive motor neuron disease.
Mutations in the c9orf72, TDP-43, superoxide dismutase-1 (SOD-1) and fused
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in sarcoma (FUS) genes in combination with environmental factors result
in formation of intracellular aggregates (Bos et al., 2019). These aggregates
together with other disturbed molecular pathways result in neuronal cell
death and activation of glial cells which in turn can also lead to neurotoxicity.

Cellular senescence markers have been identified in patient tissues as well as
in a rat model for ALS. Stainings for p16 and p21 in human port-mortem brain
tissues from ALS patients showed increased p16 and p21 in glial cells, mainly
astrocytes, and increased p21 in neurons compared to tissues of control
donors (Vazquez-Villasenor et al., 2019). In the SOD1G93A ALS rat model,
containing a mutation in the SOD-1 gene, mostly microglia but also astrocytes
and neurons have been found positive for multiple senescence markers (Trias
et al., 2019). All the data together suggests the accumulation of senescent
cells during ALS disease progression.

Parkinson’s disease

The prevalence of Parkinson’s disease (PD), the second most common
neurodegenerative disorder, increases with advanced age (de Lau and Breteler,
2006). PD progression is characterized by tremor, rigidity, and bradykinesia.
Pathologically, PD is characterized by a loss of dopaminergic neurons from
the substantia nigra and neuronal accumulation of aggregated a-synuclein in
Lewy bodies (Kouli et al., 2018).

A recent study with an incident PD cohort identified that both inflammatory
and senescence markers (p16™%4?) derived from blood are valuable predictors of
clinical progression in PD patients (Martin-Ruiz et al., 2020). In experimental
PD models, pathology can be induced either genetically or with neurotoxins
(Terzioglu and Galter, 2008). Senescent dopaminergic neurons have been
detectedinamodel of familial PD (Riessland etal.,2019).In addition, preformed
alpha-synuclein fibrils have been shown to induce cellular senescence in both
astrocytes and microglia in alpha-synuclein injected mouse brains (Verma et
al., 2021). Moreover, in PD mouse models, elimination of senescent cells has
been shown to improve neurological functions. Neurotoxin-induced PD has
been shown to be accompanied by accumulation of senescent cells, while the
elimination of senescent astrocytes by the use of a transgene protected against
neuropathology (Chinta et al., 2018). Furthermore, inhibition of astrocyte
senescence with the antioxidant astragaloside IV confirmed the beneficial
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effect of removing senescent astrocytes in PD (Xia et al., 2020).

Multiple Sclerosis

The auto-immune disease multiple sclerosis (MS) is characterized by lesions
of: demyelination, inflammation, axonal injury and axonal loss. The disease
appears as abrupt onset of focal sensory disturbances that is accompanied
by damage of vision, limb weakness, unsteadiness of gait, and bowel or
bladder symptoms (Huang et al., 2017). In animal models, MS is mostly
investigated using experimental autoimmune encephalomyelitis (EAE) and
cuprizone intoxication (Palumbo and Pellegrini, 2017). EAE is used to study
the inflammatory aspects of MS, whereas cuprizone is used to study the
demyelination and remyelination that occurs in lesions.

Cellular senescence has been proposed as a target for the treatment of MS (Oost
et al., 2018). In the cuprizone model, senescence markers have been detected
in the white matter of the brain. DNA damage response was present in glial
cell nuclei and SA-B-gal was found in demyelinated lesions (Papadopoulos
et al., 2017). Moreover, neural progenitor cells from primary progressive
multiple sclerosis patients were shown to be senescent and elimination of,
the by senescent cells secreted, high-mobility group box-1 (HMBG1) protein
restored oligodendrocyte differentiation (Nicaise et al., 2019).

Taken together, it has been shown that senescent cells play a role in the
progression of neurodegenerative diseases.

Cellular senescence in the ageing brain

Over time, the risk of developing a neurodegenerative disease increases
dramatically. It is important to understand what changes in the brain cause
pathology. To gain insight in these mechanisms, we need to know what occurs
during chronological ageing in the brain. Little is known about the healthy
aged brain and the effect of chronological ageing on senescence in the CNS.

To investigate the transcriptional profile of senescent cells in the aged CNS,
single cell RNA sequencing was performed on aged mouse brains. The data
showed that cerebro-microvascular endothelial cells expressed cellular
senescence markers (Kiss et al., 2020). Moreover, it was shown that vascular
cell senescence compromised blood-brain-barrier integrity (Yamazaki et al.,
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2016). This is highlighting the significance of studying the effect of senescent
cells in the CNS already before development of neurodegenerative diseases.

In adulthood, neurons are only replenished in very limited brain regions.
Neurogenesis occurs in the hippocampus, however Jin and colleagues have
shown that due to the SASP expression of the neuroblasts in the dendrite gyrus,
Natural killer (NK) cells get attracted and eliminate these neuroblasts halting
the neurogenesis (Jin et al., 2021). Elimination of senescent neuroblasts by NK
cells has been shown to negatively impact the ageing brain, due to excessive
removal of neuroblasts. Senotherapy by eliminating specifically senescent
neuroblasts or modulation of the SASP might improve the neurogenesis
by preventing NK cell attraction and the elimination of neuroblasts. Taken
together, these studies show that there is still a large gap in the knowledge of
the impact of senescence cells and removal of these cells on the ageing brain.

Outline of the thesis

Cellular senescence has been shown to play an important role in the
progression of age-related tissue dysfunction in the periphery and removal
of these cells has been shown to improve the health span of aged animals.
However, less is known about the effects of (accelerated) ageing on cellular
senescence in the central nervous system. The goal of this thesis was to gain
more insight into the senescence phenotypes of glial cells and identify which
cells become senescent in the aged brain. This information brings us closer to
the question: should senescent brain cells be removed from the brain or are
they beneficial? In other words: to eliminate senescent brain cells or not to
eliminate senescent brain cells?

In chapter 1, an introduction to senescent cells in the central nervous system
is given. First, cellular senescence is explained. Next, the cellular composition
of the CNS with the focus on glial cells in physiology and ageing is described.
Lastly, the current knowledge of senescent cells in the brain with age and
disease is provided.

In chapter 2, the effect of the modulation of lysosomes on senescent cells
is investigated. First, the effects of senescence induction on lysosomal gene
expression is tested. Next, the effect of three lysosomal modulating drugs on
senescence markers is studied. In addition, the effect of lysosomal modulation
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on lysosomal trapped drug-induced senescence is investigated.

In chapter 3, single-cell RNA sequencing is used to identify distinct age-
dependent pl16"sh subpopulations in the murine brain. First, fluorescence-
activated cell sorting is used to isolate and quantify the amount of p16M¢" cells
in the young and old mouse brain. Next, bulk sequencing is used to identify
differentially expressed gene between p16Me"and p16'°¥ cells. Single-cell RNA
sequencing is used to identify the cell types that express p16 and assess the
differences in subpopulations within cell types.

In chapter 4, the direct and indirect effect of genotoxic stress-induced
senescence in glial cells in vitro and in mice in vivo are characterized.
First, the effect of genotoxic stress inducers on microglia, astrocytes and
oligodendrocytes was assessed. Next, the indirect effect of conditioned medium
from senescence cells on ex vivo organotypic slice cultures was studied. Finally,
the direct and indirect effects of chemotherapy-induced genotoxic stress in
mice was investigated.

In chapter 5, the data presented in experimental chapters 2-4 are summarized
and further discussed. Also, future prospects are described.
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Abstract

Lysosomes are membrane-bound organelles involved in degrading and
recycling macromolecules. Lysosomal activity and accumulation of lysosomal
content are two hallmarks of senescent cells. To investigate the effect of
lysosomal modulation on senescent human fibroblasts, and on senescence
induction in these cells, three lysosomorphic agents were used: Concanamycin
A, Siramesine and L-Leucyl-L-Leucine-O-Methyl esther (LLOMe). Senescence
induction by doxorubicin showed an increase in lysosomal gene expression,
especially LAPTM4A. This increase was not altered by lysosomal modulation,
whereas it did reduce the activity of senescence associated p-galactosidase.
The reduced activity occurred by modulating the lysosomes both after and
before the induction of senescence. Overall, this study showed that senescence-

associated B-galactosidase activity might be subject to lysosomal modulation.

Introduction

Lysosomes are the main degradative compartments of the cell. They are
single membrane bound organelles containing at least 50 different types
of lytic enzymes which are optimally active at an acidic pH. The pH of the
internal lysosomal environment is maintained between 4.5-5 primarily
through the activity of V-type ATPases which actively pump protons through
the lysosomal membrane (Mindell, 2012). Lysosomes mature from endocytic
vesicles through acquisition of specific lysosomal proteins. Lysosomal
enzyme precursors are sorted and delivered through the trans-golgi network
and become (auto)catalytically activated upon their release into the acidic
lysosomes (Wang et al., 2018). Lysosomes obtain content aimed for degradation
through several pathways including endocytosis, crinophagy (fusion with
secretory vesicles), (macro)autophagy, microautophagy (internalization of
cytoplasmic components through invaginations of the lysosomal membrane),
and chaperone mediated autophagy (direct transport of proteins through the
lysosomal membrane) (Cuervo and Dice, 2000). Most substrates are processed
efficiently by the lysosome culminating in the release of small molecules that
can be recycled by the cell and used as building blocks for macromolecules.
However, under conditions of stress, lysosomes can accumulate non-
degradable material in the form of oxidized and highly cross-linked protein
and lipid aggregates generally termed lipofuscin (Hohn and Grune, 2013). As
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cells have no means to dispose of this content, its accumulation increases as a
function of time in non-dividing cells, including senescent cells.

Alterations in lysosomal content and activity is a typical feature of ageing.
The accumulation of lipofuscin —consisting of lipid-soluble, brown to yellow,
and auto- fluorescent pigments— with ageing was already reported in 1842
(Wolf, 1993). Interestingly, lysosomal changes are also clear in senescent cells.
Senescence-associated B-galactosidase (SA-B-gal) activity is often used to
distinguish senescent cells from quiescent and proliferating cells (Dimri et al.,
1995). SA-B-gal is defined as lysosomal $-D-galactosidase activity detected at
suboptimal pH 6, typicallywith the use of achromogenic substrate. Proliferating
and quiescent cells express B-galactosidase activity most optimal at pH 4,
whereas senescent cells also express 3-galactosidase activity at pH 6. Positive
staining of SA-B-gal in senescent cells is explained by the highly increased
lysosomal accumulation of the active enzyme, which allows the development
of a visible effect even in unfavorable pH conditions in which normal cells do
not reach the threshold for detection (Kurz et al., 2000). In senescent cells,
the lysosomal compartment typically expands, likely due to both increased
biosynthesis of lysosomes and impaired elimination of old lysosomes.
Enhanced lysosomal biogenesis is supported by the increased expression of
multiple lysosomal proteins, while accumulation of dysfunctional lysosomes
can be deduced from the detectable increase in lipofuscin content (Hernandez-
Segura et al., 2018). Despite the enlarged hydrolase content, lysosomal activity
is not necessarily enhanced in senescence. In fact, overexpression of lysosomal
proteins might be a compensatory mechanism employed to cope with an
increasingly dysfunctional lysosomal system. It has been suggested that older,
lipofuscin filled lysosomes unable to degrade their contents act as a sink for
newly synthesized enzymes (Park et al., 2018). In order to eliminate cells with
accumulated damage and inactive lysosomes, altered lysosomal activity has
been exploited for the targeting and removal of senescent cells (Dorr et al.,
2013). To expand the knowledge on lysosomal function in senescent cells, the
aim of this study was to investigate the effect of lysosomal modulation on
(pre-) senescent cells.

27



Chapter 2

28

Results

Lysosomal gene expression in doxorubicin-induced senescent
fibroblasts

To further investigate lysosomal content and activity in senescent cells, we
used senescent IMR90 fibroblasts. Senescence was induced in IMR90 cells by a
24 hour treatment with 250 nM of the topoisomerase II inhibitor doxorubicin.
The chemotherapeutic has been shown to induce senescence in multiple cell
types such as cardiac progenitor cells and microglia (Marques et al., 2020;
Piegari et al., 2013). Induction of senescence in IMR90 cells was evaluated by
measuring various senescence markers.

The doxorubicin treated cells exhibited decreased EdU incorporation,indicative
of reduced DNA synthesis, and increased lysosomal activity measured by SA-f3-
gal positivity (Figure 1A-D and Figure S1A). Interestingly, a small percentage
of cells with SA-p-gal activity was observed that incorporated EdU, indicating
these cells were still proliferative, but displayed high lysosomal activity
(Figure S1B).

Real-time qPCR for senescent marker genes showed the increase of p16, p21
and MMPI expression and decrease of LMNBI expression in doxorubicin-
treated cells (Figure 1E). Next, the expression of various lysosomal genes was
examined: a lysosomal ABC transporter involved in cholesterol transport
(ABCA2) (Szakacs and Abele, 2020); lysosomal membrane protein 2 (LAMP2);
V-ATPase subunit (ATP6API); lysosomal enzyme beta-hexosaminidase
(HEXB); trafficking receptor sortilin 1 (SORTI); lysosomal enzyme alpha-
galactosidase A (GLA); lysosomal protein transmembrane 4 alpha (LAPTM4A);
and lysosomal enzyme arylsulfatase B (ARSB). Interestingly, the expression of
various lysosomal genes seemed to be upregulated in the doxorubicin treated
cells (Figure 1F). Taken together, this data shows that expression of lysosomal
genes is altered in senescent IMR90 cells and is reflective of higher Iysosomal
content and activity.
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Figure 1: Effect of doxorubicin-induced senescence on lysosomal gene
transcription.

A: Representative image of a combination staining of EAU and SA-p-gal in proliferating
IMR90 cells B: Representative image of a combination staining of EAU and SA-f$-gal in
IMR90 cells one week after 24h treatment with 250 nM doxorubicin. Quantification of
C: EdU and D: SA-p-gal positive cells between doxorubicin treated cells and proliferating
controls. E: Expression of senescence markers pl6, p21, LMNB1 and MMP1 measured
by qPCR in IMR90s one week after doxorubicin treatment and proliferating controls. F:
Expression of lysosomal genes ABCA2, LAMP2, ATP6AP1, HEXB, SORT1, GLA, LAPTM4A
and ARSB measured by qPCR in IMR90s one week after doxorubicin treatment and

Effect of lysosomal modulation on senescent phenotypes

To investigate the biological function of lysosomes in senescent cells, we
pharmacologically modulated lysosomal activity. We used three different
lysosomal modulating drugs: Concanamycin A, Siramesine and L-Leucyl-
L-Leucine-O-Methyl esther (LLOMe). Concanamycin A is a specific high-
affinity inhibitor of V-ATPases on the lysosomes (Huss et al., 2002). Inhibition
of V-ATPases increases the lysosomal pH, perturbing lysosomal enzyme
function. Siramesine accumulates in lysosomes and causes a rapid but
transient increase in lysosomal pH, but its exact mechanism of action is not
fully understood (Hafner Cesen et al., 2013; Ostenfeld et al., 2008). LLOMe
causes rapid lysosomal membrane permeabilization due to increased intra-
lysosomal osmotic pressure (Repnik et al., 2017).

To determine which concentration of lysosomal modulating drugs was
tolerated by IMR90 cells, a viability assay was performed with a concentration

Percentage of Sa-p-gal positive cells
P o
s 8
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range of each drug (Figure 2A-C). Treatments with lysosomal modulators
were performed for 24 hr, one week after senescence induction by 24 hr of
treatment with 250 nM doxorubicin. Three concentrations were used to
study the effect of lysosomal modulation on lysosome activity, in particular
in regards to SA-B-gal (Figure 2D-P). The loss in SA-B-gal staining shown
by each drug is indicative of an increase in pH or lysosomal disruption.
However, alteration of lysosomal activity was not associated to changes in
the expression of senescence-associated or lysosomal genes (Figure 20Q-V).
Interestingly, when we combined the qPCR data of figure 1F with the data
of figures 3T-V, we observed that LAPTM4A is the only lysosomal gene that
was consistently upregulated in doxorubicin-treated IMR90 cells. Overall,
lysosomal dysfunction was observed by a loss of SA-p-gal staining, but did not
seem to influence gene expression shortly after 24 hr of lysosomal modulation.

Effects of altered lysosomal pH on palbociclib-induced senescence

The previous section demonstrated that pharmacological perturbations of
lysosomal activity lead to reduced activity of senescence marker SA-f-gal of
cells already in a senescent state. To address whether lysosomal activity can
modulate the induction of senescence, we used another model of drug induced-
senescence. Palbociclib is a selective cyclin-dependent kinase 4 and 6 (CDK4/6)
inhibitor and a well characterized senescence inducer (Bueno et al., 2019).
Palbociclib has been shown to be trapped in lysosomes (Llanos et al., 2019)
and thereby potentially prolonging its activity. The trapping might possibly
be an important mediator of the pro-senescence functions of palbociclib.
To investigate if lysosomal modulation had an effect on the efficiency of
senescence induction by palbociclib, we pre-treated BJ fibroblasts, another
cell line that is commonly used to study senescence (Hernandez-Segura et
al., 2017), with 2 different concentrations of concanamycin A and measured
the EdU incorporation and SA-$-gal staining with increasing concentration of
palbociclib. The concentrations for concanamycin A that were chosen had no
effect on the viability of the BJ cells (Figure S2A).

Interestingly, concanamycin A pre-treatment seemed to partly protect cells
against the induction of cell cycle arrest by higher concentrations of palbociclib
(Figure 3A-B). In addition, the SA-B-gal staining is reduced by concanamycin
A pre-treatment (Figure 3C-D). In conclusion, altered lysosomal pH might
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reduce pro-senescence effects of certain stressors, in particular of drugs such
as palbociclib which are normally trapped in lysosomes.
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Figure 2: Effects of lysosome modulating agents on the phenotype of
senescent cells.

Treatments were applied for 24h, one week after induction of senescence. A-C: MTS viability
assay 24h after increasing concentrations of concanamycin A, siramesine or LLOMe
respectively. D-M: Representative images of SA-p-gal staining of early senescent IMR90
cells immediately after concanamycin A, siramesine or LLOMe treatment respectively.
10x magnification. N-P: Quantification of SA-p-gal positive area after concanamycin
A, siramesine or LLOMe treatment respectively, normalized to the doxorubicin control.
Q-S: Expression of senescence markers pl6, p21, LMNB1 and MMP1 measured by qPCR
in IMR90s after concanamycin A, siramesine or LLOMe treatment respectively. T-V:
Expression of lysosomal genes ABCA2, LAMP2, ATP6AP1, HEXB, SORT1, GLA, LAPTM4A
and ARSB measured by qPCR in IMR90s after concanamycin A, siramesine or LLOMe
treatment respectively.
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Figure 3: Effects of Concanamycin A pre-treatment on palbociclib-induced
senescence.

BJ cells with 24h exposure to concanamycin A prior to treatment of 7 days with palbociclib.
A: Representative images of EAU incorporation immediately after removal of palbociclib. B:
Quantification of EAU incorporation shown in Figure 4A. C: Quantification of area positive
for SA-p-gal staining shown in Figure 4D. D: Representative images of SA-[-gal staining
immediately after removal of palbociclib. 10x magnification.
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Discussion

Senescent fibroblasts show increased expression of lysosomal genes, which
was not altered by lysosomal modulation. On the contrary, the activity of
senescence marker SA-B-gal was altered by lysosomal modulation, both before
and after the induction of senescence. SA-B-gal is dispensable for senescence
(Lee et al., 2006), but the presence of SA-f-gal activity in proliferating, EAU
incorporating cells showed that it is not restricted to senescence cells. This
supports the need for more specific and stable markers of senescence and
future studies aimed at identifying biomarkers for senescent cells should be
performed.

A limitation of this study is that the in vitro experiments have been performed
once, with technical triplicates, and should be considered as preliminary data.
The experiments should be repeated for the validation of the findings. For
example, the data that suggested that lysosomal modulation can influence the
induction of senescence by lysosomal trapped drugs. In the literature, this was
confirmed by showing that interference with the accumulation of palbociclib
into lysosomes reduced the minimal dose of palbociclib required for cell cycle
arrest and senescence (Llanos et al., 2019). Lysosomal trapping is an important
mechanism that has been proposed as a mechanism of multidrug resistance
in cancer cells, because it lowers the cytotoxic potential of chemotherapeutics
(Halaby, 2019). Future studies should investigate the potential synergistic or
inhibitory effects of treatment combinations of lysosomotropic drugs and
chemotherapeutics.

Interestingly, the lysosomal gene LAPTM4A was consistently high expressed
in doxorubicin-induced senescent IMR90 fibroblasts. To examine if LAPTM4A
was also upregulated with other types of senescence, we consulted a dataset
regarding transcriptional heterogeneity in senescent cells by Alejandra
Hernandez-Segura and colleagues. LAPTM4A was upregulated with replicative
senescence in two fibroblast cell lines (IMR90 and HFF) (Hernandez-Segura
et al., 2017). The role of LAPTMA4A is not yet completely understood. It is
a multispanning membrane protein mostly located in lysosomes and late
endosomes. It was shown to be involved in the synthesis of glycosphingolipids,
which are part of the cell membrane. LAPTM4A loss resulted in decrease of
biosynthesis of globotriaosylceramide (Gb3), the Shiga toxin receptor, in a
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post-transcriptional mechanism (Yamaji et al., 2019). Recent studies showed
that LAPTMA4A is a short lived protein (Zhang et al., 2021). It is possible
that senescent cells upregulate the transcript of this short-lived protein as
a response to the degradation of LAPTM4A in the high number of lysosomes
these cells contain. Future studies on the dynamics of LAPTM4A are needed
to confirm this hypothesis.

LAPTMA4A was identified as one of nine macrophage phenotypic switch-related
genes correlated to the prognosis of pancreatic adenocarcinoma patients (Li et
al., 2021). This suggests that cells with high LAPTM4A expression are harmful
in the case of pancreatic adenocarcinoma, making it an interesting candidate
to study in more detail. If future experiments confirm the high expression
of LAPTMA4A in senescent cells, the possibility of LAPTM4A as a target for
senescent cells might be valuable to explore.

Overall, this chapter shows the effect of lysosomal modulation on senescence.
Even though the data is preliminary, it provides novel interesting hypotheses
that can be tested with future experiments.

With time, the lysosomes accumulate as well as the content in the lysosomes.
Senolytics such as 2-DG (Dorr et al., 2013) and SSK1-Gemcitabine, a
B-galactosidase-targeted prodrug, (Cai et al., 2020) exploit the altered
lysosomal phenotype of senescent cells to eliminate them. In addition, new
mouse models such as the a-1-fucosidase exploiting model termed QM-NHafuc
(Koo et al., 2021) make it possible to detect, and in this case image, senescent
cells in vivo by harnessing the lysosomal activity of the cells. Moreover, the
model is able to identify senescent cell lacking SA-p-gal expression. These are
examples illustrating the utility of exploring lysosomal biomarkers and targets
for senescence. However, lysosomes do not only accumulate in senescent cells,
but also in non-senescent post-mitotic cells as a result of the accumulation
of damage over time. More research needs to be done to investigate the
consequences of detecting and especially elimination of these non-senescent
cells.
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Materials and methods

Cell culture

Human fetal lung fibroblasts IMR-90 (CCL-186; ATCC) and human foreskin
fibroblasts BJ (CRL-2522; ATCC) were maintained in DMEM + GlutaMAX
(Thermo Fisher Scientific) enriched with 10% FBS and 1% penicillin/
streptomycin, incubated at 37°C in 5% CO, and 5% O,.

Senescence was induced by treatment with 250nM doxorubicin for 24h. Cells
were used 7 to 14 days after treatment. For experiments with cells in the course
of entering senescence, a 7-day treatment with palbociclib was subjected
to the fibroblasts, with 1uM palbociclib considered the standard dosage for
inducing senescence and lower dosages used for comparison.

Concanamycin A, Siramesine and L-Leucyl-L-Leucine-O-Methyl esther
(LLOMe) treatments were performed for 24 hours one week after doxorubicin-
induced senescence, except for the concanamycin A pre-treatment.

SA-B-gal assay in fibroblasts

Cells plated in 6-well or 24-well plates were washed with PBS, fixed in
formaldehyde 2% + glutaraldehyde 0.2% in PBS for 5 minutes and stained
overnight (16-20 hours) in a 37°C incubator. Staining solution was freshly
prepared to a composition of 5mM potassium ferricyanide, 5mM potassium
ferrocyanide, 150mM sodium chloride, 2mM magnesium chloride, 5%
dimethylformamide+0.1% 5-bromo-4-chloro-3-indolyl pD-galactopyranoside
(X-gal) in 40mM citric acid / sodium phosphate buffer at pH 6. Bright field
images were obtained with an EVOS XL Core Cell Imaging System (Invitrogen)
using a 10x objective.

EdU incorporation assay

Cells were cultured in medium containing 10uM 5-ethynyl-2’-deoxyuridine
(EdU, Lumiprobe) for 24 hours, then washed with PBS, fixed with formaldehyde
4% in PBS for 10 minutes and stored in PBS at 4°C for a maximum of 2 weeks. In
preparation for staining, cells were incubated in 100mM Tris(hydroxymethyl)
aminomethane (Tris) at pH 7.6 for 5 minutes, then permeabilized with 0.1%
Triton X-100 in PBS for 10 minutes and washed with PBS. Staining solution was
freshly prepared from 10% sodium ascorbate solution 200mg/ml, 1% copper(II)
sulphate pentahydrate (Sigma) and 0.1% sulfo-cyanine3 azide (Lumiprobe) in
PBS. Coverslips were incubated in staining solution in the dark for 30 minutes,

2
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then washed with PBS and stained additionally with 1ug/ml 4’,6-diamino-
2-phenylindole (DAPI, Sigma-Aldrich) for 10-15 minutes. Coverslips were
mounted on glass slides in ProLong Gold Antifade Mountant (Thermo Fisher
Scientific) and imaged with a fluorescence microscope (DMI14000 B, Leica).

MTS assay

Cells were seeded in 96-well plates at a density of 2500 cells per well. Drug
treatments were performed directly in the plate. 20pl MTS reagent (CellTiter
96 AQueous One Solution Cell Proliferation Assay, Promega) dissolved in
100ul culture medium was added to each well either immediately or 24h after
removal of drug containing medium. Cells were incubated with the reagent
for 3-4h at 37°C. Absorbance was recorded at 450nm and normalized with
respect to the absorbance measured in the acellular wells. Where applicable,
cell number was estimated with the use of a calibration curve plotted from
measurements of wells seeded with 0, 500, 1000, 1500, 2000, 2500, 5000 and
7500 cells respectively.

Real Time-PCR

Cells were washed with PBS and harvested by scraping in the presence of
RLY lysis buffer with 1% p-mercaptoethanol. Samples were processed either
immediately or after several days of storage at -80°C. Total RNA was purified
using a commercial kit (Isolate II RNA Mini Kit, Bioline) according to the
manufacturers protocol. Depending on the amount of RNA extracted, either
75ng, 250ng or 500ng of RNA were reverse transcribed into cDNA in a 30pl
reaction volume using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). qRT-PCR reactions were performed in a 10ul reaction
volume with a cDNA concentration of 0.5ng/ul, using the Universal Probe
Library system (Roche) and the SensiFAST Probe No-ROX Kit (Bioline). Tested
genes were pl6(Cdkn2a), p21(Cdknla), MMPI1, LMNBI1, HEXB, SORT1, GLA,
ATP6AP1,ABCA2, LAMP2, LAPTM4A, ARSB and the expression was normalized
to the expression of two reference genes, Vamp7 and L3mbtI2. A list of primers
is available in Supplemental Table 1.
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Supplemental Table
aamn7 CAAACA GCTTGGTGTGGAG AAATTAAAGGCTCGGGAACG
mbi2 CCAAGACCAAGAGGTTCTGC TTTGGTCGGTGG TCC
bca2 CTATGGCATCCTCACGTGGT GACTTCTGCAGTGGGAAG ACC
[ Arsb CTGCTCACTGGCCGCTAC GGGTAGTATAACCTGCTTCTTTTAGGA
Afpbap1 CCATCTTGCTCCCTCTTCAG CACCTTGTTGGGAGAGATGG
dknTa ACTGTCTTGTACCCTTGTGC GGCGTTTGGAGTGGTAGAAA
CdknZ2a GAGCAGCATGGAGCCTTC CGTAACTATTCGGTGCGTTG
Gla AA GGCAGATGGT AAGAGGCCACTCACAGGAG
Hexb ACCTCTTGATTTTGGCGGTA CATCCACATATTCTCCCCATAGA
Lamp2 AACTAAAAACAAAAGTTCCCAAAG CTTGGAATGAATAACCAACTCACTT
Laptm4a GCC GAAGCACCTCCTC CAGAA CTTCAGGCAGGTAAG
Lmnb GTGCTGCGAGCAGGAGAC CCATTAAGATCAGATTCCTTCTTAGC
Mmp1 GCTAACCTTTGATGCTATAACTACGA TTITGTGCGCATGTAGAATCTG
SortT AAGATATCCTTGAAAGGAACTGTGA CGCAGAAACTGTTCTITTGTAGC
Table 1: Primers used for amplification of reverse-transcribed transcripts of the genes of
interest.
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Abstract

Cells expressing high levels of the cyclin-dependent kinase (CDK)4/6 inhibitor
pl6 (p16Meh) accumulate in ageing tissues and promote multiple age-related
pathologies, including neurodegeneration. Here, we show that the number of
pleétish cells is significantly increased in the central nervous system (CNS) of
2-year-old mice. Bulk RNAseq indicated that genes expressed by p16tih cells
were associated with inflammation and phagocytosis. Single-cell RNAseq
of brain cells indicated pl6Te" cells were primarily microglia, and their
accumulation was confirmed in brains of aged humans. Interestingly, we
identified two distinct subpopulations of p16M¢" microglia in the mouse brain,
with one being age-associated and one present in young animals. Both p16™ish
clusters significantly differed from previously described disease-associated
microglia and expressed only a partial senescence signature. Taken together,
our study provides evidence for the existence of two p16-expressing microglia
populations, one accumulating with age and another already present in youth
that could positively and negatively contribute to brain homeostasis, function,
and disease.

Introduction

Cyclin-dependent kinase (CDK)4/6 inhibitor p16™% (from now on referred to
as pl6) levels gradually increase with age in multiple tissues and organisms
(Herbig et al., 2006; Liu et al., 2009; Melk et al., 2004; Yousefzadeh et
al., 2020). plétish cells actively contribute to ageing and age-associated
dysfunctions by restricting the regenerative potential of the tissue (Martin et
al., 2014) and promoting chronic inflammation (Sanada et al., 2018). Genetic
or pharmacological ablation of p16%ih cells is able to increase health- and
lifespan in mice (Baker et al.,2016; Xu et al.,2018). p16 expression is a common
feature of cellular senescence (Liu et al., 2019), a state of stable and generally
irreversible growth arrest originally described as a key process regulating
cellular and organismal ageing (Hayflick and Moorhead, 1961). Senescent cells
are characterized by various structural changes, including misshaped nuclei,
enhanced lysosomal content and phagocytic activity, altered mitochondria
morphology, and changed plasma membrane composition (Hernandez-
Segura et al., 2018). In addition, senescent cells acquire a pro-inflammatory
phenotype by releasing cytokines and chemokines (a phenotype collectively
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defined as the SASP—senescence-associated secretory phenotype) (Gorgoulis
et al., 2019). Virtually, all cells can up-regulate p16 levels, but this induction
is not always reflected by a fully senescent state. For example, p16 expression
is significantly increased in aged macrophages (Hall et al., 2016), but p16
overexpression can also be observed in young macrophages responding to
physiological stimuli (Hall et al., 2017), (Behmoaras and Gil, 2021). Ageing
leads to a reduction in brain volume and cognition (Peters, 2006) and is the
main risk factor for dementia and neurodegeneration (Wyss-Coray, 2016).
Ageing and neurodegenerative conditions induce a common gene expression
signature in microglia, the resident immune cells of the CNS (Galatro et al.,
2017). Microglia exhibit a hypersensitive and pro-inflammatory phenotype,
known as priming, in particular during ageing and neurodegeneration
(Norden and Godbout, 2013; Perry and Holmes, 2014; Raj et al., 2014). These
primed microglia exert an increased inflammatory response and thereby alter
CNS function (Norden and Godbout, 2013). In addition to primed immune
cells, the accumulation of pro-inflammatory senescent cells in the CNS may
also predispose elderly to neurodegenerative diseases or aggravate disease
etiology (Kritsilis et al., 2018). In the CNS, p16 expression increases during
natural ageing and in brains affected by pathologies such as Parkinson's
disease (PD), multiple sclerosis (MS), and Alzheimer's disease (AD) (Martin-
Ruiz et al., 2020; Nicaise et al., 2019; Zhang et al., 2019). Removal of p16Hish
cells ameliorates the progression of neurodegeneration in amyloid and tau AD
mouse models and in mice exposed to the neurotoxin paraquat (Bussian et al.,
2018; Chinta et al., 2018; Zhang et al., 2019). In a neurodegenerative context,
different cell types become p16Mi" and influence disease progression. A recent
study has attempted to identify senescent cell types naturally occurring in the
murine ageing brain using single-cell transcriptomic profiling, and identified
an enrichment of p16" cells in microglia and OPCs (Ogrodnik et al., 2021).
However, a limitation of single-cell RNA sequencing (scRNAseq) is its ability
to detect low abundant transcripts, which is the case of the p16 transcript.
Here, we aimed to identify p16"is" cell populations in the ageing brain by using
a transgenic mouse model that allows for the isolation of cells expressing p16
at the protein level, and then perform validation of the findings in wild-type
mice and humans.

3

43



Chapter 3

Results

RFPHigh cells expressing inflammatory and phagocytosis-related
genes accumulate in the ageing brain of p16-3MR mice

The p16-3MR mouse contains a monomeric red fluorescent protein (mRFP)
fused to Renilla Luciferase and a truncated herpes simplex virus (HSV)-1
thymidine kinase (tTK), under control of the p16 promoter (Demaria et al.,
2014). In order to evaluate whether the levels of the 3MR transgene and the
number of 3MR"¢" cells increase in the brain with age, we measured RFP signal
and percentage of cells expressing high levels of RFP in 7- to 12-week (defined
young) and 105- to 116-week (defined old) mice by flow cytometry (Figure
S1a). The mean mRFP intensity was significantly higher in old mice (Figure
1a), and the percentage of cells expressing high levels of RFP (RFP"ig") cells
increased >sevenfold with ageing, from ~0.2% in young to ~1.5% in old mouse
brains (Figure 1b). Importantly, the purified RFP"¢" population was enriched in
cells expressing high levels of the p16 transcript (Figure S1b). We then isolated
RFP'* and RFPH&" cells from aged brains and generated gene expression
profiles of both populations using bulk RNA sequencing (RNAseq). Principal
component analysis (PCA) showed significant transcriptional differences
between the RFP* and RFP"i" populations as indicated by the first principal
component (Figure 1c¢).

Differential gene expression analysis revealed 1459 differentially expressed
genes between the two populations (Figure 1d). Among the most enriched
genes in the RFPYis" samples (Table S1) were Cass4 and Apba2 (or Mint2),
which are involved in amyloid synthesis and AD (Beck et al., 2014; Ho et al.,
2008) and genes associated with macrophage activation, like Akr1b3, Angptl7,
and Ticam2 (Qian et al., 2016; Ramana et al., 2006; Seya et al., 2005). To
determine whether gene networks in RFP"ish samples associated with specific
biological or cellular functions, a weighted gene correlation network analysis
(WGCNA) (Langfelder and Horvath, 2008a) was performed, resulting in
branches, or modules, of highly correlating genes (Figure S1c; Table S2). One
of these modules (the “blue” module), involved in phagocytosis and cytokine
production, was significantly enriched in the RFP"ish samples, as reflected by
the Module Eigengene, or first principal component, of the module (Figure 1e;
Figure S1d-h). These data suggest that RFP"i" cells accumulate in the ageing
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Single-cell transcriptomic profiling demonstrates accumulation of
RFP"i9" microglia with ageing in p16-3MR mice

To further characterize the phenotype of the RFPYi" cell population in the
aged mouse CNS, we compared scRNAseq profiles of purified RFP"s" cells to
unsorted CNS cell samples (Figure S2a-d; Table S3). We identified 14 clusters
in the dataset, using unsupervised, graph-based clustering analysis where
each cluster corresponds to a distinct cell type (Figure 2a). The cell types were
identified based on the expression of well-known cell type marker genes:
P2ry12, Cx3crl, and Tgfbrl for microglia; Cldn5 for endothelial cells; Gfap,
Aqp4, and Atp1b2 for astrocytes; Grid2 for Purkinje neurons; Npy and Fabp?7 for
glial restricted progenitors (GRP); Cd3g for T/NK cells; H2-Aa for monocytes;
F13al for CNS-associated macrophages (CAMSs); Pdgfrb for mural cells; Acta2
for neutrophils; Map1b for neurons; Dcn and Collal for fibroblasts; Oligl,
Mobp, and Pip1 for oligodendrocytes; Ms4al for B cells; Ttr for unidentified
population 1 (unknown 1); and Ak7 for unidentified population 2 (unknown
2) (Figure 2b; Table S4). Next, for the total viable and the RFP"" populations,
the distribution of cell types within each sample was compared. Microglia,
astrocytes, and endothelial cells were the most abundant cell types obtained
with our isolation method (total viable population) from aged mouse
brains, while other cell types such as neurons and oligodendrocytes were
less abundant, and most likely underrepresented compared to their normal
physiological distribution in the CNS (Valério-Gomes et al., 2018). Strikingly,
the RFPHis" sample was almost exclusively comprised of microglia (94.6%) and
some glial restricted progenitors (2.6%) (Figure 2c and d). The scRNAseq data
confirmed that microglia expressed CdknZa, the genomic locus containing
pl6, more abundantly compared to other cell types in the CNS (Figure 2e).
To investigate whether microglia showed additional markers of cellular
senescence, the expression levels of a list of 162 senescence-associated
genes in each cell type were evaluated (Table S5). These genes were variably
expressed and not abundantly present in the microglia population (Figure 2f).
These data suggest that RFP"s" microglia accumulate in the ageing brain of
pl6-3MR mice and that their transcriptional profile differs from a classical
senescence-associated gene signature.
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Microglia are enriched in p16 in the brains of wild-type mice and
humans

To confirm the presence of RFPM¢" microglia in aged brains, we used different
methods. First, from the bulk RNAseq list, we investigated the expression
level of cell type-specific genes in the RFP™¢" fraction: Hexb, Cxcrl, P2ry12,
and Tmem119 for microglia; Agp4 and Gfap for astrocytes; Cldn5 and Vcan for
endothelial cells; Rbfox3 for neurons; F13al for CNS-associated macrophages;
Plp1 for oligodendrocytes; and Pdgfra for oligodendrocyte progenitor cells and
fibroblasts (Figure 3a). The expression level of microglia genes was consistently
higher in the RFPHe" samples, while in the RFP** samples, endothelial cell,
oligodendrocyte, and oligodendrocyte progenitor cell markers were more
abundantly expressed. Second, we deconvoluted transcriptomes of the bulk
RFPHigh samples with CIBERSORT, using our single-cell data as the reference
matrix (Table S4). Again, a pattern of enrichment for microglia in the RFPHish
cell population was observed (Figure 3b). To validate the correlation between
p16 and RFP positivity in a non-transgenic background, we measured p16 levels
in wild-type animals. We isolated microglia, astrocytes, and non-microglia/
non-astrocyte (defined as “the rest”) cells from the brain of young and old
wild-type C57BL/6 mouse brains and evaluated the p16 transcript levels of
the isolated populations. Only microglia of old mice revealed a significant p16
upregulation, while no significant differences between young and old mice
were detected neither in astrocytes, a cell population that was minimally
represented in the RFP" cells isolated from aged p16-3MR mice, nor in other
mixed cell types mainly consisting of endothelial cells (Figure 3c). Next, we
evaluated the level of p16 expression in human microglia and cortical CNS
tissue (Galatro et al., 2017). Strikingly, we measured a significant enrichment
for CDKN2A, the genomic locus containing p16, in the microglia population
compared to the total brain samples (Figure 3d). In addition, we determined
the expression levels of CDKN2A in a single-nucleus RNA sequencing data
set of human AD cases and healthy donors (Gerrits et al., 2021). Also, in this
dataset, CDKN2A was most abundantly expressed by microglia (Figure 3e).
Interestingly, lymphocytes and oligodendrocytes, underrepresented in our
mouse scRNAseq, also expressed CDKN2A in human brains. Altogether, these
data confirm that both in the mouse and in the human aged brain, p16Me" cells
are mostly present in the microglia population.
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depicting CDKN2A expression in 450,000 CNS cell nuclei (Gerrits et al., 2021).

**%P<0,0001E: UMAP

49



Chapter 3

50

RFPH9" cells cluster in two distinct and previously unreported
microglia populations

Recent reports based on single-cell transcriptomes identified context-
dependent microglia subtypes (Masuda et al., 2020; Sierksma et al., 2020).
Sub clustering analysis of the entire microglia population from our single-
cell dataset (RFPM¢" and unpurified) revealed 5 distinct subpopulations: 3
previously described—a population which surveils the surroundings and
maintains homeostasis through clearance of cellular debris, called homeostatic
(HOM); a more reactive population, which acquires pro-inflammatory and
antigen-presenting properties, called disease-associated microglia (DAM);
and activated microglia with high interferon signaling (IFN)—and 2 additional
clusters, named unknown microglia clusters 1 and 2 (UM1 and UM2), which
segregated from the known clusters and were almost exclusively derived from
the RFPHigh samples (Figure 4a; Figure S3a). The HOM cluster was depleted in
the RFPM¢" microglia, while DAM and IFN clusters were equally present in both
RFPHigh and RFPLov

Differential gene expression analysis revealed a clear distinction of the RFP!ish
microglia from the total viable population (Figure 4b), even if the expression
of selected senescence-associated genes was not specifically enriched in
the UM1 and UM2 clusters, but seems to be slightly increased in the DAM
cluster (Figure 4c; Figure S3d). Single-cell regulatory network inference
and clustering (SCENIC) analysis identified 43 gene networks differentially
expressed between RFP!s" and total microglia. Interestingly, expression of
genes regulated by Ets2, a transcription factor that positively regulates p16
expression (Kotake et al., 2015), was enriched in RFP"is" microglia (Figure 4d;
Figure S3b). We then investigated the predicted functions of genes upregulated
in the RFPHish microglia. In line with our bulk RNAseq results, two AD risk genes
were upregulated in the RFPHsh microglia. Gsap selectively increases amyloid-f
production (He et al., 2010), a protein that is aggregated in AD, and inositol
polyphosphate5-phosphatase D (Inpp5d) is suggested to contribute to AD in a
non-amyloid-p-dependent fashion (Efthymiou and Goate, 2017). Additionally,
we found genes involved in macrophage motility and myelination. Plxnb2 has
been shown to negatively regulate cell motility (Roney et al., 2011), while Kif13b
regulates myelination in the CNS (Noseda et al., 2016)(Table S4). In addition,
we examined the genes upregulated in each UM cluster. Gene ontology
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analysis for genes enriched in the UM1 cluster showed an enrichment for
genes involved in the ERK/MAPK pathways (Figure 4e) suggested to underlie
CNS inflammation (Kaminska et al., 2009). Genes highly expressed in UM2
microglia were associated with cell cycle response and Rho GTPase signaling
(Figure 4f), a pathway necessary for process motility, which is important for
scanning of the parenchyma (Neubrand et al., 2014). Finally, we compared the
gene expression profile of the RFP"¢" microglia to previously reported disease-
and ageing-associated microglia profiles (Table S5). While both the DAM and
the IFN clusters significantly overlap with previously reported profiles, none
of the investigated gene sets was significantly enriched in our UM1 and UM2
clusters (Figure S3c). Interestingly, when we looked at the expression levels of
UM1 and UM2 cluster marker genes in ageing wild-type mice from the dataset
of Zhang et al. 2020 (Zhang et al., 2020), we observed that UM1 cluster markers
were expressed in microglia at all ages albeit lower at 19 months, while the
expression of UM2 cluster marker genes progressively increased with age in
these wild-type mice (Figure 4g). In summary, these data show that RFP!ish
microglia cluster in two distinct subpopulations with previously unreported
gene signatures which we named UM1 and UM2. UM1 negatively correlates
with age and is characterized by expression of inflammatory genes. In contrast,
UM2 is age-associated and characterized by differential expression of genes
involved in cell cycle regulation and cell motility.

Figure 4: pl6™Me microglia express genes associated with inflammation, cell
cycle response and cell motility.

A: UMAP plots where colors indicate the different clusters within all the sequenced
microglia cells. DAM= damage associated microglia. B: Volcano plot depicting differential
expressed genes between the RFP™s" microglia and total viable microglia. C: Violin plot
showing the expression of senescence genes in each microglia cluster. D: Heatmap showing
the differentially expressed regulons in the SCENIC analysis between all RFPYs" and total
viable microglia. E: GOs significantly enriched in the p16-UM]1 cluster. F: GOs significantly
enriched in the p16-UM?2 cluster. G. Violin plot depicting the expression of UM1 and UM2
cluster markers with age in wild type mice of the dataset from Zhang et al. (Zhang et al.,
2020).
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Discussion

Microglia, tissue-resident macrophages of the CNS, is a heterogeneous cell
population that change over the course of an organism lifespan. Microglia
heterogeneity decreases with age, but several states—for example chemokine-
enriched inflammatory microglia— remain unchanged or increase in aged
brains (Hammond et al., 2019). Moreover, microglia are reported to age in a
regional-dependent manner (Grabert et al., 2016). However, there is still little
understanding of the phenotypical characteristics of microglia subpopulations
in the aged brain. The current study reveals two previously unreported p16-
expressing microglia subpopulations, one with a quite stable expression across
different life stages and one which accumulation significantly increases with
age. Elevated p16 expression is a marker of cellular senescence and has been
used to identify the accumulation of senescent astrocytes (Bhat et al., 2012;
Chinta et al., 2018; Yabluchanskiy et al., 2020), oligodendrocyte progenitor
cells (Nicaise et al., 2019; Zhang et al., 2019), and neurons in the human
ageing brain (Kang et al., 2015) and in mouse models of neurodegeneration.

Moreover, recent data indicated that microglia accumulate p16Mih cells in aged
mouse brains (Ogrodnik et al., 2021). In this study, using both transgenic and
wild-type mice,andvarious publiclyavailable mouse and human transcriptomic
datasets, we identified two distinct subpopulations of p16"s" microglia, one
constantly present and one age-associated, that did not express a classical
senescence-associated gene signature. Absence of a senescence profiling is in
line with a previous study showing that while murine microglia in vitro show
markers of replicative senescence, the microglia of aged mice express higher
levels of p16 but no other typical senescence-associated changes (Stojiljkovic
et al., 2019). Distinct transcriptional changes in each cell population were
found during single-cell sequencing of the aged murine brain (Ximerakis et
al., 2019), indicating that each cell type ages differently. In our single-cell
study, only astrocytes, endothelial cells, and microglia were represented in
large quantities, while other cell types were underrepresented due to our cold
protease isolation procedure. Since we also identified higher expression of
CDKNZ2A in lymphocytes and oligodendrocytes by analyzing a dataset derived
from RNAseq of single nuclei isolated from human brains (Gerrits et al., 2021),
it remains to be seen whether other less represented populations also express
p16 with age. Our data suggest a clear separation of the p16M¢" microglia from
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other microglia populations and the existence of two distinct subsets—one
expressed across the entire lifespan and the other age-associated. A subset of
pl6%ish microglia may be part of a homeostatic mechanism aimed at reducing
damage propagation, via cell cycle arrest and improved phagocytic properties,
and at promoting immune surveillance, via activation of specific secretory
and proinflammatory phenotypes. On the other side, the accumulation of
a subset of pl6tieh cells with age may represent the byproduct of excessive
damage and reduced clearance capacity, which could contribute to detriment
accumulation and loss of tissue homeostasis. Future studies need to address
this issue by evaluating the effects of specifically eliminating specific p16™ish
microglia subsets, and to further characterize the presence and function of
these subsets in the human brain. It will also be important to evaluate whether
current senolytic approaches are eliminating these p16Mi&" microglia subsets,
and the balance between benefits and toxicities of removing such populations.

Materials and Methods

Mice

p16-3MR mice with a C57BL/6 background or wild type C57BL/6 were used
for all experiments (Demaria et al., 2014). Young mice were between 7 and
12 weeks of age, and old mice between 105 and 116 weeks of age. The young
mice were a mix of males and females (n=5), male old mice were used for bulk
sequencing (n=5) and female mice for single cell sequencing (n=4). Young, 18
weeks of age, (n=3) and old, 101 and 104 weeks of age, (n=3) wild-type mice
were used for the isolation of astrocytes, microglia and rest cells. Mice were
raised on a 12-hr light/dark cycle with food and water available ad libitum
and were individually housed. All experiments were performed in the Central
Animal Facility (CDP) of the UMCG, with protocol (15339-02-001) approved
by the Animal Care and Use Committee (DEC) of the University of Groningen.

Cell isolation from mouse brain tissue

Cells were isolated from adult mouse brain using an enzymatic protocol at
4°C. The brains were isolated and dissociated by three rounds of GentleMACS
(m_brain_01, m_brain 02, and m_brain_03) in enzyme mix of 15 mg/ml
Protease (Sigma P5380), 1 mM L-cysteine hydrochloride (Sigma C7477), 0.5
pg/ul DNase (Roche 10104159001) with 10 min incubation in the mix on ice in
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between GentleMACS programs. The homogenized brain samples were passed
through a 100uM cell strainer to obtain a single cell suspension. The cells
were centrifuged at 300 rcf for 10 min at 4°C and the pellet was resuspended in
24% Percoll gradient buffer. 3mL dPBS was pipetted onto the gradient buffer
and myelin was removed by centrifuging at 950 rcf for 20min at 4°C. The cell
pellets were incubated with DAPI and Drag5. Viable cells were FACS sorted
as DAPI*&Draq5P* events. RFPMig" and RFP'" bulk samples were sorted from
individual mice, but for the single cell sequencing, RFP"" (21,500) and total
viable cells (45,000) from four mice were combined each into one lane of a 10X
Genomics Chromium chip.

For the isolation of astrocytes, microglia and rest cells, cell pellets were
incubated with the antibodies CD11b-BV421 (clone M1/70, Biolegend, San
Diego, CA, USA), CD45-FITC (clone 30-F11, Biolegend, San Diego, CA, USA),
CD49d-PE (clone R1-2, Miltenyi Biotec), Acsa2-FITC (clone REA969, Miltenyi
Biotec), PI and Draq5. Microglia were FACS sorted as PI"® Draq5r® CD11bnish
CD45 CD49d ¢ events. Astrocytes were FACS sorted as PI"¢ Draq5°° CD11b"e
CD45"8 Acsa2P* events and rest cells as PI"¢ Draq5r°* CD11b"¢¢ CD45"¢¢ Acsa2"es
events. Bulk samples were sorted from individual mice.

FACS analysis

Flowjo V.10 was used to analyze the mean, median RFP expression, number of
RFP positive cells and viability of cells. Unpaired t-tests were used to compare
the mean, median and number of positive cells. Paired t-test was used to
compare viability.

Real-Time PCR

Total RNA was prepared using the AllPrep DNA/RNA Micro Kit (Qiagen, 80284).
RNA was reverse transcribed into ¢cDNA using a kit (Applied Biosystems).
Quantitative RT-PCR (qRT-PCR) reactions were performed as described
(Demaria et al., 2010) using the Universal Probe Library system (Roche).

Primers used:

p16 #91-F  AATCTCCGCGAGGAAAGC -R  GTCTGCAGCGGACTCCAT
Hprt1 #62 -F  ATCACATTGTGGCCCTCTG -R  GTCATGGGAATGGATCTATCACT
Hmbs #91 -F AGAAAAGTGCCGTGGGAAC -R TGTTGAGGTTTCCCCGAAT
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Bulk RNAseq library construction and sequencing

RNA was isolated from cell pellets with the AllPrep DNA/RNA Micro Kit
(Qiagen, 80284). RNA concentrations were measured on a Qubit using a
HS RNA kit. 2,5 ng of the samples was used for library preparation with the
Lexogen QuantSeq 3° mRNA-Seq Library Prep Kit (FWD) from Illumina. All
libraries were pooled equimolarly and sequenced on a NextSeq 500 at the
sequencing facility in the UMCG.

scRNAseq library construction and sequencing

The single cell cDNA libraries were constructed using the Chromium Single
Cell 3’ Reagents Kit v3 and corresponding user guide (10x Genomics). All
samples were pooled in equimolar ratios and sequenced on a NextSeq 500 at
the sequencing facility in the UMCG.

Gene sets from literature

To compare our microglia clusters with reported microglia phenotypes in
literature, several gene sets were downloaded. From (Sierksma et al., 2020),
EV7 was downloaded and genes with a p val adj < 0.05 and logFC > 0.15
were selected (304 genes) and from EV6 the CPM gene set (521 genes). From
(Hammond et al., 2019), table S1 was downloaded and marker genes from
clusters OA2 and OA3 were selected (136 and 37 genes, respectively). From
(Keren-Shaul et al., 2017), table S2 was downloaded and upregulated genes of
“Microglia3” with a p_val _adj < 0.05 were selected (469 genes). From (Butovsky
and Weiner, 2018), upregulated genes listed in figure 2 were used (29 genes).
From (Gerrits et al., 2020), genes from table S4 with a p_val adj < 0.05 and
logFC > 0.15 were selected (188 genes). From Galatro et al. (2017), Voom
Normalized counts were downloaded from GEO. From Gerrits et al. 2021, the
exact same analyzed data objects as reported in the paper were used as these
were generated by ourselves.

Bulk RNAseq data analysis

Data preprocessing was performed with the Lexogen Quantseq 2.3.1 FWD UMI
pipeline on the BlueBee Genomics Platform (1.10.18). Count files were loaded
into R and DAFS filtering was performed to remove lowly expressed genes
(George and Chang, 2014). A negative binomial generalized log-linear model
was used to model gene expression levels, as implemented in edgeR, adjusted
for mouse since the RFP* and RFP"i" cells were obtained from the same mice
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and differentially expressed genes were determined using a likelihood ratio
test (Robinson et al., 2010). Thresholds were set at abs(logFC) > 1 and p <
0.05. Principal component analysis was performed on logCPM transformed
counts. Visualizations were made with the CRAN package ‘ggplot2’. Heatmaps
were made with the CRAN package ‘gplots’ and rows and columns were
clustered using hierarchical clustering with the ward.D2 method on pearson
correlations. For WGCNA analysis, VST-transformed counts obtained from
DESeq2 were used as input (Langfelder and Horvath, 2008b; Love et al.,
2014). Signed WGCNA was performed using biweight mid-correlations and
the max number of excluded outliers was restricted to 10%. Since we were
dealing with binary data (i.e. two experimental groups) the robust treatment
for the y variable of the biweight mid-correlation was turned off (Langfelder
and Horvath, 2012). Gene ontology analysis was performed on significantly
differentially expressed genes (p < 0.05 and logFC > 0.15) using ‘clusterProfiler’
with a p- and g-value cutoff of 0.05.

scRNAseq data analysis

Raw reads were processed using Cell Ranger 3.0.0 with default settings and
aligned to the mouse mm10 genome. Barcode filtering was performed with
DropletUtils with a threshold on > 250 UMIs. Counts from cellular barcodes
were then extracted from the raw output count matrix from Cell ranger.
Cells with a mitochondrial content >10% were removed from the dataset.
Counts from the different sample groups were merged into one using the
‘Merge’ function from Seurat (v3). Then, the data was SCTransformed with
regression on mitochondrial and ribosomal content and subsequently PCA,
UMAP, finding neighbors and clustering was performed as implemented
by Seurat (Hafemeister and Satija, 2019). For differential gene expression
analysis, raw counts were normalized using the ‘NormalizeData’ function,
then DE genes were identified with MAST. Geneset scores were calculated
using the ‘AddModuleScore’ function. Average gene expression per cluster was
calculated using the ‘AverageExpression’ function. Median of expressed genes
that were mitochondrial per cell: 2.2%; ribosomal: 5.6%; median number of
genes detected per cell: 755.

Regulatory gene network (regulon) analysis was performed using SCENIC,
normalized counts from Seurat were used as input (Aibar et al., 2017). Only
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genes with more than 3 counts and present in at least 0.5% of all cells were
included. GENIE3 and SCENIC were used with default settings (Aibar et al.,
2017; Huynh-Thu et al., 2010). Enrichment of gene sets and regulons in our
scRNAseq data was quantified using AUCell. AUC values are plotted as an
average per group. Regulons with a median AUC < 0.01 were excluded in the
downstream analysis.

From Zhang et al. (2020), the raw count matrices of all mice were downloaded
and raw reads were processed using Cell Ranger 3.0.0 with default settings and
the pre-mRNA package. From the bam file, exonic reads and intronic reads
mapping in the same direction as the mRNA were counted per barcode with
Abacus in order to distinguish barcodes containing nuclear RNA from ambient
and cytoplasmic RNA (Xi et al., 2020). The counts corresponding to these
barcodes were extracted from the raw count matrix generated by Cell Ranger
and loaded in R with Seurat (3.0.3). Nuclei with a mitochondrial content >
5% were removed from the dataset. Count matrices of all mice were merged.
The data was normalized for library size, by a scale factor of 10,000 and log-
transformed. Scrublet was used to identify and remove doublets (Wolock et al.,
2019). Highly variable features (HVGs) were determined using the VST method.
The data was scaled and heterogeneity associated with number of UMIs and
mitochondrial content was regressed out and the data was clustered using
the graph-based clustering approach implemented in Seurat. The microglia
cluster was identified based on expression of P2ry12, Csflr and Cx3crl. Then,
only WT mice were used for further analysis. Geneset scores were calculated
using the ‘AddModuleScore’ function from Seurat.
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Figure S1: WGCNA module expression between cell types.

A: Gating strategy for sorting RFP"" cells by FACS. B: p16 expression measured by gPCR in
old mouse brains. C: List of significant weighted gene correlation network analysis (WGCNA)
modules between RFP'" and RFP"s" samples. D-G: ModuleEigengene expression levels
and gene ontology analysis of WGCNA modules enriched in RFP'" samples. H: UMAPs
depicting the expression of WGCNA modules in all isolated cell types in single cell data set.
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Abstract

Cancer treatments have significantly improved specificity and efficacy in the
past decades in particular with the advent targeted and immunotherapies.
However, less specific interventions based on inflicting genotoxic stress
remain the gold standard for the treatment of cancer patients. Despite their
efficacy, the lack of specificity of genotoxic agents is associated with various
side effects. Among the side effects is the chemobrain, where patients suffer
from cognitive deficits after chemotherapy treatment. The direct and indirect
effects of genotoxic stress on brain cells and cognitive function in cancer
patients is not fully understood. To study the effect of genotoxic stress on
brain cell function, we examined the effect of irradiation and genotoxic
agents on glial cells in vitro, the ex vivo effects of conditioned medium from
genotoxic stress-induced senescent cells on organotypic slice cultures, and
the effects of the chemotherapeutics doxorubicin and methotrexate in vivo.
Markers of cellular senescence were increased in glial cells after the induction
of genotoxic stress, but conditioned medium from senescent cells did not
induce major changes in the slice cultures. Doxorubicin was shown to change
blood cell composition and was shown to have an indirect effect on microglial
gene expression. However, doxorubicin treatment did not result in alterations
in behavior. On the other hand, methotrexate was shown to decrease muscle
endurance and induced atypical behavior in an open field test, but did not
show changes in blood cell composition. Overall, the data shows that genotoxic
stress can induce direct cellular senescence in glial cells in vitro and indirect
changes in glial cells in vivo, which together might play a role in induction of
cognitive deficits after cancer treatments.

Introduction

Cancer treatments have improved dramatically in the past decades, and
consequently the population of cancer survivors has steadily increased
(Siegel et al., 2018). By studying this population, it has become clear that
cancer and its treatment, such as chemotherapy and irradiation, have long-
term unresolved and debilitating side-effects, which often resemble ageing
phenotypes (Tao et al., 2015). Thus, cancer treatment might accelerate ageing
and the onset of a number of age-related pathologies. A common marker in
chemotherapy-treated and ageing organisms is the accumulation of senescent
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cells. Cellular senescence can be induced by multiple stressors such as DNA
damage (genotoxic stress), telomere loss, oncogene activation, excessive
production of reactive oxygen species or treatment with chemotherapeutic
agents. This cell fate is characterized by an irreversible growth arrest and
these cells often secrete a spectrum of inflammatory and other factors, also
called the senescence associated secretory phenotype (SASP) (Watanabe et al.,
2017). The growth arrest is exerted via two main effector pathways, the p53/
p21 and p16™¥4/pRb pathways, which block cell cycle progression through
the inhibition of cyclin dependent kinases. Other hallmarks of senescence
include gross morphological changes, nuclear modifications, metabolic
reprogramming, changes in the structure and function of mitochondria and
lysosomes, and increased resistance to apoptosis (Hernandez-Segura et al,
2018). Senescent cells are important for embryonic development (Munoz-
Espin et al., 2013), tissue repair (Jun and Lau, 2010; Krizhanovsky et al.,
2008), and tumor suppression (Serrano et al., 1997). However, during ageing,
accumulation of senescent cells can contribute to a decline in regenerative
potential, decline in the function of tissues, increased inflammation, and
promote tumorigenesis (Hernandez-Segura et al, 2018). Clearance of senescent
cells has been shown to improve the symptomatology of several diseases
such as atherosclerosis, lung fibrosis or diabetes mellitus, making them an
attractive therapeutic target (Kirkland et al, 2017).

Cognitive deficits due to cancer treatment is a common phenomenon and is
referred to as ‘chemobrain’ (Walczak and Janowski, 2019). The side effects
described by patients as brain fog include loss of memory, attention, processing
speed, and executive function. The duration of chemo brain symptoms ranges
from short to long, with around one third of patients reporting side effects
for months to as long as 5 to 10 y after the cessation of their treatments
(Kovalchuk and Kolb, 2017). Some chemotherapeutics were shown to be even
more toxic to healthy brain cells than to the cancer cells they were designed to
treat (Han et al., 2008). A common denominator between chemotherapeutics
is the induction of genotoxic stress in cancerous, highly proliferative cells,
making them go into apoptosis or senescence. This however, does not only
happen in cancer cells. The effect of genotoxic stress on the brain directly, but
also indirectly is not yet fully understood. Therefore, the goal of this study was
to investigate the effects of genotoxic stress on glial cells.
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Results

Genotoxic stress induces senescence-associated phenotypes in
glial cells

To determine how senescence-associated phenotypes evolve in microglia,
we exposed the murine microglia cell line BV2 to different doses of gamma
irradiation: 5, 10, and 20 Gray (Gy). To assess the effect of irradiation on
BV-2 proliferation, EQU incorporation was quantified after increasing gamma
dosages. A decrease in EdU incorporation was already observed at 5 Gy, which
did not further decrease at higher doses (Figure 1A-B). Furthermore, 10 and
20 Gy of irradiation induced Senescence-Associated (SA) B-galactosidase
(gal) activity (Figure 1C-D). The expression of the cell cycle inhibitors p21
(FigurelE) and p16 (Figure 1F-G and Figure S1A), and of the nuclear lamina
protein Lmnb1 (FigurelE) was not significantly altered. A significant increase
in the expression of the senescence associated secretory phenotype (SASP)
marker [16 was observed after exposure to 10 Gy radiation (FigurelE). Taken
together, gamma irradiation induced senescence in BV2 cells with most
profound expression of senescence markers in cells exposed to 10 Gy.

To study senescence-associated features of other glial cell types exposed to
stress, oligodendrocytes were isolated from the white matter (non-cortical
region) and grey matter (cortical region) of the rat brain. Oligodendrocytes
were subjected to genotoxic stress to promote premature senescence. At first,
we exposed the cells to paraquat, which has been shown to induce senescence
in mouse astrocytes (Chinta et al., 2018). Paraquat induces reactive oxygen
species (ROS) which can damage macromolecules and cellular organelles.
Small changes in senescence gene expression levels and larger changes
in SASP factor Il6 expression levels were observed 10 days after paraquat
treatment (Figure 2A-B). Next, we looked at the effect of ionizing radiation
by exposing cells to 0.5, 2.5, 5, and 10 Gy of y-radiation. Irradiation induced
changes in senescence gene expression, in particular an upregulation of p21
and a decrease of Lmnbl were observed (Figure 2C). Together, these data
suggest that cellular stress can induce senescence in oligodendrocytes and
that the senescent phenotype depends on the stressor.

To study astrocyte senescence, primary astrocytes were treated with different
concentrations of the chemotherapeutic agent methotrexate and gene
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Figure 1: Characterization of radiation-induced senescence in microglia.

A: Representative images of EdU staining in BV2 cells irradiated with 0, 5, 10 or 20 Gy.
B: Quantification of EdU incorporation in BV2 cells irradiated with 0, 5, 10 or 20 Gy.
##%%p<0.0001. C: Representative images of SA-p-gal staining in BV2 cells irradiated with
0, 5, 10 or 20 Gy. D: Quantification of SA-p-gal staining in BV2 cells irradiated with 0, 5, 10
or 20 Gy. *p<0.05 **p<0.01. E: p21, 1l6, and Lmnb1 expression measured by qPCR in BV2
cells irradiated with 0, 5, 10 or 20 Gy. **p<0.01. F: Representative image of the western blot
for p16 of BV2 cells subjected to 0, 5, 10 or 20 Gy of ionizing radiation. G: Quantification
of the western blot for p16 of BV2 cells subjected to 0, 5, 10 or 20 Gy of ionizing radiation.
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expression changes were determined by gPCR. Methotrexate has been shown to
cause cognitive decline through microglial activation, oligodendrocyte lineage
disruption, and astrocyte reactivity, but whether it also induces senescence is
unresolved (Gibson et al., 2019). Methotrexate treatment resulted in minor
changes in the expression of senescence genes in primary astrocytes (Figure
2D-E).
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Figure 2: Characterization of stress-induced senescence in oligodendrocytes
and astrocytes.

A:p21,plé6,Lmnbl, and Il6 expression measured by qPCR in white matter oligodendrocytes
10 days after treatment with 0, 20, 40 or 80 uM paraquat. B: p21, pl6, Lmnbl1, and Il6
expression measured by qPCR in grey matter oligodendrocytes 10 days after treatment with
0, 20, 40 or 80 uM paraquat. C: p21, pl6, Lmnbl, and Il6 expression measured by qPCR
in grey matter oligodendrocytes 10 days after 0, 0.5, 2.5, 5 or 20 Gy ionizing radiation. D:
Normalized values of mRNA expression of senescence and astrocyte markers measured by
RT-qPCR in primary rat astrocytes 7 days after 48h methotrexate treatment. E: Normalized
values of mRNA expression of senescence and astrocyte markers measured by RT-qPCR in
primary rat astrocytes after 1, 2 or 3 rounds of 48h 1uM methotrexate treatment.
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Replication stress induces senescence-associated phenotypes in
glial cells

To further explore the induction and maturation of senescence in glial cells,
we used a model of replicative exhaustion. The expression levels of senescence
genes were determined in primary rat microglia, oligodendrocytes, and
astrocytes short term (3-5 days) and around three weeks (21-26 days) after
plating the cells. Primary microglia were studied at 4 and 25 days in culture.
An increase in mRNA expression of cell cycle inhibitors p21 and p16, and
SASP factor Il6 was observed, but unexpectedly also an increase in Lmnbl
expression, a gene which is typically downregulated in classical senescence
(Figure S2A) (Freund et al., 2012). The expression of SASP factors Il1b, Tnf-a
and Tgf-b seemed to be reduced, but further experiments are required to
confirm this observation.

In oligodendrocytes from the white matter and grey matter of the brain,
the expression of senescence genes was compared between cells that were
cultured for 5 days or 21 days. The expression of cell cycle inhibitors p16,
p21, SASP factor Ii6, and oligodendrocyte differentiation marker Mpb1 were
increased and Lmnbl was decreased in oligodendrocytes after 21 days in
culture (Figure S2B-C). In addition, a decrease in progenitor gene Pdgfra was
observed in non-cortical oligodendrocytes after 21 days. In comparison to
microglia and oligodendrocytes, astrocytes seemed less affected by replication
stress. After 26 days of culture, more than half of the primary astrocytes were
still replicating (Figure S2D-E). Overall, in glial cells senescence was observed,
but additional experiments are required to better characterize the senescent
signatures of glial cells and its functional ramifications.

The SASP of genotoxic stress-induced senescent cells does not
alter on the phenotype of organotypic hippocampal slice cultures

To determine the indirect effect of genotoxic stress-induced senescence on
the brain, we investigated the effect of the SASP in conditioned media of
senescent cells on organotypic hippocampal slice cultures (OHSC). Mouse
embryonic fibroblasts (MEFs) were made senescent by doxorubicin treatment
which was confirmed by the expression of senescence-associated genes by
gPCR (Figure 3A).
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Expression of genes involved in senescence (p21), inflammation (Tnf-a),
glial activation (Hexb, Gfap) and neuro-protection (Bdnf) were measured
by gPCR after 1, 3 and 5 days of treatment with conditioned medium from
senescent MEFs (Figure 3B-F). No significant differences were observed in
gene expression levels. To study the effect of the treatment on the number
and morphology of the cells, stainings for Ibal, a microglia marker, and NeuN,
a neuronal marker, were performed (Figure 3G-H). Again, no differences in cell
numbers were observed. This data suggests that short term exposure of OHSC
to SASP did not change their gene expression or number of cells.

Genotoxic drugs exert variable effect on cognitive and physical
functions in vivo

Methotrexate is a chemotherapeutic agent used to treat cancer in children,
and as an immuno-suppressant drug in chronic inflammatory disorders
(Genestier et al., 1998). In astrocytes in vitro, we detected a small increase in
senescent markers, however induction of senescence in vivo by methotrexate
has not yet been investigated. We used a treatment paradigm that resulted in
cognitive decline in mice, where mice received 3 times a weekly dose of 100 mg
methotrexate starting at an age of 3 weeks (Gibson et al., 2019). We compared
the effects of methotrexate, a known inducer of cognitive deficits (Gibson
et al., 2019), to doxorubicin, a known senescence inducer, to investigate the
effects of genotoxic stress on physical and cognitive functioning in vivo. The
topo isomerase II inhibitor doxorubicin has been previously reported to induce
senescence in peripheral organs in p16 reporter mice (Demaria et al., 2017)
and thereby promoting chemotherapy related side effects. Weight gain was
not affected by methotrexate treatment (Figure S3A), however, as expected,
mice treated with doxorubicin lost weight after treatment (Figure S3B).

In order to determine if methotrexate induced senescence in the periphery, we
investigated the expression of senescence markers in the liver of methotrexate
treated animals compared to their littermate controls. No differences in p21 or
p16 expression were observed between both groups (Figure 4A-B), while the
induction of senescence in the periphery of the doxorubicin treated mice was
confirmed in the liver. The cell cycle inhibitor p21 was upregulated in the liver
of doxorubicin treated animals, confirming the presence of senescent cells in
a peripheral organ (Figure 4C). p16 expression was not increased in the liver
of doxorubicin-treated mice, with the exception of one animal, which did not
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Figure 3: Effect of SASP on organotypic hippocampal slice cultures.

A: Expression of senescence genes measured by qPCR in MEFs 8 days after doxorubicin
induced senescence. ***p<0.001 B: p21 expression measured by qPCR in OHSCs treated
for 1, 3 or 5 days with either conditioned medium from control or doxorubicin-treated
MEFs. C: Tnf-a expression measured by qPCR in OHSCs treated for 1, 3 or 5 days with
either conditioned medium from control or doxorubicin-treated MEFs. D: Hexb expression
measured by qPCR in OHSCs treated for 1, 3 or 5 days with either conditioned medium
from control or doxorubicin-treated MEFs. E: Gfap expression measured by qPCR in OHSCs
treated for 1, 3 or 5 days with either conditioned medium from control or doxorubicin-treated
MEFs. F: Bdnf expression measured by qPCR in OHSCs treated for 1, 3 or 5 days with either
conditioned medium from control or doxorubicin-treated MEFs. G: Representative images
of Ibal staining in OHSCs treated for 1, 3 or 5 days with either conditioned medium from
control or doxorubicin-treated MEFs. H: Representative images of NeuN staining in OHSCs
treated for 1, 3 or 5 days with either conditioned medium from control or doxorubicin-
treated MEFs.

77



Chapter 4

78

show an increase in p21 compared to the control (Figure 4D).

Chemotherapy induces a temporal decrease in white blood cells, but less
is known about the long-term effects of chemotherapy on blood cell type
proportions. The cell numbers were analyzed based on the expression of blood
cell type markers with flow cytometry. T-cells were identified as CD3* cells;
B-cells as B220* cells; granulocytes as CD37/B2207/Gr-1*/side scatter (SSC)Hish
cells; macrophages as CD3/B220-/Mac-1*/SSC* cells. No differences in the
percentages of T-cells, B-cells, granulocytes or macrophages were observed in
methotrexate treated animals (Figure 4E-H). While the number of animals was
too low to detect any differences in T-cell and macrophage numbers, B-cell
numbers were increased in doxorubicin treated mice compared to the vehicle
treated controls and the number of granulocytes was decreased 6 months after
treatment (Figure 4I-L). Together this data shows that doxorubicin has long-
term effects on the immune cell composition.

Next, physical and cognitive functions of the mice were measured. Doxorubicin
has been shown to reduce physical performance which was rescued by the
removal of senescent cells (Demaria et al., 2017). Methotrexate-treated
animals performed worse in a rotarod assay (Figure 4M), while grip strength
was not altered by the treatment (Figure 4N), indicative of a reduction in
endurance but not maximal strength of the muscles. One of the reported
side-effects of methotrexate is altered behavior of mice in an open field test,
namely less time spent in the middle of the arena (Gibson et al., 2019). The
mice traveled the same distance in the open field arena during 10 minutes
(Figure 40), but methotrexate treated mice spent more time in the corners of
the open field compared to controls, in agreement with the data of Gibson et
al. (Figure 4P). Doxorubicin does not cross the blood-brain-barrier, but might
have indirect effects on the CNS. The persistent alterations in blood cell type
numbers suggests a long-lasting effect of the drug. To determine if CNS cells
were affected by doxorubicin, we evaluated changes in neuroinflammation
with the positron emission tomography (PET) tracer !'C-PBR28. Binding
of C-PBR28 to benzodiazepine receptors (PBRs) is increased under
neuroinflammatory conditions, due to the upregulation of the receptors on
activated microglia (Imaizumi et al., 2007). PET scans were performed 2 to
22 weeks after treatment and the standard uptake value was measured. No
difference in 'C-PBR28 signal between doxorubicin treated mice and their
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littermate controls was observed (Figure S3C). Next, we determined whether
doxorubicin had an effect on mouse behavior using novel object recognition
and open field tests. No differences were observed between the two groups in
either the novel object recognition or the open field tests (Figure 4Q-S).

To determine the indirect effect of genotoxic stress induced senescence in
the periphery on the brain, we studied gene expression in microglia isolated
from the cortical and hippocampal regions of the CNS of doxorubicin treated
animals compared to their littermate controls. RNA sequencing showed 693
differentially expressed genes in the cortex with LogFC >1 or <-1 and p<0.05
(Figure 5A) and 723 differentially expressed genes in the hippocampus with
LogFC >1 or <-1 and p<0.05 (Figure 5B). Gene ontology analysis revealed
an enrichment of genes involved in mTOR signaling and depletion of genes
involved cell migration in cortical microglia of doxorubicin-treated mice
(Figure 5C-D). Genes involved in the negative regulation of growth were
enriched and involved in apoptosis signaling were depleted in hippocampal
microglia of doxorubicin-treated mice (Figure E-F). Together with the data
from the periphery, these data show that doxorubicin had effects on the
immune cell numbers in the periphery and caused changes in gene expression
of the resident immune cells of the brain.
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Figure 4: Methotrexate and doxorubicin exert variable effects on cognitive
and physical functions in vivo.

A: p21 expression measured by qPCR in liver tissue from mice treated with methotrexate
compared to vehicle treated control mice. B: p16 expression measured by qPCR in liver
tissue from mice treated with methotrexate compared to vehicle treated control mice.
C: p21 expression measured by qPCR in liver tissue from mice treated with doxorubicin
compared to vehicle treated control mice. ***p<0.001. D: pl6 expression measured by
qPCR in liver tissue from mice treated with doxorubicin compared to vehicle treated control
mice. E: Percentage of CD3 positive cells isolated from blood of methotrexate treated mice
and control mice. F: Percentage of B220 positive cells isolated from blood of methotrexate
treated mice and control mice. G: Percentage of CD3/B220 negative, Gr-1 positive and side
scatter high cells isolated from blood of methotrexate treated mice and control mice. H:
Percentage of CD3/B220 negative, Mac-1 positive and side scatter low cells isolated from
blood of methotrexate treated mice and control mice. I: Percentage of CD3 positive cells
isolated from blood of doxorubicin treated mice and control mice. J: Percentage of B220
positive cells isolated from blood of doxorubicin treated mice and control mice. *p<0.05.
K: Percentage of CD3/B220 negative, Gr-1 positive and side scatter high cells isolated
from blood of doxorubicin treated mice and control mice. *p<0.05. L: Percentage of CD3/
B220 negative, Mac-1 positive and side scatter low cells isolated from blood of doxorubicin
treated mice and control mice. M: Riding time on the accelerating rotation rod of mice
treated with methotrexate and control mice. *p<0.05. N: Maximal grip strength of mice
treated with methotrexate and control mice. O: Distance moved in 10 min in the open field
box by mice treated with methotrexate and control mice. P: Time spend in the corner of the
open field box by mice treated with methotrexate and control mice. *p<0.05. Q: Incidence
of nose point touching the novel over the familiar object in a novel object recognition test of
mice treated with doxorubicin and control mice. R: Distance moved in 10 min in the open
field box by mice treated with doxorubicin and control mice. S: Time spend in the center of
the open field box by mice treated with doxorubicin and control mice. A-B: n=6 for controls
and n=5 for the methotrexate treated group. C-D: n=14 per group. E-H: n=4 per group. I-L:
n=3 per group. M-S: n=14 per group.
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Discussion

Taken together, this study showed that genotoxic stress can directly induce
cellular senescence in glial cells and that genotoxic stress induced indirect
changes in the brain. The question if these indirect effects are due to the
senescent cells and if senescence can also be caused in the brain indirectly
by genotoxic stress remain to be answered. To start to be able to answer this,
we need to define what senescence is. If senescence is a process of irreversible
growth arrest, then post-mitotic cells are already in this state. If we consider
additional senescence-associated markers, such as the SASP and enhanced
lysosomal activity, then also cells unable to proliferate can switch to a
senescent state when they acquire these aberrant functions.

For glial cells, the markers that are used for senescent fibroblasts are the
most appropriate identifiers of senescence so far. However, we need to take
into account that activated glial cells gain a pro-inflammatory secretory
phenotype that might be similar to the factors that are considered to be part
of the SASP. Moreover, senescent cells over time express features similar to
macrophages, such as phagocytosis, while macrophages over time express
features of senescent cells, such as increased expression of p16 and increased
lysosomal activity (Behmoaras and Gil, 2021). More research needs to be
performed to understand the implications of these phenotypic changes. The
effect of elimination of cells that accumulate senescence markers on the brain
is a very important unresolved issue, especially after genotoxic insults, where
more cells might have accumulated senescence-like markers. The extensive
removal of cells in the CNS by senolytics might interfere with the structure
and integrity of the brain.

The indirect effects of the SASP on the organotypic slice cultures were
shown to be limited. However, little is known about the long-term effects
of peripheral senescence on the brain. The SASP cannot only cause an
inflammatory environment, but is also able to induce secondary senescence
(Teo et al., 2019). These cells might not look like primary senescent cells and
might contribute in a different fashion to disease development compared to
the primary senescent cells. Cross talk between organs and especially between
the periphery and the brain is important to understand in order to unravel the
long-term effects of cancer treatments.
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It has been shown that immediately after chemotherapy, and also after 12
months, cellular senescence markers are increased in breast cancer survivors
(Sanoff et al.,2014). Not only direct effects on the CNS play an important role in
the induction of chemo-brain, but also changes in the periphery can influence
the neurocognition of cancer survivors. Even though doxorubicin does not
pass the blood-brain-barrier (Colombo et al.), mice treated with doxorubicin
display cognitive decline (Seigers et al., 2015), raising the possibility that
peripheral cellular senescence is a key player in the induction of chemo-brain
in breast cancer survivors. In our experiments, we could not reproduce the
reported cognitive impairments in mice, suggesting that doxorubicin alone
might not be enough to induce chemo brain, even though we did observe
transcriptional changes in microglia.

Methotrexate treatment showed more direct effects on the brain both in our
dataset as in the literature (Gibson et al., 2019). In contrast, the data on the
doxorubicin-treated mice suggest a more indirect effect of the drug on the
brain. The direct and indirect effects of doxorubicin on neurotoxicity have been
discussed in a recent review article (Du et al., 2021). Even though doxorubicin
has a limited capacity to penetrate the blood-brain-barrier, recent studies
have shown multiple mechanisms by which doxorubicin might directly cause
DNA-damage in neurons. On the other hand, it has also been demonstrated
that doxorubicin induces damage in the periphery that might indirectly
influence the brain via oxidative stress, inflammation, and nitrification
stress. These stresses might be a result from the induction of senescence in
the periphery. Therefore, a next study should investigate whether senolytic
treatment, eliminating peripheral senescent cells, right after chemotherapy
might ameliorate or even prevent the development of chemotherapy-induced
cognitive impairment by decreasing the inflammation and other stressors
induced by the SASP of senescent cells.
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Figure 5: Doxorubicin induced transcriptional changes in microglia from

cortex and hippocampus.
A: Volcano plot depicting differential expressed genes between microglia isolated from the
cortex of control and doxorubicin treated mice. B: Volcano plot depicting the differential
expressed genes between microglia isolated from the hippocampus of control and doxorubicin
treated mice. C: GOs significantly enriched in the microglia from the cortex of doxorubicin
treated mice. D: GOs significantly enriched in the microglia from the cortex of control mice
compared to doxorubicin treated mice. E: GOs significantly enriched in the microglia from
the hippocampus of doxorubicin treated mice. F: GOs significantly enriched in the microglia
from the cortex of control mice compared to doxorubicin treated mice. n=5 per group.
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Materials and methods

Mice

p16-3MR mice with a C57BL/6 background or wild type C57BL/6 were used
for all experiments (Demaria et al., 2014). Mice were raised on a 12-hr light/
dark cycle with food and water available ad libitum and were housed in groups.
All experiments were performed in the Central Animal Facility (CDP) of the
UMCG, with protocol (15339-03-002 and 15539-03-005) approved by the
Animal Care and Use Committee (DEC) of the University of Groningen.

Doxorubicin
Mice were given an i.p. injection of 5 mg/kg on three consecutive days at the
early adult age of 3-5 months

Methotrexate
Mice were given an i.p. injection of 100 mg/kg methotrexate (MTX) dissolved
in PBS on P21, P28, and P35.

Open field

Anxiety was analyzed using an open field test. Animals were handled for 5 days
consecutively for 2 min before the start of the experiment. The experimental
chamber was 40x30x30 cm made of opaque Plexiglas. A camera was mounted
above the chamber to record the animal’s behavior. The mouse was allowed
to explore the arena for 10 min. The camera footage was then analyzed using
Ethovision analysis software. The animal’s willingness to explore the center of
the arena was assessed.

Novel Object Recognition Test

Cognition was analyzed using the novel object recognition task (NORT).
Training of the NORT started 1 day after the open field test in the same chamber,
but now with two identical objects: soda cans with paper rooftops. Each time
the mouse was placed into the chamber, the mouse was placed in between the
objects in the center of the chamber. During the training phase, the mouse was
allowed to explore the identical objects for 15 min. During the testing phase
24 hours after the training phase, one of the familiar objects was replaced
by a novel object, a glass vase. The mouse was returned to the experimental
chamber and allowed to explore for 10 min. The objects used as novel and
familiar were counterbalanced, as was the position of the novel object from
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trial to trial, animal to animal. The camera footage was then analyzed using
Ethovision analysis software, and any exploratory head gesture within 2 cm
of the Lego object was measured. Only animals that explored the objects for
a minimum of 30 s were included in the analysis. The Recognition Ratio was
determined by taking the ratio of the amount of time spent investigating the
novel object compared to the time spent investigating the familiar object.

Rotarod

For the rotarod test, mice were placed on the beam of a rotarod (IITC Rotarod)
facing in the opposite orientation to rotation. The speed was gradually
accelerated to a maximum of 30 rpm. The latency before falling was measured
for 4 trials at 1 h intervals.

Maximal grip strength

A Grip Strength Meter was used to measure forelimb grip strength. As a mouse
grasped the bar, the peak pull force in Newton (N) was recorded on a digital
force transducer. The mouse was allowed to grasp the bar mounted on the
force gauge. The gauge was reset to ON after stabilization and the mouse’s
tail was slowly pulled back by a researcher. Tension was recorded by the gauge
at the time the mouse released its forepaws from the bar. We performed 3
sets of 5 consecutive measurements. From each set, the highest number was
recorded.

Positron Emission Tomography (PET)

[11C]-PBR28 was synthesized following a previously described procedure
(Parente et al., 2016). The mice were anesthetized with isoflurane (5%
for induction, 1-2.5 % for maintenance) mixed with oxygen. Mice were i.v.
injected in the penile vein, therefore only male mice were used, with 7-9 Mbq
[11C]-PBR28 and were then placed in a small animal PET scanner (Focus 220,
Siemens Healthcare, USA) with their head in the center of the field of view. A 30
min static scan was performed 30 min after the injection. A transmission scan
was acquired using a *’Co point source for attenuation and scatter correction.
Analysis was performed in PMOD.

Blood cell sort

Blood was taken via heart puncture with a heparinized syringe and stored on
ice. Red blood cells were lysed for 10 min lysis with erylysis buffer at room
temperature. The samples were centrifuged at 450 rcf and supernatant was
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discarded. Cell pellets were incubated with the antibodies CD3-APC, Gr-1-
PECy7, Mac-1 PECy7, and B220-FITC all from Biolegend, and analyzed with
flow cytometry.

Cell isolation from mouse brain tissue

Microglia were isolated from adult mouse brain using an enzymatic protocol
at 4°C. The brains were isolated, hippocampus and cortex were separated, and
dissociated by three rounds of GentleMACS (m_brain 01, m_brain 02, and m_
brain_03) in enzyme mix of 15 mg/ml Protease (Sigma P5380), 1 mM L-cysteine
hydrochloride (Sigma C7477), and 0.5 pg/ul DNase (Roche 10104159001) with
10 min incubation in the mix on ice in between GentleMACS programs. The
homogenized brain samples were passed through a 100 uM cell strainer to
obtain a single cell suspension. The cells were centrifuged at 300 rcf for 10
min at 4°C and the pellet was resuspended in 24% Percoll gradient buffer.
3 mL dPBS was pipetted onto the gradient buffer and myelin was removed
by centrifuging at 950 rcf for 20 min at 4°C. The cell pellets were incubated
with DAPI and Drag5. Cell pellets were incubated with the antibodies CD11b-
BV421 (clone M1/70, Biolegend, San Diego, CA, USA), CD45-FITC (clone 30-
F11, Biolegend, San Diego, CA, USA), CD49d-PE (clone R1-2, Miltenyi Biotec),
PI and Draq5. Microglia were FACS sorted as PI"¢ Draq5r° CD11bMeh CD45int
CD49d"s events. Bulk samples were sorted from individual mice (n=5 for all

groups).
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Real-Time PCR

Total RNA was prepared using the AllPrep DNA/RNA Micro Kit (Qiagen, 80284).
RNA was reverse transcribed into ¢cDNA using a kit (Applied Biosystems).
Quantitative RT-PCR (qRT- PCR) reactions were performed as described
(Demaria et al., 2010) using the Universal Probe Library system (Roche).

Primers used are listed in the tables below.

Gene #probe Forward Reverse
mCxcl1 #83 GACTCCAGCCACACTCCAAC TGACAGCGCAGCTCATTG
mMmp9 #83 AGACGACATAGACGGCATCC TCGGCTGTGGTTCAGTTGT
mMmp3 #89 TTTTGGCCATCTCTTCCATC CTCCTCGTGCCCTCGTATAG
mpl6 #91 AATCTCCGCGAGGAAAGC GTCTGCAGCGGACTCCAT
mp21 #16 AACATCTCAGGGCCGAAA TGCGCTTGGAGTGATAGAAA
mLmnbl1 #15 GGGAAGTTTATTCGCTTGAAGA ATCTCCCAGCCTCCCATT
mCxcl10 #3 GCTGCCGTCATTTTCTGC TCTCACTGGCCCGTCATC
mCcl2 #62 CATCCACGTGTTGGCTCA GATCATCTTGCTGGTGAATGAGT
mCcl20 #73 AACTGGGTGAAAAGGGCTGT GTCCAATTCCATCCCAAAAA
mPai-1 #5 TTCCTCTCTTTTCATTATGCACTG CATTTGGGGCCCTATGGTA
mGdnf #70 TCCAACTGGGGGTCTACG GACATCCCATAACTTCATCTTAGAGTC
mll6 #78 TCTAATTCATATCTTCAACCAAGAGG TGGTCCTTAGCCACTCCTTC
mBdnf-1 #80 GCATCTGTTGGGGAGACAAG TCACCTGGTGGAACATTGTG
mHprtl #62 ATCACATTGTGGCCCTCTG GTCATGGGAATGGATCTATCACT
mHmbs #91 AGAAAAGTGCCGTGGGAAC TGTTGAGGTTTCCCCGAAT
mHexb #41 CCATTGTTTGGCAAGAAGTTT TTCCACACTTCGACTACTGTGC
mGfap #64 ACAGACTTTCTCCAACCTCCAG CCTTCTGACACGGATTTGGT
mTnfa #25 CTGTAGCCCACGTCGTAGC TTGAGATCCATGCCGTTG
mlIllb #38 AGTTGACGGACCCCAAAAG AGCTGGATGCTCTCATCAGG

Table 2: Mouse primers
Gene #probe Forward Reverse
p21 #16 GACATCTCAGGGCCGAAA GGCGCTTGGAGTGATAGAAA
rpl6 #42 GGGCTTCCTAGACACTCTGGT GTGATGTCCCCGCTCTAGG
rLmnb1 #55 GAGGATGTGAAGGTTGTGTTGA TGAAGACTGTGCTTCTCTGAGC
rll6 #106 CCTGGAGTTTGTGAAGAACAACT GGAAGTTGGGGTAGGAAGGA
rHprt1 #22 GGTCCATTCCTATGACTGTAGATTTT AACAATCAAGACGTTCTTTCCAG
rHmbs #49 AGGATGGGCAACTGTACCTG CCTCTGGACCATCTTCTTGC
rp53 #69 GCTCCCCTGAAGACTGGATAA CTGTGGTGGGCAGAATATCAT
rTnfa #15 TCTGTGCCTCAGCCTCTTCT GGCCATGGAACTGATGAGA
rIl-1b #42 ACAGACCCCAAAAGATTAAGGA CGAGATGCTGCTGTGAGATT
rTgf-b #56 TCAGACATTCGGGAAGCAGT ACGCCAGGAATTGTTGCTAT
rMbp1 #13 TACCCTGGCTAAAGCAGAGC GGGAGCCGTAGTGGGTAGTT
rOligl #4 GGTGGACAAACCCAGCTC AGCTGCCTTGCTGTGGTTA
rOlig2 #21 CAGAGACCCGAGCCAACA TCCTTTTTCAACCTTCCGAAT
rPdgfra #9 CCCTGGAGAGGTGAGAAACA TTGATGGACGGGAGTTTGAT

Table 3: Rat primers
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Bulk RNAseq library construction and sequencing

RNA was isolated from cell pellets with the AllPrep DNA/RNA Micro Kit
(Qiagen, 80284). RNA concentrations were measured on a Qubit using a
HS RNA kit. 2,5 ng of the samples was used for library preparation with the
Lexogen QuantSeq 3° mRNA-Seq Library Prep Kit (FWD) from Illumina. All
libraries were pooled equimolarly and sequenced on a NextSeq 500 at the
sequencing facility in the UMCG.

Bulk RNAseq data analysis

Data preprocessing was performed with the Lexogen Quantseq 2.3.1 FWD
UMI pipeline on the BlueBee Genomics Platform (1.10.18). Count files were
loaded into R and DAFS filtering was performed to remove lowly expressed
genes (George and Chang, 2014). A negative binomial generalized log-linear
model was used to model gene expression levels, as implemented in edgeR,
differentially expressed genes were determined using a likelihood ratio test
(Robinson, McCarthy and Smyth, 2010). Thresholds were set at abs(logFC) > 1
and p < 0.05. Volcano plots were made with the CRAN packages ‘ggplot2’ and
‘ggrepel’. Gene ontology analysis was performed on significantly differentially
expressed genes (p < 0.05 and logFC > 0.1) using Metascape.

Primary cell cultures

Primary rat microglia, astrocytes and OPC cultures were prepared as previously
described (Lentferink et al., 2018). Microglia were maintained at 37°C in a 5
% CO, atmosphere in microglia medium containing DMEM 41965-062, 100 U
penicillin and streptomycin, 4mM L-glutamine, 5 ml pyruvate and 10% FCS.
Astrocytes were maintained at 37°C in a 5 % CO2 in O2A medium containing
DMEM 41965-062, 100 U penicillin and streptomycin, 4mM L-glutamine, and
10% FCS. OPCs were synchronized to the bipolar early OPC stage by addition
of 10ng/ml platelet-derived growth factor-AA (PDGF-AA; Peprotech, cat. no.
100-13A) and 10ng/ml human fibroblast growth factor-2 (FGF-2; Peprotech,
cat. no. 100-18B) 1hour after plating. After 2 days OPCs were allowed to
differentiate in Sato medium supplemented with 0.5% fetal bovine serum
(FBS). For inducing ionizing radiation-induced senescence, cells were exposed
to 0.5, 2.5, 5, or 10 Gy from a Cesium-137 source according to the instruction
manual (IBL 637 Cesium-137y-ray machine, UMCG), and analyzed 10 days
later. Paraquat (36541) treatment of 20, 40 or 80 uM was added 1 day after
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plating and effects were measured 10 days later.

Primary mouse astrocytes were prepared after microglia shake off described
previously by Schaafsma and colleagues (Schaafsma et al., 2015). Astrocytes
were maintained at 37°C in a 5 % CO2 in Dulbecco's Modified Eagle Medium
(DMEM) high glucose, GlutaMAX (10569-010, Gibco) supplemented with 10 %
(v/v) fetal bovine serum (FBS) (10270106, Gibco) and 100 units/ml penicillin
and 100 pg/ml streptomycin. Astrocytes were subjected to 48 hours of 10 uM
or other concentrations stated in the figure of methotrexate (J66364.MD) and
analyzed 7 days after treatment.

Cell culture

BV2, murine microglia cells, and B] cells were maintained at 37°C ina 5 %
CO2 and 5% 02 atmosphere. Cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) high glucose, GlutaMAX (10569-010, Gibco) supplemented
with 10 % (v/v) fetal bovine serum (FBS) (10270106, Gibco) and 100 units/
ml penicillin and 100 pg/ml streptomycin. For inducing ionizing radiation-
induced senescence, cells were grown to 70-80% confluency, exposed to 5, 10,
or 20 Gy from a Cesium-137 source according to the instruction manual (IBL
637 Cesium-137y-ray machine, UMCG), and analyzed 7 days later. Control
cells were mock irradiated. The medium of treated cells was replaced every 48
hours.

Edu incorporation assay

EdU incorporation assay was performed according to the protocol of Alejandra
Hernandez-Segura and colleagues (Hernandez-Segura et al., 2018). In short,
the cells were washed twice with 1x PBS and fixed with 4% formaldehyde, in
PBS for 10 min at RT. Then, the cells were incubated for 5 min in 100 mM
Tris pH 7.6, and permeabilized in 0.1 % Triton X-100 in PBS for 10 min. After
washing 3x with 1x PBS, the cells were incubated for 30 min with EdU staining
solution in the dark. Afterwards, cells were washed three times with 1x PBS, and
mounted with mounting media including 2 pg/ml DAPI onto coverslips. The
samples were imaged with a fluorescence microscope (DMI4000 B, Leica), and
quantified with Fiji. For quantification at least 100 cells were counted of DAPI
and EdU, and the percentage of cells that incorporated EdU was quantified by
using the following formula: EdU positive cells (%) = (EdU positive cell count
(Cy3)/total cell count (DAPI)) * 100.



Direct and indirect effects of genotoxic stress-induced senescence in glial cells

SA-B-gal staining

SA-B-gal staining was performed according to Alejandra Hernandez-Segura,
et al. (Hernandez-Segura et al., 2018). In short, the cells were washed twice
with 1x PBS and fixed with 2% formaldehyde + 0.2% glutaraldehyde in PBS for
5 min at RT. Then washed twice with 1x PBS before incubation with SA-p-gal
staining solution at 37 °C for 5-6 hours. Afterwards, the cells were washed with
1x PBS, and samples were taken with EVOS xI core (v. 1.0.198, life sciences).
For quantification at least 100 cells were counted and the percentage of SA-f-
gal positive cells was evaluated.

Western blot

Protein samples were prepared by washing the cells twice with cold PBS.
Whereafter theywere collected in PBS and centrifuged at 4 degrees at max speed
for 30 seconds. Supernatant was removed after which the cell pellet was snap
frozen. RIPA buffer (ab156034) + protease and phosphatase inhibitor (A32959)
was added to the pellet (35-50ul) whereafter it was sonicated for 7 cycles 30 sec
on 30 sec off. Concentration was measured using a Pierce BCA assay kit from
Thermo Fisher Scientific (10741395). 40 ng of protein plus laemmli buffer was
loaded in 12 ul in a 4-20% Mini-PROTEAN® TGX™ Precast Gel (4561096).
The gel ran at 80 volts and switched to 100 volts after 15 min. Semi dry transfer
with 0.2 pm PVDF (1704273) Trans-Blot Turbo Transfer System was performed
according to the manufacturers protocol. The membrane was cut at 70 kb. The
top half was incubated with 5% milk in TBS-T for an hour and overnight with
1:2000 monoclonal Anti-Vinculin antibody produced in mouse, clone hVIN-1,
ascites fluid (V9131). The bottom half was incubated with 5% BSA TBS-T for an
hour and overnight with 1:1000 anti-CDKN2A/p16INK4a antibody [EPR20418]
(ab211542). After washing in TBS-T, membranes were incubated for an hour
with 1:1000 goat-anti-mouse peroxidase conjugated immunoglobulins DAKO
P0447 or goat-anti-rabbit peroxidase conjugated immunoglobulins DAKO
P0448. The signals were visualized by chemiluminescence (ECL, Amersham
Life Technologies) using ImageQuant LAS 4000 mini imaging machine (GE
Healthcare Bioscience AB). Fiji was used for the quantification of the bands.
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Conditioned medium

MEFs P7 were maintained at 37°C in a 5 % CO, and 5% O, atmosphere. Cells
were cultured in Dulbecco's Modified Eagle Medium (DMEM) high glucose,
GlutaMAX (10569-010, Gibco) supplemented with 10 % (v/v) fetal bovine
serum (FBS) (10270106, Gibco) and 100 units/ml penicillin and 100 ug/ml
streptomycin. For induction of senescence, cells were treated with 250 nM
Doxo for 24 hours. After 7 days, the medium was changed to DMEM+0.2% FBS.
After 24 hours, the medium was collected and adjusted to cell number. The
conditioned medium was concentrated using Amicon centrifugal spin filter
units (MWCO 3.5 kDa). The medium was centrifugated for 40 minutes at 4
degrees 3900g in the spin filter units.

Preparation and staining of OHSC

Organotypic hippocampal slice cultures were prepared as described previously
(Zhang et al., 2021) from C57BL/6 mice according to protocol (15360-02-001)
approved by the Animal Care and Use Committee (DEC) of the University of
Groningen. The slice cultures were kept at 35°C in a humidified atmosphere
(5% CO2). On the first day after preparation, OHSCs were treated with
conditioned medium for 48h. OHSCs were kept for up to 5 days and the culture
medium with conditioned medium was refreshed every 2days. After fixation
with 4% PFA overnight at 4°C, OHSCs were processed for immunofluorescence
staining. Slices were blocked for 1 hr with 5% normal donkey serum and
thereafter incubated with a primary antibody against Ibal (1:1,000; Wako,
019-19741) or NeuN (1:1000; chemicon, Mab377) overnight at 4°C. On the
next day, after washing thrice with 1x PBS, Alexa Fluor 488 donkey anti-rabbit
(1:333; Invitrogen, A21206) or Alexa Fluor 488 donkey anti-mouse (1:333;
Invitrogen, A21202) secondary antibody was added. After 1hr of secondary
antibody incubation, sections were washed and incubated in Hoechst solution
(1ug/ml, Sigma-Aldrich, 14530) for 5min. After washing, the slides were
mounted with Mowiol mounting medium on glass slides. Image acquisition
was performed using a Leica SP8 confocal microscope system (TCS SP8, Leica
Microsystems).



Direct and indirect effects of genotoxic stress-induced senescence in glial cells

Statistics

GraphPad Prism 8 was used for the statistical analysis of all experiments
except for the RNA sequencing. Ordinary one-way ANOVA with multiple
comparisons was performed for grouped data and unpaired t-test to compare
chemotherapy treated mice with their littermate controls.
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Supplemental figures
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Supplemental figure 1: Western blot for p16 of irradiated BV2 cells.

A: Image of the total western blot of the three biological triplicates of BV2 cells subjected
to 0, 5, 10 or 20 Gy of ionizing radiation.
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Supplemental figure 2: Culture stress induced senescence in glial cells.

A: Expression of senescence genes measured with qPCR in primary rat microglia of 25
days compared to 4 days in culture. B: Expression of senescence and oligodendrocyte genes
measured with qPCR in primary rat white matter oligodendrocytes of 21 days compared to 5
days in culture. C: Expression of senescence and oligodendrocyte genes measured with qPCR
in primary rat grey matter oligodendrocytes of 21 days compared to 5 days in culture. D:
Representative images of EAU staining in primary rat astrocytes 3 and 26 days in culture.
E: Quantification of Edu incorporation in primary rat astrocytes 3 and 26 days in culture.
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Supplemental figure 3: Doxorubicin induces weight loss in contrast to
methotrexate, but no increased neuroinflammation.

A: Weight gain over time of mice treated with methotrexate and control mice. B: Difference
in weight of mice before and 6 weeks after doxorubicin treatment. ****p<0.0001. C: Average
uptake of 11c-PBR28 in the brains of mice treated with doxorubicin and their controls over
a period of 22 weeks. SUV= standard uptake value. A: n=6 for controls and n=>5 for the
methotrexate treated group. B: n=14 per group. C= n=3 per group.
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Summary

With the increasing evidence of the beneficial effects of the elimination of
senescent cells during ageing, and the growing number of clinical trials
investigating the effect of senolytics in the human body, it is important to
understand the impact these drugs might have on the CNS. To understand this,
we need to expand our knowledge on the cell types in the CNS that become
senescent and if this process is beneficial or detrimental for the ageing brain.
In this thesis, we investigate the natural and accelerated ageing phenotype of
CNS cells.

In chapter 1, I describe the current knowledge on how cellular senescence
develops in the CNS. First, I give a general overview of what the most
common senescence-associated phenotypes are. Next, I describe the cellular
composition of the brain, the role of glial cells and age-related changes. Last,
I portray the evidence of cellular senescence in neurodegeneration and brain
ageing.

In chapter 2, we study the effect of modulating lysosomal activity in senescent
human fibroblasts. We show that three lysosomal modulating agents affect
activity of the senescence-associated $-galactosidase, but not lead to changes
in growth arrest or SASP. In addition, we show that pre-treatment of fibroblasts
with one of the agents reduces senescence induction by the CDK4/6 inhibitor
palbociclib, which action is related to lysosomal trapping.

In chapter 3, we use the p16-3MR mouse model to identify pl16 expressing
cells in the aged brain. p16Mi" cells were sorted from brains of young and old
mice and characterized using bulk and single cell sequencing. We show an
increased number of p16Mih cells in the brain of old mice compared to the
brain of young mice. Using bulk sequencing, we show that the differentially
expressed genes between the p16Ms" and pl6™* cells are mostly related to
phagocytosis and inflammation. With cluster analysis of the single cell data,
we show an enrichment of microglia in the p16"" population. We confirm
that microglia in wild-type mice and human brain have high p16/CDKN2A
expression. With additional clustering within the microglia population of the
single cell data, we identify two novel distinct sub-populations enriched in the
pl6™ieh microglia. These previously unidentified microglia clusters change in
abundance over time. Cluster 1 is stably present, but decreases with old age
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and cluster 2 increases during the course of ageing.

In chapter 4, we investigate the effects of genotoxic stress-induced
senescence on glial cells. We find that genotoxic stress induced the expression
of senescence-associated markers in cultured glial cells. We measure indirect
effects of SASP on brain cells with the use of organotypic hippocampal
slice cultures. We find no changes in gene expression or cell numbers in the
slice cultures treated with conditioned medium from senescent fibroblasts
compared to slice cultures exposed to conditioned medium from proliferating
fibroblasts. We measure the effects of two chemotherapeutics, methotrexate
and doxorubicin, in vivo to investigate direct and indirect effects on the brain.
Methotrexate reduces muscle endurance of mice and increases altered behavior
in an open field test, but we observe no changes in senescence markers. In
contrast, doxorubicin increases p21 expression and influences the white blood
cell composition, but we find no changes in cognitive function. Microglia
isolated from doxorubicin treated mice do show differentially expressed genes
compared to their littermate control, which is related to mTOR signaling and
negative regulation of growth.

General discussion
Markers for cellular senescence

Cellular senescence was first reported as a cell state of irreversible growth
arrest (Hayflick and Moorhead, 1961). The identification of senescence-
associated phenotypes has increased over the years, but so far, no marker
to identify senescence is specific for senescence and sufficient to detect this
particular cell faith. This is partly due to the heterogeneity of senescent
cells (Hernandez-Segura et al., 2017). On the other hand, extrinsic factors
can change senescence phenotypes such as lysosomal modulation changed
B-galactosidase activity in chapter 2. In this chapter we also found that one
of the lysosomal genes, LAPTM4A, was highly expressed in senescent cells
and that this expression was not changed by lysosomal modulation. This
shows potential for this gene as a senescence marker, however the expression
needs to be confirmed in other cell types and with other types of senescence
induction.
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Senescent cells show increased dye uptake

To study which cells in the CNS become senescent, we purify p16tih cells from
brains of naturally aged mice in chapter 3. During sorting of p16ti" cells and
analysis of the FACS plots, increased levels of DAPI were observed in p16Mish
cells compared to p16~v cells in both young and old animals (Figure 1A-B).
DAPI normally only enters the nuclei of dead cells, however the level of DAPI
in p16tish cells was below the threshold that was set to identify dead cells. To
confirm this finding, IMR90 fibroblasts exposed to 10 Gy of gamma irradiation
were stained with both Hoechst, penetrating live cells, and DAPI, penetrating
permeabilized membranes. The ratio DAPI over Hoechst was quantified
and showed a higher ratio in the irradiated cells versus the controls (Figure
1C-D). In addition, the uptake of trypan blue by irradiated IMR90 cells was
measured and increased compared to proliferating control cells (Figure 1E).
The percentafe of cells lost during replating was lower than the difference in
trypan blue uptake, suggesting that cell death is not the cause of dye uptake in
senescent cells (Figure 1F). Together this data suggest that the cell membrane
of senescent cells is more permeable compared to proliferating cells.

LAPTMA4A, the lysosomal gene found upregulated in senescent fibroblast in
chapter 2, has been shown to be involved in the synthesis of glycosphingolipids,
which are components of the cell membrane (Yamaji et al., 2019). The increased
expression of this gene in senescent cells might alter glycosphingolipid
synthesis and thereby influence the composition and integrity of the cell
membrane resulting in a more permeable membrane.

Markers for senescent cells in the CNS

Post-mitotic neurons have been shown to accumulate features of senescence
(Moreno-Blas et al., 2019; Riessland et al., 2019). This, in combination with
the results from chapter 4, where glial cells have been shown to portray
a senescence phenotype, implies that both mitotic and post-mitotic cells
can become senescent. The differences between senescence of mitotic and
post-mitotic cells is not fully understood. To identify these differences and
their consequences, further studies should be performed on the validity of
senescence-associated phenotypes and their functional ramifications in the
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Figure 1: Increased uptake of dyes by senescent cells.

A: Quantification of mean fluorescent intensity of DAPI in p16™¢" and p16v cells
isolated from brains of 7-12-week (defined young) and 105-116-week (defined old) mice.
B: Representative FACS plots showing the distribution of cells in the DAPI channel with
the DAPI positive cells (defined as dead cells) removed from the plots. C: Area positive of
DAPI divided by the area positive for Hoechst in IMR90 fibroblast with or without 10 Gy
of gamma irradiation 1 week before staining. D: Representative images of IMR90 cells
stained with DAPI and Hoechst 1 week after (mock) irradiation. E: Quantification of
percentage of trypan blue positive IMR90 cells 1 week after 10 Gy irradiation. **p<0.01
F: Quantification of percentage of IMR90 cells before plating minus after replating 1 week
after 10 Gy irradiation.
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brain.

Most studies on senescence in the brain so far have been performed in mice.
It is important to be able to understand the role of senescent cells in human
brains as well. The difficulty of not being able to take the CNS from living
donors is the delay of the postmortem tissues and co-morbidities of donors.
Markers of senescence detect damage such as DNA-damage and alterations
in morphology of cells and nuclei. However, in postmortem tissues it is
difficult to know if a damage is caused by a disease or ageing or if the damage
accumulated during or after death of the donor. It is important to keep this
in mind when translating the results found in murine studies to the human
situation. More models closer to the human brain, such as brain organoids
that are being developed, might help to elucidate the function of senescent
brain cells in a complex environment. As an alternative, specimens obtained
after brain surgery to treat epilepsy or remove brain tumors might add value to
senescence research, because there is no time delay between the surgery and
sample collection and processing.

Implications for senescent cells in the brain

In addition to differences between mitotic and post-mitotic cells, there are
also differences in senescence marker expression within cell types of the CNS
as a result of different stimuli. In chapter 3, p16 expression was increased by
ageing in microglia, but other senescence markers were not increased in the
transcriptome of these cells. The transcriptional profile of pl6 expressing
microglia did differ from the other microglia present in the aged murine brain.
In chapter 4, senescence markers were induced in microglia, astrocytes and
oligodendrocytes by genotoxic stress. The type of stressor seemed to determine
the expression of the senescence markers in the glial cells, indicating that there
is not only one senescence phenotype. Together, this shows that the induction
of senescence phenotypes is different by different stressors. The effect of the
different phenotypes of senescent cells in the CNS remain unknown. Some of
the phenotypes might be beneficial, while other senescent phenotypes might
induce neurotoxicity and neurodegeneration. Identification and elucidation
of the roles of senescent cells in the CNS should elucidate which senescent
cells are protective and should be protected from elimination while the other
phenotypes might be targeted for removal to ameliorate brain degeneration.
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Direct versus indirect induction of senescence

Cellular senescence in the CNS can be induced by stressors directly such
as ageing of the cells and genotoxic stress, but also indirectly due to SASP
expression of peripheral cells. However, this area is not yet explored in detail. In
chapter 4, the effect of doxorubicin-induced senescence on microglia suggest
that factors secreted by senescent cells can influence glial cells in the brain.
Further studies need to confirm the effect of senescent cells on the brain and
the degree of influence that the periphery can have on the brain. Interestingly,
removal of peripheral senescence cells has been shown to improve cognitive
function (Ogrodnik et al., 2021).

Secondary senescence in the brain due to peripheral senescent cells by the
secretion of SASP factors is another area that has not been explored. Does the
SASP activate glial cells and do brain cells become senescent due to the SASP?
These questions remain to be answered.

The interplay between the blood-brain-barrier and senescence

The blood-brain-barrier (BBB) plays an important role in protecting the brain
from damaging agents that might circulate in the vascular system and thereby
also in the indirect effects of senescent cells on the brain. The BBB loses
integrity with age (Montagne et al., 2015) and senescent cells accumulate
with ageing (Baker et al., 2016). Together, this increases the vulnerability
of the brain to the SASP. Furthermore, senescent cells have been shown to
contribute to the loss of blood brain barrier functioning exacerbating this
issue (Yamazaki et al., 2016). To date, not much is known on the effects of
senescent cell removal on the BBB. In addition, no studies have investigated
if senescent cells also infiltrate the CNS, especially when the BBB is leakier.
Future experiments studying senescence in the CNS should also take the BBB
into account for example by mapping senescent cells in the brain over time.
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Future prospects

Permeability of senescent cells

First, senescent cells should be further characterized to improve identification
and targeting of senescent cells. The cell membrane is a part of the senescent
cell that should be further investigated. To test the permeability of senescent
cell membranes, experiments such as lipidomics of the cell membrane of
senescent cells and live cell imaging of uptake of (fluorescent) particles should
be performed. If the experiments confirm the more penetrable membranes of
senescent cells, this feature could be exploited as a means to detect senescent
cells, but possible also help with targeting drugs specifically to these cells.

Senescent glial cell function

To delineatetheeffectofthesenescenceprogramonglial cellfunction, senescent
glial cells need to be further investigated. In chapter 3, p16"¢" microglia have
been identified in the aged brain together with their transcriptional profile. To
investigate their function, these cells could be specifically removed using the
p16-3MR transgenic mice. To make the mouse more specific for microglia, the
p16-3MR should be activated by a microglia-specific promotor Cx3crl using
a cre/loxp system. A stop codon would be incorporated in the p16 promotor
of the p16-3MR construct and would be floxed. Only microglia, which have
active Cx3crl expression, express Cre which results in the removal of the
stop codon. In turn, pl6 expression would result in the upregulation of the
kill switch. Thereby the p16M¢" microglia can be specifically ablated without
affecting other cell types. The morphology of the glial cells together with their
response to inflammatory stimuli such as LPS should be measured. Similar
experiments should be performed in stress or disease induced senescence in
the brain. In addition to the in vivo experiments, functional experiments of
senescent cells in vitro such as phagocytosis assays and chemotaxis assays of
pl6 overexpressing microglia might further elucidate the effect of senescence
on glia cell function.
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Senescent cell markers in the CNS

Another strategy to isolate and investigate p16M™¢"microglia is to find a specific
marker that can be used to purify these cells from non-transgenic mice. The
novel Cx3crl-Cre/pl16-3MR/loxp mouse model should be used to find and
validate such a marker by purifying p16"i¢" microglia and characterize surface
proteins that are specifically expressed on these cells. This marker can then
also be used to investigate p16"&h microglia purified from human brain tissue
and study if these cells are similar across species.

In addition to the marker found by investigating p16"s" microglia, also other
promising senescence markers should be explored. In chapter 2, the LAPTM4A
gene was identified as a promising candidate. Further studies should
characterize if the protein is also increased in senescent cells and if this is the
case only in fibroblast or also in other cell types. When in vitro studies confirm
the upregulation of LAPTM4A in senescent cells, a mouse model expressing
the 3MR construct after the LAPTM4A promotor instead of the p16 promotor
should be constructed to be able to visualize where in the body this protein
in upregulated and what the effect is of eliminating specifically LAPTM4A
expressing cells to investigate if this might be a novel target for senescent
cells and ameliorate age related diseases.

Senescence in human the brain with ageing and disease

The largest gap in our understanding of senescence in the CNS resides in the
translation of senescent cells that have been identified in the animal models
to the human situation. First, we need to determine if cells of the human
CNS become senescent. Next, the factors correlated to senescence need to be
identified, such as ageing and neurodegenerative diseases. To investigate the
cell typesinthe aged and diseased human brain tissues that express senescence
markers in more detail, experiments performing multi-omics approaches in
combination with spatial resolution such as spatial transcriptomics and RNA
in situ hybridization should be performed. The roles of these cells should then
be further investigated. In vitro models with human brain cells, such as induced
pluripotent stem cell derived co-cultures of neurons and glial cells might give
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the first insight into the functional differences between senescent brain cells
and the effect they have on the surrounding environment.

Indirect effects of senescent cells on the CNS

In line with this, different stimuli might induce different sets of SASP factors in
brain cells. Similar in vitro studies could identify the beneficial and detrimental
factors for brain cells and this knowledge can be used for future treatments of
neurodegenerative diseases. Instead of removing senescent cells per se, the
elimination of specific detrimental factors or induction of beneficial ones
might ameliorate brain degeneration. Experiments investigating the SASP
factors that enter the brain from the periphery and their effect on the brain
cells should be performed to test if detrimental factors enter the CNS. This
might be done by transplanting senescent cells into the periphery of mice
and measure the cytokine and chemokine levels in the CNS. In addition, the
morphology and transcriptional profile of brain cells, senescence marker
expression and cognitive functioning should be determined.

Effect of therapies on senescence in the CNS

The effects of therapies, that patients receive to treat other diseases such as
cancer, on senescence in the CNS is unknown. Further studies are needed to
identify which therapies cause senescence. Do they cause senescence in the
periphery and thereby affect the brain or do they also cause senescence in the
CNS directly? What are the consequences of these senescent cells? Do these
cells secrete different types of SASP due to different treatments? All these
questions remain to be answered. We could start answering these questions
by studying brain tissues from tissue repositories such as the Netherlands
Brain Bank and correlate the medical information about therapies received by
the donor to senescence load. There are donors that have received treatments
against cancer such as irradiation and chemotherapy, which are expected to
induce senescence in the brain, and studying these tissues might confirm the
results found in animal models.

The effects of senescent cell removal on the CNS

Removing senescent cells from the periphery has been proven beneficial in
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mice (Baker et al., 2011; Chang et al., 2016; Demaria et al., 2017). Moreover,
the effectiveness of senolytics, drugs that specifically remove senescent
cells, has been proven in humans for diseases such as idiopathic pulmonary
fibrosis, diabetes mellitus, and chronic kidney disease (Ellison-Hughes, 2020).
The effect of elimination of senescent cells on the CNS has to be researched
in more detail to prevent potential side-effects of senolytic drugs on the
brain and maybe even exploit these treatments to prevent or ameliorate
neurodegeneration.

All the steps from senescence marker to senescence brain cell function and
elimination will answer the question: Should we remove senescent brain cells
or in other words, to eliminate or not to eliminate?

Conclusion

Senescent cells are present in both the aged murine and human CNS. The role
of these cells in the CNS have to be studied further to investigate if the cells
should be eliminated or play a crucial role for the maintenance of the brain.
Senescent glial cells might be harmful to the ageing brain, while senescent
neurons and neuron progenitor cells removal might further deteriorate
the cognitive functioning of the CNS. With an eye on recent senolytic
developments in clinical trials, it has to be considered that there is a lack of
knowledge on the effect of removal of senescent brain cells. More studies have
to be performed to discover how effectively these drugs cross the BBB, enter
the CNS and what the consequences of elimination of senescent brain cells
might be. The question remains: is clearance of senescent cells from the CNS
beneficial for brain function or might this further progress CNS pathology in
the ageing brain?
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List of abbreviations

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

APP Amyloid precursor protein

BBB Blood brain barrier

CAM CNS associated macrophages

CCL Chemokine (C-C motif) ligand
CDK Cyclin dependent kinase

CDP Central animal facility

CNS Central nervous system

CXCL Chemokine (C-X-C motif) ligand
DAM Disease associated microglia

DAPI 4’ 6-diamidino-2-phenylindole
DDR DNA damage response

DEC Animal care and use committee
DMEM Dulbecco's modified eagle medium
EAE Experimental autoimmune encephalomyelitis
EdU 5-ethynyl-2'-deoxyuridine

ELISA Enzyme-linked immunosorbent assay
EV Extracellular vesicles

FACS Fluorescence-activated cell sorting
FBS Fetal bovine serum
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FUS
GRP
Gy
HMBG
HOM
HSV
HVG
IFN

IL
LAPTM4A
LLOMe
logFC
MEF
MMP
mRFP
MTX
MS

N

NK
NORT
OHSC
OPC

PAI

Fused in sarcoma

Glial restricted progenitor

Gray

High-mobility group box
Homeostatic microglia

Herpes simplex virus

Highly variable feature

Interferon microglia

Interleukin

Lysosomal-associated transmembrane protein 4A
L-Leucyl-L-Leucine-O-Methyl esther
Log fold change

Mouse embryonic fibroblast

Matrix metalloproteinase
Monomeric red fluorescent protein
Methotrexate

Multiple sclerosis

Newton

Natural killer

Novel object recognition task
Organotypic hippocampal slice cultures
Oligodendrocyte progenitor cell

Plasminogen activator inhibitor
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PBR
PCA

PD

PET
PSEN
gRT-PCR
ROS
SA-B-gal
SASP
SOD

tTK

UM
UMAP

WGCNA

Benzodiazepine receptors

Principal component analysis

Parkinson’s disease

Positron Emission Tomography

Presenilin

Quantitative real-time poly chain reaction
Reactive oxygen species
Senescence-associated f-galactosidase
Senescence associated secretory phenotype
Superoxide dismutase

Thymidine kinase

Unknown microglia

Uniform manifold approximation and projection

Weighed gene correlation network analysis
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Nederlandse samenvatting

Met het toenemende bewijs van de gunstige effecten van de eliminatie van
senescente cellen tijdens het ouder worden en het groeiende aantal klinische
onderzoeken naar het effect van senolytica in het menselijk lichaam, is het
belangrijk om de impact te begrijpen die deze medicijnen kunnen hebben
op het centraal zenuw stelsel (CZS). Om dit te begrijpen, moeten we onze
kennis uitbreiden over de celtypen in het CZS die senescent worden en of dit
proces gunstig of nadelig is voor het ouder wordende brein. In dit proefschrift
onderzoeken we het natuurlijke en versnelde verouderingsfenotype van CZS-
cellen.

In hoofdstuk 1 beschrijf ik de huidige kennis over hoe cellulaire veroudering
zich ontwikkelt in het CZS. Eerst geef ik een algemeen overzicht van wat de
meest voorkomende senescentie-geassocieerde fenotypes zijn. Vervolgens
beschrijf ik de cellulaire samenstelling van de hersenen, de rol van gliacellen
en leeftijdsgebonden veranderingen. Ten slotte geef ik een overzicht van het
bewijs van cellulaire senescentie bij neurodegeneratie en hersenveroudering.

In hoofdstuk 2 bestuderen we het effect van het moduleren van de
lysosomale activiteit in senescente menselijke fibroblasten. We laten zien
dat drie lysosomale modulerende middelen de activiteit van de senescentie-
geassocieerde 3-galactosidase beinvloeden, maar niet leiden tot veranderingen
in groeistop of het senescent geassocieerde secretie fenotype (SASP).
Bovendien laten we zien dat voorbehandeling van fibroblasten met een van
de middelen de senescentie-inductie door de CDK4/6-remmer palbociclib
vermindert, welke werking gerelateerd is aan lysosomale accumulatie.

In hoofdstuk 3 gebruiken we het p16-3MR muismodel om in verouderde
hersenen p16 tot expressie brengende cellen te identificeren. Cellen met hoge
pl6 expressie (pl6toce-cellen) werden gesorteerd uit de hersenen van jonge
en oude muizen en gekarakteriseerd met behulp van bulk- en single-cell
sequencing. We laten een verhoogd aantal p164°°s cellen zien in de hersenen
van oude muizen in vergelijking met de hersenen van jonge muizen. Met
behulp van bulksequencing laten we differentieel tot expressie gebrachte
genen zien tussen de p16¥°°s en p16L cellen die meestal verband houden met
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fagocytose en ontsteking. Met clusteranalyse van de single cell data laten we
een verrijking zien van microglia in de p16¥°°¢ populatie. We bevestigen dat
microglia in wildtype muizen en menselijke hersenen een hoge p16/CDKN2A-
expressie hebben. Met extra clustering binnen de microglia-populatie van de
single cell gegevens, identificeren we twee nieuwe verschillende subpopulaties
verrijkt in de pl6é"°¢ microglia. Deze voorheen niet-geidentificeerde
microglia-clusters veranderen in de loop van de tijd in hoeveelheid. Cluster
1 is stabiel aanwezig, maar neemt af met de leeftijd en cluster 2 neemt toe in
het verouderingsproces.

In hoofdstuk 4 onderzoeken we de effecten van genotoxische stress
geinduceerde senescentie op gliacellen. We vinden dat genotoxische stress
de expressie van senescentie-geassocieerde markers in gekweekte gliacellen
induceert. We meten indirecte effecten van SASP op hersencellen met
behulp van organotypische hippocampale slice-culturen. We vinden geen
veranderingen in genexpressie of celaantallen in de slice-culturen die zijn
behandeld met geconditioneerd medium van senescente fibroblasten in
vergelijking met slice-culturen die zijn blootgesteld aan geconditioneerd
medium van prolifererende fibroblasten. We meten de effecten van twee
chemotherapeutica, methotrexaat en doxorubicine, in vivo om directe en
indirecte effecten op de hersenen te onderzoeken. Methotrexaat vermindert
het spieruithoudingsvermogen van muizen en verhoogt veranderd gedrag in
een open veldtest, maar we zien geen veranderingen in senescentiemarkers.
Doxorubicine daarentegen verhoogt de pZ2I-expressie en beinvloedt de
samenstelling van de witte bloedcellen, maar we vinden geen veranderingen
in de cognitieve functie. Microglia geisoleerd uit met doxorubicine behandelde
muizen vertonen differentieel tot expressie gebrachte genen in vergelijking
met hun nestgenoten, wat gerelateerd is aan mTOR-signalering en negatieve
groeiregulatie.

In hoofdstuk 5 wordt de data uit hoofdstukken 2 tot en met 4 bediscussieerd
en de experimenten en perspectieven voor de toekomst beschreven.
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Conclusie

Senescente cellen zijn aanwezig zowel in het CZS van verouderde muizen- als
het menselijke CZS. De rol van deze cellen in het CZS moet verder worden
bestudeerd om te onderzoeken of de cellen een cruciale rol spelen voor het
onderhoud van de hersenen of moeten worden geélimineerd. Senescente
gliacellen kunnen schadelijk zijn voor de ouder wordende hersenen, terwijl
het verwijderen van verouderde neuronen en neuronvoorlopercellen de
cognitieve werking van het CZS verder kan verslechteren. Met het oog op
recente senolytische ontwikkelingen in klinische onderzoeken, moet er
rekening worden gehouden met het feit dat er een gebrek is aan kennis over
het effect van eliminatie van verouderende hersencellen. Er moeten meer
studies worden uitgevoerd om te ontdekken hoe effectief synolytica de BBB
passeren, het CZS binnendringen en wat de gevolgen kunnen zijn van de
eliminatie van verouderde hersencellen. De vraag blijft: is de eliminatie van
senescente cellen uit het CZS gunstig voor de hersenfunctie of kan dit de CZS-
pathologie in de verouderende hersenen verder bevorderen?
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