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1. Abstract

Microglia, the resident immune cells of the central nervous system (CNS), are critical
for maintaining neuronal homeostasis, supporting synaptic plasticity, and mounting immune
responses to injury and disease. Unlike most CNS-resident cell populations, microglia possess
a unique regenerative capacity: following depletion, they are able to repopulate the brain
and restore density within days. Microglia viability is regulated by colony stimulating factor 1
receptor (CSF1R) signaling. However, whether these repopulated microglia fully reacquire
the functional heterogeneity and homeostatic states of their counterparts, and how this process
is influenced by aging, remains poorly understood.

In this study, we combined pharmacological depletion using the CSF1R inhibitor BLZ-945
with single-cell RNA sequencing (scRNA-seq) of CD11b+ cells to examine the molecular
programs underlying microglial repopulation in both young and aged mice. Complete depletion
was achieved after 21 days of BLZ-945 treatment, and repopulation occurred within 7 days
following withdrawal of the inhibitor. The analyses of the acquired dataset revealed
that repopulated microglia reestablish many of the transcriptional states observed in control
animals, but only after passing through distinct, transiently activated phenotypes (Act-MGl1,
Act-MG2, Act-MG3). These activation states were marked by expression of genes involved
in proliferation (Mki67, Top2a), motility and cytoskeletal remodeling (Racl, P2ryl?2),
extracellular matrix (ECM) degradation (Cstb, Ctsd), and inflammatory cytokine signaling
(111b, Tnf, 116).

Trajectory analyses demonstrated that repopulated microglia originate
from proliferating precursors and move through activated states before reaching a homeostatic
phenotype.

Age emerged as a major determinant of repopulation efficiency and outcome. While
young mice successfully generated homeostatic microglia following transient activation, aged
mice displayed impaired maturation of repopulated cells. Repopulated microglia from older
animals exhibited heightened proliferation, persistent inflammatory signaling, and reduced
representation of homeostatic clusters. Bulk RNA sequencing (RNA-seq) further confirmed
downregulation of core homeostatic genes (P2ryl2, Tmemll19, Trem2) and upregulation
of pro-apoptotic and senescence-associated genes in repopulated microglia from aged mice.

Pathway-level analysis implicated dysregulation of RhoA-ROCK signaling, which regulates



microglial motility, cytoskeletal dynamics, and inflammatory responses, as a central feature
of the aging-associated deficits.

Comparative analysis revealed striking similarities between the transient Act-MG states
of repopulated microglia and the transcriptional programs of glioma-associated microglia.
Integration of the presented scRNA-seq dataset with CITE-seq data from murine glioma
models identified overlapping clusters enriched for migratory, phagocytic, and inflammatory
signatures. These results suggest that microglia repopulation recapitulates transcriptional
programs exploited in pathological contexts, highlighting conserved mechanisms of microglial
plasticity.

These findings have several implications. First, they demonstrate that repopulation
isnot a simple return to baseline but a dynamic, multi-stage process requiring activation,
migration, and eventual resolution to homeostasis. Second, they reveal that aging disrupts
this trajectory, leaving microglia in maladaptive states that may compromise neuronal support
and increase vulnerability to neurodegeneration. Third, the shared transcriptional features
between repopulated and glioma-associated microglia suggest that cellular programs enabling
regeneration may also predispose microglia to pathological reprogramming in disease.

In conclusion, our study establishes a comprehensive transcriptional framework
for microglial repopulation in young and aged brains. By identifying conserved activation
programs that bridge regeneration and pathological activation , we highlight new opportunities
for therapeutic strategies aimed at harnessing microglial plasticity while mitigating age-related
dysfunction. This work underscores the dual nature of microglial repopulation, as both

a regenerative mechanism and a potential point of vulnerability in the aging brain.
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2. Streszczenie

Mikroglej, komorki odpornosciowe w osrodkowym ukladzie nerwowym (OUN),
odgrywaja kluczowa role w utrzymaniu homeostazy, wspieraja plastyczno$¢ synaptyczng
oraz uczestnicza w odpowiedzi uktadu odpornosciowego na urazy i choroby. W odréznieniu
od wiekszosci populacji komérek OUN, mikroglej ma unikalng zdolno$¢ do odnowy:
po farmakologicznej eliminacji dochodzi do odnowy populacji w OUN i odtworzenia
prawidtowej gestosci komoérek w ciggu kilku dni. Nadal jednak nie wiadomo, czy nowe,
zasiedlajagce OUN komorki mikrogleju w pelni odtwarzajg heterogenno$¢ funkcjonalng i stan
prawidtowego mikrogleju oraz w jaki sposob proces ten ulega modyfikacji w trakcie starzenia
OUN.

W niniejszej pracy polaczono farmakologiczne usuniecie mikrogleju przy uzyciu
inhibitora CSF1R (BLZ-945) z sekwencjonowaniem RNA pojedynczych komorek (scRNA-
seq) w populacji komorek mieloidalnych sortowanych jako komoérki CD11b+ w celu zbadania
programéw molekularnych lezacych u podstaw odnowy mikrogleju u mtodych i starych
myszy. Calkowita eliminacje¢ mikrogleju osiagni¢to po 21 dniach podawania BLZ-945,
a odnowa nastgpita w ciggu 7 dni od odstawienia inhibitora. Uzyskane dane pokazaty, ze nowy
mikroglej (MG) odtwarza wiele standéw transkrypcyjnych obserwowanych u zwierzat
kontrolnych, ale przechodzi wczesniej przez przej$ciowe stany aktywacji (Act-MG1, Act-
MG?2, Act-MG3). Stany te charakteryzowatly si¢ ekspresja genow zwigzanych z proliferacja
(Mki67, Top2a), migracja 1 przebudowa cytoszkieletu (Racl, P2ryl2), degradacja macierzy
pozakomorkowej (Cstb, Ctsd) oraz sygnalizacja cytokin zapalnych (1/1b, Tnf, 116).

Analizy trajektorii rozwojowych pokazaly, ze odtworzony mikroglej wywodzi si¢
z nielicznych prekursordéw, ktdre proliferuja i przechodza przez stany aktywacji, zanim osiagna
fenotyp homeostatyczny. Starzenie jest kluczowym czynnikiem determinujacym efektywnosé
1 wynik odnowy MG. Podczas gdy w mozgu mtodych myszy MG osiggal stan homeostatyczny
po fazie przejsciowej aktywacji, u starych osobnikéw obserwowano uposledzone dojrzewanie
MG. Komorki te cechowaty sie zwiekszong proliferacja, utrzymujaca si¢ sygnalizacja zapalng
1 zmniejszong reprezentacja komorek w stanie homeostatycznym. Sekwencjonowanie RNA
(bulk RNA-seq) mikrogleju dodatkowo potwierdzito obnizong ekspresje gendéw
homeostatycznych (P2ryl2, Tmemll9, Trem2) oraz zwigkszong ekspresje genow
proapoptotycznych i zwigzanych ze starzeniem. Analizy szlakow powigzanych z ekspresja
genow wskazaly na deregulacj¢ sygnalizacji RhoA-ROCK — kluczowej dla migracji, dynamiki

cytoszkieletu 1 odpowiedzi zapalnej mikrogleju zwigzanych ze starzeniem.
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Analiza poréwnawcza ujawnila uderzajace podobienstwa miedzy przejsciowymi
stanami Act-MG a programami transkrypcyjnymi mikrogleju zwigzanego z glejakiem.
Integracja przedstawionego w rozprawie zbioru danych scRNA-seq z danymi CITE-seq
zmodeli mysich glejakoéw wykazata obecno$¢ mikrogleju z ekspresja podobnych genow
wzbogaconych w sygnatury migracyjne, fagocytarne i1 zapalne. Wyniki te sugeruja,
ze programy transkrypcyjne w procesie odnowy mikrogleju sg wykorzystywane w kontekstach
patologicznych, co podkresla konserwatywne mechanizmy plastycznosci mikrogleju.

Podsumowujac, wyniki przedstawionych badan dostarczyly kompleksowych profili
transkrypcji wystepujacych w czasie odnowy mikrogleju w mtodym i1 starym mozgu.
Pokazano, ze cho¢ mikroglej u mtodych myszy odtwarza peing réznorodno$¢ 1 funkcjonalnos$e,
starzenie gleboko zaktoca ten proces, uniemozliwiajac przywrocenie peinej homeostazy.
Identyfikacja konserwatywnych programéw aktywacji, ktore lacza odnoweg mikrogleju
z patologiczng aktywacja, otwiera nowe perspektywy terapeutyczne, ukierunkowane
na wykorzystanie plastycznosci mikrogleju przy jednoczesnym ograniczaniu dysfunkcji
zwigzanych z wiekiem. Nasze wyniki podkreslaja dwoista natur¢ odnowy mikrogleju — jako
mechanizmu regeneracyjnego, ale réwniez potencjalnego punktu podatnosci w starzejacym si¢

mozgu.
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3. Introduction

3.1 Overview of microglia origin and functions

3.1.1 Microglia as myeloid cells in the central nervous system

Microglia (MG) are myeloid cells that reside permanently within a parenchyma
of the central nervous system (CNS), where they function as its principal innate immune
component. Unlike peripheral immune cells that originate from hematopoietic stem cells
in the bone marrow, microglia arise from erythromyeloid precursors in the yolk sac during
early embryogenesis>*. Around embryonic day 8.5 in mice, these precursors migrate
into the developing CNS before the blood-brain barrier (BBB) is fully formed, establishing
a self-renewing population of microglia that persists throughout life under homeostatic
conditions.

Together with other CNS-resident myeloid cells (including perivascular, choroid
plexus, and meningeal macrophages, collectively termed border-associated macrophages
(BAMs)), microglia constitute the resident innate immune cells of the CNS. In contrast
to BAMs, which occupy barrier niches, microglia populate the CNS parenchyma, where they
play an essential role in preserving homeostasis, monitoring the neural environment,
and orchestrating immune responses>°.

Functionally, microglia act as the primary immune sentinels of the CNS. In the healthy
brain, they typically adopt ramified morphology, characterized by a small cell body and highly
motile processes, which allow continuous surveillance of the local microenvironment for signs
of infection, injury or cellular stress. This surveillant state, previous described as a “resting”
state is in fact highly dynamic and underpins the homeostatic functions of microglia. When
confronted with perturbations such as infection, trauma, neurodegeneration or autoimmune
inflammation, microglia rapidly undergo morphological, transcriptional and functional
transformations, transitioning into various activated states tailored to context specific
demands’. These activated microglial states reflect their remarkable plasticity and can promote
neuroprotection, tissue repair or neurotoxicity (in cases of chronic or dysregulated activation)®.

Quantitatively, microglia constitute approximately 5-12% of the total glial cell
population in the mouse brain, though this proportion varies depending on the brain region, age

and disease state’. Their dual capacity for beneficial or detrimental roles makes them central
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players in CNS pathologies. Dysregulated or senescent microglia have been implicated
in a broad spectrum of CNS disorders, including Alzheimer’s disease, multiple sclerosis,
Parkinson’s disease, stroke and psychiatric conditions. Importantly, their distinct
developmental linecage sets them apart from other CNS-resident cells derived from
the neuroectoderm (neurons, astrocytes, oligodendrocytes), equipping them with unique

immune capabilities such as phagocytosis, cytokine release and antigen presentation'®!!,

3.1.2 Role of microglia in maintaining CNS homeostasis

Microglia play a fundamental role in maintaining homeostasis in CNS across all stages
of life, including development, adulthood, aging, and disease. As the brain’s resident immune
and surveillance cells, microglia are uniquely equipped to monitor and respond to changes
in the neural environment, thereby ensuring tissue integrity and functional stability. In their
surveillant state, microglia exhibit a highly branched morphology, enabling them
to continuously scan the CNS microenvironment with dynamic, motile processes'?.
This constant surveillance allows microglia to detect subtle alterations in neuronal activity
or injury-related signals, such as damage-associated molecular pattern (DAMP) molecules,
which are released by stressed or dying cells'>.

During embryonic and early postnatal development, microglia are critical for forming
the nervous system. Depletion studies in mice have shown that microglia support the survival
and maturation of developing neurons by releasing neurotrophic factors such as brain-derived
neurotrophic factor (BDNF) and insulin-like growth factor 1 (IGF-1)*. In addition
to promoting neuronal survival, microglia play an essential role in removing apoptotic cells
and cellular debris through phagocytosis, a function crucial for proper synaptic pruning
and circuit formation during early brain development'®.

As the brain ages, microglia continue to modulate their functions to adapt to changing
physiological demands. Aging is associated with a shift in microglial phenotype, often resulting
in a more pro-inflammatory state characterized by increased cytokine production and reduced
phagocytic efficiency. These changes can contribute to age-related cognitive decline
and increased vulnerability to neurodegenerative disorders. Recent advances in single-cell
transcriptomics, fate mapping, and high-resolution imaging have revealed that microglia

exhibit remarkable context-dependent plasticity'®!”.

In response to injury, disease,
or neurodegeneration, microglia undergo profound transcriptional, morphological,

and functional reprogramming. Microglia in activated states can be either neuroprotective
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by promoting repair, clearing debris, and resolving inflammation, or neurotoxic, contributing
to synaptic loss, chronic inflammation, and neuronal damage'®!”.

The ability of microglia to adapt to local cues underscores their dual nature: while essential
for maintaining CNS homeostasis, dysregulated microglial activity can also drive pathology.
Understanding the factors that influence microglial phenotypes and functions remains a critical

area of research, with significant implications for therapeutic strategies targeting

neuroinflammatory and neurodegenerative diseases.

3.1.3 Importance of microglia during development, aging, and disease

Microglia are recognized as key regulators of CNS homeostasis, with critical roles
that extend from embryonic development through aging and into the pathophysiology
of numerous neurological diseases. Because the microglial population is established early
during embryogenesis from yolk sac progenitors, it is uniquely vulnerable to long-term
physiological perturbations. As a result, age-related changes in microglial function are now
understood to contribute significantly to the onset and progression of both psychiatric
and neurodegenerative disorders’. Senescent microglia show the impaired neuroprotective
ability and the low but sustained secretion of inflammation molecules. Some studies showed
the presence of an aberrant phenotype referred to as dystrophic or senescent. Aged microglia
have been identified in neurodegenerative diseases such as Alzheimer's disease, but there
is no conclusive evidence that proves a causal role due to a lack of models of aged microglia.
One of the models of senescent microglia is based on iron overload in dystrophic microglia.
Cultured iron-overloaded microglia acquire a senescent phenotype and show some changes
similar to those observed during neurodegeneration in patients’.

One of the most compelling pieces of evidence for microglial involvement in disease comes
from human genetic studies. Variants in several microglia-associated genes have been
identified as risk factors for major neurodegenerative diseases, including Alzheimer’s disease
(AD)!>!3 frontotemporal dementia (FTD)!, Parkinson’s disease (PD)?°, and amyotrophic
lateral sclerosis (ALS)?!. Activated microglia are frequently found in proximity to pathological
markers in these diseases (such as amyloid-beta plaques in AD)??, suggesting
a reactive and potentially causal role in disease progression.

Among the most studied genetic risk factors is a rare variant of the triggering receptor
expressed on myeloid cells 2 (TREM2) gene, which increases the risk for developing AD

by three — to fourfold and is associated with more severe neuropathology?’. TREM2 is believed
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to interact with apolipoprotein E (APOE) to regulate pathways involved in microglial
activation, survival, lipid metabolism, and phagocytosis®®. In models of neurodegenerative
and neuroinflammatory diseases (i.e. AD), microglia exhibit upregulation of genes associated
with metabolism and inflammation, including Spp/ and Apoe, marking a shift
from homeostatic to a disease-associated phenotype?*?°.

Microglia also contribute to the modulation of synaptic function across the lifespan. In early
adulthood, they are involved in learning-dependent synaptic remodeling and plasticity.
In neurogenic regions of the adult brain, microglia facilitate the clearance of apoptotic neuronal
progenitors, thereby shaping neurogenesis'®. Their interaction with the extracellular matrix
(ECM) also appears to be critical for maintaining synaptic structure and function. Recent
studies have shown that neuronal expression of interleukin-33 (IL-33) can induce microglial-
mediated ECM clearance, which promotes synaptic remodeling. Mice with neuron-specific
IL-33 deletion or microglia-specific deletion of the IL-33 receptor exhibit mislocalization
of ECM material, reduced dendritic spine density in the hippocampus, and impaired memory
recall, underscoring the importance of neuron-microglia signaling for cognitive function!'*?>.

Across species and disease models, microglia display a wide range of transcriptional states

reflecting their high degree of plasticity and context-dependent specialization. These include:

e Disease-associated microglia (DAMs): initially characterized in mouse models of AD,
marked by downregulation of homeostatic genes and upregulation of phagocytic
and lipid metabolism pathways.

e Microglial neurodegenerative phenotype (MGnD): observed across multiple models,
sharing features with DAMs.

e Activated response microglia (ARMs) and interferon-responsive microglia (IRMs):
identified in AD models, displaying antiviral and inflammatory gene signatures.

e Human Alzheimer’s microglia (HAMs): human-specific microglial signatures found
in AD patients.

e Multiple Sclerosis-inflamed microglia (MIMS) and lipid droplet-accumulating
microglia (LDAMSs): linked to neuroinflammation and aging.

e Glioma-associated microglia (GAMs): found in brain tumor environments.

e ALS- and PD-associated microglia signatures: reflect disease-specific alterations

in microglial states.
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In both the developing and aging brain, microglia further adopt specialized subtypes

that support region-specific functions. For instance:

e White matter-associated microglia (WAMs) and axon tract-associated microglia
(ATMs) are involved in axonal support and myelin maintenance.
e Proliferative region-associated microglia (PAMs) contribute to the phagocytosis

of developing oligodendrocytes in proliferative CNS zones.

Interestingly, many of these developmental microglial states share transcriptomic features
with the DAM and MGnD profiles observed in disease, suggesting conserved mechanisms

that are re-engaged in pathology®.
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Figure 3.1 | Microglial transcriptional states across mouse development, aging

and neurodegeneration. Schematic representation of major microglial phenotypes observed
at different life stages in mice. Early development features proliferative (PAM) microglia, followed
by axon tract-associated microglia (ATM). In adulthood, microglia adopt a stable homeostatic signature
characterized by Tmeml119, P2ryl2, and Cx3crl. Aging is associated with white matter-associated

microglia (WAM), expressing Apoe, Cst7, and Clec7a. Neurodegenerative conditions induce disease-
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associated microglia (DAM), marked by Trem2, Apoe, and Sppl. Figure created by the author
of the dissertation. Microglial state categories were conceptually informed by Paolicelli et al., Neuron

(2022), but no original artwork or copyrighted elements were reproduced?®.

3.1.4 Implications of microglial dysfunctions in aging

Aging has profound effects on microglial morphology, function, and gene expression,
leading to a state often referred to as microglial senescence or dysfunction, which has critical
implications for CNS homeostasis and vulnerability to neurodegenerative diseases.
Morphologically, aged microglia exhibit a distinct dystrophic phenotype characterized
by deramification, shortening and thickening of processes, the formation of cytoplasmic
spheroids, and fragmentation of cellular processes’. These features suggest a loss of structural
integrity and cellular homeostasis, which may compromise the cellular capacity to perform
essential surveillance and immune functions. Functionally, aging microglia show reduced
process motility, impairing their ability to effectively scan the CNS environment?® %,
This altered surveillance phenotype leads to delayed or diminished responses to pathological
stimuli.

Upon injury, aged microglia demonstrate slower migration to lesion sites and exhibit
amore prolonged and dysregulated inflammatory response, rather than the transient
and balanced response seen in younger microglia®’. At the molecular level, aged microglia
undergo significant shifts in their transcriptomic and functional profiles. They tend to adopt
a pro-inflammatory cytokine signature, characterized by elevated expression of interleukins
(e.g., IL-1B, IL-6), tumor necrosis factor-alpha (TNF-a), and other inflammatory mediators®'-2,
Simultaneously, their phagocytic capacity-critical for clearing apoptotic cells, debris,
and misfolded proteins is notably reduced. This combination of chronic inflammation
and impaired clearance contributes to a feed-forward loop that exacerbates neuronal damage
and may accelerate cognitive decline. Additionally, aged microglia produce increased levels
of reactive oxygen species (ROS), promoting oxidative stress in the CNS, which can damage
both neuronal and glial cells. This oxidative environment, paired with sustained inflammation,
creates a milieu conducive to neurodegenerative processes>>>*.

Recent meta-analyses of gene expression datasets have shown that aged microglia
do not simply reflect classical activation states induced by lipopolysaccharide (LPS) or IL-4

stimulation. Instead, they exhibit a unique gene expression profile that overlaps

with “premature microglia”, a phenotype associated with increased responsiveness
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to secondary insults and a propensity toward neurotoxicity®>>. These findings suggest
that microglial aging represents a distinct, maladaptive state that may render the aging brain
more susceptible to injury and disease. Collectively, these abnormalities undermine
the neuroprotective and homeostatic roles of microglia, contributing to age-associated CNS
pathologies such as Alzheimer’s disease, Parkinson’s disease, and vascular cognitive
impairment?”-*¢, Understanding the mechanisms driving microglial aging is therefore critical
for developing interventions aimed at restoring microglial function or preventing their

deleterious activation in the aging brain.
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Figure 3.2 | Developmental and adult functions of microglia mediated by neuron-microglia
signaling pathways. Figure from Kierdorf, K. & Prinz, M. Microglia in steady state. J. Clin. Invest.
127,3201-3209 (2017)*’, used under CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).

3.1.5 Microglial function and plasticity

Throughout life, but especially during CNS development, microglia engage in a wide
range of dynamic activities including neurogenesis, apoptotic cell clearance, synaptic pruning,
and the modulation of neural network architecture®®. These processes are essential for shaping
functional neural circuits and ensuring proper CNS maturation.

One of the most defining features of microglia is their remarkable plasticity. They are
highly responsive to changes in their environment, capable of undergoing rapid and reversible

shifts in both morphology and molecular phenotype in response to physiological
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and pathological stimuli’. Depending on the context, microglia can adopt various functional
states ranging from supportive and neuroprotective to reactive and neurotoxic. In the setting
of CNS injury or disease, microglia become activated, a process involving extensive
remodeling of gene expression, cytoskeletal structure, and secretory profiles. This activation
is not binary but occurs along a spectrum of phenotypic states that evolve over time and vary
between different diseases®*.

Throughout disease progression, activated microglia often shift between these states,
influencing the progression of neurodegeneration or instigating a recovery*'*>. Activated
microglia engage in direct physical interactions with neurons, playing a dual role in either
promoting neuronal survival or contributing to neuronal damage***. One notable mechanism
of interaction involves the elimination of synapses on injured or dysfunctional neurons**,
a process sometimes beneficial for limiting excitotoxicity or inflammation, but also potentially
detrimental when excessive, as it can disrupt neural connectivity’. Microglia are finely tuned
to detect neuronal distress through a combination of chemotactic and phagocytic signals*+4748,
Upon CNS injury, neurons and other glial cells release molecular cues that guide microglial

responses. These include:

e “Find-me” signals (e.g., adenosine triphosphate (ATP), chemokines such as Cx3c/I)
that attract microglia to sites of injury.
o “Eat-me” signals (e.g., phosphatidylserine) that promote recognition and phagocytosis

of apoptotic cells or cellular debris®.

In response to injury or inflammation, microglia release a diverse array of neurotrophic
factors that promote cell survival and repair, including nerve growth factor (NGF)>*°!,
neurotrophin-4/5 (NT-4/5), transforming growth factor-beta 1 (TGF-B1)°>%3, glial cell line —
derived neurotrophic factor (GDNF), fibroblast growth factor (FGF), and interleukin-3 (IL-3).
These factors can support neuronal regeneration, modulate synaptic plasticity, and help restore
tissue homeostasis. However, microglial activation is a double-edged sword. In chronic
or unresolved pathological conditions, microglia may transition into a pro-inflammatory
and cytotoxic state, marked by the release of pro-inflammatory cytokines, reactive oxygen
species (ROS), and nitric oxide (NO)>*°. These molecules can induce retrograde apoptosis

in neurons connected to already degenerating cells, thereby facilitating the spread of neural

damage across functional circuits and exacerbating disease progression (Fig. 3.2).
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In the adult CNS, microglia maintain tissue integrity through continuous interactions
with neurons mediated by homeostatic signaling pathways. Two major neuron-derived
regulatory axes provide inhibitory input that restrains microglial activation and support their
surveillant phenotype®”>°. Neuronal fractalkine (CX3CL1) engages microglial chemokine
receptor (CX3CR1) to limit inflammatory signaling, stabilize microglial-synaptic interactions
and support neuronal survival®’>®. This pathway also contributes to adult neurogenesis,
influencing the integration and maintenance of newly generated neurons®. Complementing
this system, neuronal CD200 binds microglial CD200R to suppress activation and prevent
excessive cytokine release, which loss of CD200 leading to chronically activated microglia
and sensitization to inflammatory stimuli>*¢!-2, Disruption of either inhibitory axis is observed
across aging and neurodegenerative conditions, where reduced fractalkine or CD200 signaling
correlated with heightened microglial reactivity and increased neuronal vulnerability®!:6364,
Together, these pathways constitute core mechanisms through which neurons actively maintain
microglial homeostasis and preserve a stable, non-injurious immune environment in the adult

brain.

3.1.6 Microglial identity, heterogeneity, and markers

The identity of microglia is defined by a set of genes highly enriched in these cells,
commonly referred to as “microglial markers”. These include P2ryl2, TmemlI19, Cx3crl,
and AIF1 (Ibal), among others®>. The expression of any single marker is insufficient
to definitively establish microglial identity, as these genes exhibit plastic expression
in response to local CNS signals and environmental context®. Moreover, under pathological
conditions, these markers can be downregulated or shared with BAMs (perivascular
and meningeal macrophages)®®.

Single-cell RNA sequencing (scRNA-seq) has revealed substantial transcriptional
heterogeneity among brain myeloid cells, primarily microglia, even in the naive adult brain.
While some diversity is observed during adult homeostasis, microglial heterogeneity
is particularly prominent during early postnatal development, likely reflecting microglial
adaptation to dynamic CNS environments®®’. In adult brains, scRNA-seq clusters are often
positioned on a transcriptional continuum, rather than forming distinct, stable states, indicating
that microglial states are highly plastic and context-dependent®®°. Upon detection of CNS
injury or disease-associated signals (e.g., amyloid, a-synuclein, apoptotic cells, BBB

disruption), microglia undergo morphological and functional transformation, transitioning
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into activated states’'’?. These include non-phagocytic reactive microglia (with thickened
branches and increased MHC expression) and phagocytic microglia, which assume a rounded
amoeboid morphology and express pro-inflammatory cytokines like IL-13, TNF-a, and IL-
647.73.74.
Transcriptomic studies have identified several distinct microglial subclusters
with functional implications:
e MGI1: Enriched in microglial signature genes such as Crybbl, Cst3, P2ryl2,
and ProsI™.
e MG2: Characterized by immediate-early gene expression (Jun, Fos, Egrl)
and increased NF-kBA, suggesting a transcriptionally responsive state’6’8,
e MG3: Displays upregulation of signaling inhibitors (BmpZ2k) and transcriptional
repressors (Bhlhe41, Ncoa3, Notch2) with potential anti-inflammatory roles’-°.
e PreMG: A “premature” microglial cluster expressing genes related to interferon
signaling (Ifitl, Ifitm, Ifitx, Isgl5, Uspl8), cytokines, and pan-macrophage markers

like Aif181%2,

In addition to these, specialized or context-responsive clusters have been described:

Axon Tract-Associated Microglia (ATMs): Defined by expression of Lgals|,

Apocl, Sppl, and Ftl, and associated with white matter regions®®.

e Cytokine-Associated Microglia (CAMs): Expressing Ccl3, 111b, and Cxcl8,
indicative of inflammatory activation®6%%2,

e Ex Vivo-Activated Microglia: Characterized by heat shock and stress-
response genes (Hspala, Jun, Dnajbl) likely induced during tissue
processing®>83.

e Homeostatic Microglia: Defined by P2ryl2, Cx3crl and Prosl, considered
representative of microglia in steady-state conditions®* .

e Perivascular Macrophages (PVMs): A separate small cluster expressing

F13al, Mrcl, and Lyvel, distinct from microglia®?.

In vitro, primary microglia rapidly lose their homeostatic gene signature, while induced

pluripotent stem cell (iPSC)-derived microglia often exhibits a hybrid phenotype resembling

87,88

both microglia and peripheral macrophages®°°. Interestingly, while certain microglial
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subtypes such as the ATM cluster are transient in early mouse development, the evidence

suggests that humans retain MG with these transcriptional features into adulthood, particularly

clusters enriched in Apoe and Trem2, both genes implicated in Alzheimer’s disease®®%2,
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Figure 3.3 | Subpopulations of microglia and myeloid cells identified after clustering of scRNA-
seq data from CD11b+ sorted cells from brains of naive mice or tumor-bearing hemispheres.
Figure from Ochocka, N. et al. Single-cell RNA sequencing reveals functional heterogeneity of glioma-
associated brain macrophages. Nat. Commun. 12, 1151 (2021)%, used under CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/).

3.2 Microglia depletion and repopulation processes

3.2.1 CSFI1R inhibitors and their effects on microglia

Microglia are unique among brain cells in that they are not continuously replenished
by circulating myeloid progenitors. Instead, they maintain their population primarily through

self-renewal via cell division”®. A key regulator of microglial survival, proliferation,
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and differentiation is the colony-stimulating factor 1 receptor (CSF1R), a transmembrane
tyrosine kinase receptor predominantly expressed in microglia within the CNS'%*°. CSF1R
mediates signaling from two known ligands: colony-stimulating factor 1 (CSF1), also known
as macrophage colony-stimulating factor (M-CSF), and interleukin-34 (/I-34)°'. These ligands
act as hematopoietic growth factors that regulate macrophage and microglial development
and homeostasis’>. Importantly, CSFIR expression is largely restricted to cells
of the mononuclear phagocyte lineage, including microglia and macrophages, as confirmed
by in situ hybridization studies’>**. The signaling axis involving CSF1/IL-34 and CSF1R is not
only critical during early development, but remains essential throughout life”.
Pharmacological or genetic inhibition of CSF1R has been instrumental in creating models
for microglial depletion, allowing to study microglial function in health and disease.
Administration of CSF1R inhibitors in adult mice has been shown to result in the elimination
of approximately 99% of microglia across the brain, highlighting the absolute dependency

of adult microglia on CSFIR signaling for survival®

. Remarkably, despite near-complete
ablation of microglia, mice typically show no overt behavioral or cognitive impairments under
baseline conditions, suggesting a degree of CNS plasticity or compensation in the short term.
Following the cessation of CSFIR inhibitor treatment, the brain undergoes rapid and robust
microglia repopulation. This process typically occurs within one week and is driven by nestin-
positive progenitor-like cells residing in the CNS, which proliferate and differentiate into new
microglia'®. These findings demonstrate not only the resilience of the microglial compartment
but also the regenerative potential of the CNS microglial niche.

The development of CSFIR-targeting compounds has been pivotal for advancing
our understanding of microglial biology and has clinical relevance for disorders where
microglial overactivation contributes to pathology, such as Alzheimer’s disease, multiple
sclerosis, and brain tumors. However, the long-term consequences of sustained microglial
depletion or repopulation, particularly in the aging brain or in disease contexts, remain areas

of active investigation.
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Figure 3.4 | A scheme representing a CSFIR receptor inhibition in microglia. The illustration

depicts the mechanism of colony-stimulating factor 1 receptor (CSF1R) blockade in microglial cells.

3.2.2 Microglial depletion and repopulation

Under physiological conditions, microglia maintain region-specific densities through slow
but consistent self-renewal, independent of peripheral hematopoietic sources®. However, recent
advances in microglial depletion models have allowed to interrogate the essential roles
of microglia in maintaining CNS homeostasis, as well as in pathological states such

as neuroinflammation, injury, and neurodegeneration!'>*,

Pharmacological depletion
of microglia is most commonly achieved through administration of CSFIR inhibitors,
such as PLX3397 or BLZ-945, which cross the BBB and target microglial survival signaling
pathways®>?®. These compounds have been shown to induce rapid and near-complete ablation
of resident microglia when administered over the course of several days to weeks. For instance,
7-day administration of BLZ945 in Cx3crl”GFP/+ mice led to a profound depletion
of microglia in the white matter”®.

The mechanism of depletion involves apoptotic cell death, rather than mere inhibition
of proliferation. This has been evidenced by the upregulation of active caspase-3, a marker
of apoptosis, in Ibal+ cells following CSFIR inhibition. Additionally, significant reduction
in the expression of key microglial marker genes, including Ibal (AIF1, Allograft
inflammatory factor 1), Cx3crl, Fcgrl, Itgam, Trem2, Cd68, Cd86, MHC II (H2-Ebl),
and CD45 (Ptprc) further confirm the depletion of the microglial population®”*. Importantly,
this loss of microglia is not associated with an overt inflammatory response in other CNS cells,
indicating a non-disruptive depletion protocol. Following inhibitor withdrawal, microglial

repopulation occurs rapidly and robustly, with Ibal+ cells reappearing in the brain within
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3 days”. These early repopulating cells exhibit a unique morphology: they are larger, possess
short, stubby processes, and express markers such as /b4, Cd45, Nestin, and Mki67, indicating
a proliferative and potentially progenitor-like state. By 7 days after inhibitor withdrawal,
the microglial population exceeds that of control brains and assumes more intermediate
morphologies. By 14 days, the repopulating cells become morphologically indistinguishable
from homeostatic ramified microglia and stabilize in number”>*’.

The initial repopulating phase is accompanied by elevated expression of cell cycle-related
genes, including Mki67, Ube2c, Ccna2, Prrll, and Top2a, consistent with a strong
proliferative response. Chemokines such as Cc/2, Ccl3, and Ccl5 also surge at this stage, acting
as signals to orchestrate the replenishment of the depleted niche®*®. The kinetics
of repopulation s remarkable: within 72 hours, the brain can contain ~14,000 microglial cells
per section, up from ~600 cells per section immediately following depletion®. While some
studies suggest that residual surviving microglia could contribute to repopulation through rapid
division (requiring a doubling time of ~5-6 hours), the presence of Nestint+ cells early
in repopulation supports the idea that a progenitor-like population may also contribute to this
process*>4,

Microglia depletion models have revealed important insights into the essential, yet context-
dependent, functions of microglia. In the healthy adult mouse brain, long-term depletion using
CSFIR inhibitors (CSF1R1) does not lead to obvious behavioral, cognitive, or pathological
abnormalities, indicating that under homeostatic conditions, microglia may not be strictly
required for routine neural function*. However, microglia are known to play critical roles
during development, including synaptic pruning, regulation of neurogenesis, and removal
of apoptotic cells, highlighting the importance of temporal context when interpreting depletion
studies'**”. The timing and context of microglia depletion relative to disease progression
are crucial factors influencing outcomes. For instance, CSF1Ri-induced microglia elimination
following neuronal injury or during neurodegenerative disease progression has been shown
to be neuroprotective, improving cognitive function and reducing inflammation in mouse
models of AD and acute injury!+*"1%,

However, early elimination of microglia during the acute phase of injury may exacerbate
damage, underscoring the biphasic and dynamic nature of microglial involvement in CNS
pathology. Importantly, microglia repopulation itself is beneficial in certain contexts.
For example, when microglia repopulation occurs after injury, it can enhance functional
recovery, suggesting that newly generated microglia may adopt a more homeostatic

or reparative phenotype. These findings are not limited to rodents. CSF1R inhibitors have been
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shown to effectively deplete microglia in non-human primates and humans, with similar
patterns of robust repopulation following inhibitor treatment cessation®>!°!. This translational
relevance positions CSFIR inhibitors as promising tools in future therapeutic strategies aimed
at resetting microglial populations in the context of chronic neuroinflammation

or neurodegenerative disease.

A Control C 21 days Repopulation

W Represents a microglie

D Control: . E 21 days PLX3397 F 21 days Repopulation

300 pm

G Control I H 21 days PLX3397 | 21 days Repapulation;
: s e

Figure 3.5 | CX3CR1-GFP positive microglia in under control conditions, after depletion
and repopulation. The upper panel shows CX3CRI1-GFP+ MG under various conditions
in the hemispheres (A—C) or hippocampi (D—F). The density of MG is fully restored without significant
changes in GFAP and NeuN reactivity (G-I). Figure from Elmore et al, Plos One 2015'%, used under
CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).

3.2.3 Origin of repopulated microglia

The origin of microglial repopulation following CSFIR inhibitor (CSF1Ri)-induced
depletion has been a subject of considerable investigation. Fate-mapping and parabiosis
experiments have now conclusively demonstrated that repopulated microglia arise exclusively
from the proliferation of a small population of residual microglia, rather than from infiltration

101

of peripheral myeloid cells or local progenitor-like cells'™'. Despite early observations

27



of transient nestin expression in newly forming microglia, careful lineage tracing confirmed
that nestin-positive, non-microglial cells do not contribute to the new microglial pool. These
findings exclude the participation of local CNS stem or progenitor cells in microglia
repopulation, despite temporary expression of stemness-associated markers. Additionally,
no evidence of contribution from blood-derived monocytes or macrophages has been found,
further emphasizing that microglia form an autonomous, self-renewing population under both
homeostatic and post-depletion conditions>>3.

During early development, microglia arise from uncommitted c-Kit+ progenitor cells
in the yolk sac, which differentiate into CD45+/c-Kit—/CX3CR1+ cells that migrate
into the developing CNS prior to the closure of the BBB!®. Once the BBB is established,
the CNS becomes impermeable to peripheral immune cell infiltration under non-pathological
conditions, reinforcing the notion of microglial independence from systemic myeloid lineages.
Genetic studies have shown that the developmental program of microglia is regulated by key
transcription factors such as Pu/ and Irf8, as well as CSF1R signaling, all of which are critical
for establishing and maintaining the resident microglial population*. Using tdTomato-labeled
fate-mapping systems, it was demonstrated that all tdTomato+ repopulated cells also expressed
Ibal (ionized calcium-binding adapter molecule 1), confirming that repopulated microglia
maintain their lineage identity throughout the repopulation process'!.

These surviving microglia undergo a process of partial dedifferentiation, temporarily
downregulating key microglial markers, and then re-differentiating into fully functional
homeostatic microglia once CSFIR signaling is restored”!®!1%  Crucially, no evidence
supports the idea that these cells transdifferentiate into other lineages or arise
from dedifferentiated progenitors. While some proliferating non-microglial cells may appear
during the early repopulation phase, comprehensive analyses confirmed that they do not
contribute to the regenerating microglial population, highlighting the highly lineage-restricted
nature of microglial self-renewal in the adult CNS»10L1%  The evidence indicates
that repopulated microglia derive exclusively from the proliferation of residual microglia
following CSF1Ri-induced depletion. This finding underscores the remarkable plasticity,
resilience, and self-renewal capacity of the resident microglial population, and rules out

the existence of a latent, multipotent microglial progenitor pool in the adult brain®>%%,
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3.2.4 Characteristics of morphology of repopulated microglia

Microglia are among the most morphologically dynamic and functionally adaptable cells
in the brain. They constantly survey their environment by extending and retracting thin
cytoplasmic extensions, forming transient contacts with synapses, and releasing regulatory

molecules that influence neuronal function'?’.

Their morphology is tightly coupled
to functional state, with transitions reflecting shifts in activation, surveillance, or phagocytic
roles'2. Following CSF1R inhibitor (CSF1Ri)-induced depletion and withdrawal, repopulated
microglia exhibit distinct morphological characteristics during preliminary stages of re-
establishment®>*1%_ Initially, these cells display larger cell bodies and reduced process
complexity, with short, stubby, and less branched extensions, compared to the highly ramified
morphology seen in homeostatic microglia’. These changes resemble a reactive or transitional
phenotype and gradually resolve over time, as the microglia mature and regain features
of the surveillant, ramified state in which they. actively participate in immune surveillance,
synaptic pruning, neurogenesis, and homeostasis®. Conversely, “activated” microglia, typically
observed in pathological contexts, exhibit a more amoeboid morphology, rounded cell bodies
with fewer and shorter processes, which is commonly associated with heightened inflammatory
responses and increased phagocytic activity>®1%8,

Another functionally significant morphology is that of “amoeboid” microglia, historically

considered to be highly phagocytic'®

. Yet, recent findings have revealed that even ramified
microglia can perform phagocytosis, particularly through specialized “en passant” or terminal
branches, such as during adult neurogenesis'!®. Interestingly, in certain disease states like
epilepsy, amoeboid microglia may exhibit reduced phagocytic capacity, further decoupling
morphology from function'!!!'2, Additional morphologies, such as “rod-shaped” microglia,
characterized by elongated cell bodies and polarized processes, have been reported to increase
in prevalence with aging, suggesting another form of functional adaptation*>°>!13,

In the context of microglia repopulation, the early morphological profile suggests
a transient reactive state, linked to the high proliferative and migratory demands during
recolonization of the CNS*>!%, However, over time (by ~14 days post-inhibitor withdrawal),
repopulated microglia gradually regain typical ramified morphologies, with branching
complexity and cell size comparable to those of untreated controls®. These findings emphasize
that microglial morphology reflects, but does not solely define, their functional state.

The increasing complexity of microglial classification revealed by scRNA-seq has introduced

numerous subtypes and acronyms®!'*. Yet, without consistent nomenclature and rigorous
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functional validation, these classifications may hinder rather than clarify our understanding

of microglial biology®.

3.2.5 Functional profile and transcriptomic identity of repopulated microglia

Repopulated microglia closely resemble their resident counterparts in both morphology
and functional gene expression, although transient differences emerge during the preliminary
stages of re-establishment. One key molecular mechanism influenced by tissue damage
involves activation of P2Y 12 receptor (encoded by P2ryl2), a purinergic receptor highly
expressed in homeostatic microglia''>. Upregulation of P2ryl2 by tissue damage signals
enhances the activity of the tonically active potassium channel THIK-1, leading to a reduction
in microglial process complexity (i.e., decreased ramification) and activation of inflammasome
pathways!'®!'7_ This inflammasome activity facilitates the maturation of pro-inflammatory
cytokines such as IL-1B, implicating P2ryl2 signaling in microglial reactivity

8,117

and inflammatory  readiness Despite  undergoing  significant  morphological

and proliferative = changes, repopulated microglia maintain functional integrity

and responsiveness’>!’!

. When challenged with LPS, a potent inducer of innate immune
responses, repopulated microglia exhibited inflammatory gene expression profiles similar
to control (non-depleted) microglia, indicating that their immune competence is preserved
post-repopulation®>1°!,

RNA-seq analyses revealed that repopulated microglia initially display a distinct
transcriptomic identity compared to resident microglia. For instance, cell cycle—related genes
such as Mki67 and Cdkl, and migration-associated genes like Cd36, are significantly
upregulated during the early phases of repopulation, reflecting the intense proliferative
and migratory activity required to repopulate the brain®®!°!. Importantly, during CSFIR
inhibitor-induced depletion, classic microglial genes such as Aifl, Tmemll19, Trem2,
and Cx3crl are significantly downregulated, affirming the effective removal of microglia®1!,
Notably, this depletion is not accompanied by an upregulation of inflammatory genes,
suggesting that microglial loss does not provoke a cytokine storm or pathological inflammation
within the CNS environment’?. Over time, the transcriptomic differences between repopulated
and resident microglia diminish. By day 60 post-repopulation, only three genes remain
differentially expressed compared to baseline controls, highlighting a remarkable convergence
toward the native microglial gene signature and suggesting functional equivalence under

homeostatic conditions’?.
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3.2.6 Inflammatory responsiveness and heterogeneity of repopulated microglia

Although repopulated microglia achieve homeostatic gene expression and morphology
over time, their ability to respond to acute neuroinflammatory stimuli is a critical measure
of their functional equivalence to resident MG. Acute systemic inflammation, such
as that induced by LPS, is known to drive robust microglial activation and production
of interleukin-1B (IL-1pB), among other pro-inflammatory mediators like 7nf, 1/-6, and nitric
oxide (NO)*!8119 These responses contribute to microglia-mediated neurotoxicity and are
shaped by factors including disease stage, local microenvironment, and genetic background.

To test the inflammatory competence of repopulated MG, LPS (1 mg/kg, i.p.) was
administered to mice with either resident or repopulated microglia. Transcriptomic profiling
revealed a comparable inflammatory gene expression response in both groups. Specifically,
the LPS challenge upregulated 455 genes and downregulated 34 genes in the brains of mice
with resident microglia. The LPS-induced transcriptional response in mice with repopulated
microglia was nearly identical, with no significant differences between the two groups’!-10L:118,
These findings suggest that repopulated MG retain a fully functional capacity to respond
to systemic inflammatory stimuli, including upregulation of key cytokines and immune-related
pathways?7104120.

Despite their acute functional competence, the ability of repopulated microglia to fully re-
establish a spectrum of microglial heterogeneity (a key feature of microglial specialization)

is influenced by age!?!"122,

3.3 Future directions for studying microglial roles in health and disease

Future research on microglial roles in health and disease should focus on several key
directions. First, advanced single-cell and spatial transcriptomic technologies could be used
to map microglial heterogeneity and dynamics across development, aging, and diverse
pathological contexts. Second, longitudinal in vivo imaging and novel lineage tracing tools
could clarify how microglia transition between functional states during disease progression
or recovery. Third, there is a need for improved models that more closely mimic human
microglial biology, such as human iPSC-derived microglia and organoid co-cultures, to better

understand species-specific mechanisms. Finally, investigating the interactions between
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microglia and other CNS cell types, the peripheral immune system, and the gut—brain axis may

reveal novel therapeutic targets for neuroinflammatory and neurodegenerative disorders.

3.4 Overview of applied methodologies

3.4.1 Low throughput technologies

Low-throughput sequencing technologies refer to methods for sequencing genetic material
that produce relatively insignificant amounts of data per run. These methods often provide
lower parallelization but can offer higher accuracy, longer read lengths, or a targeted focus.
They are particularly useful when sample availability is limited or when only a small number
of genes need to be analyzed. Low-throughput sequencing is primarily used in clinical
diagnostics, particularly for identifying rare mutations associated with diseases or for preparing
small genetic panels. Additionally, these technologies are beneficial for educational
and training purposes, forensic analysis, microbial strain typing, and pharmacogenomics.
Their advantages include high accuracy of sequenced data and well-established protocols
and software. In small projects, using low-throughput sequencing can help save both costs
and time associated with data analysis'®. Several methods, which are classified as low-

throughput sequencing, with the most popular being:

1. Sanger Sequencing: Developed by Frederick Sanger in 1970, this first-generation
method is considered the gold standard for DNA sequencing. It typically generates
reads of approximately 500-1,000 base pairs (bp). This technique is primarily used
for small-scale gene sequencing, validating variants such as single nucleotide
polymorphism (SNPs) or mutations, verifying clones, and clinical diagnostics.
Although it is highly accurate and straightforward to interpret, Sanger sequencing
is not suitable for large-scale genome sequencing due to its limited scalability and high

costs!?*.

2. Amplicon Sequencing (Targeted): This methodology focuses on sequencing specific
regions of DNA, such as particular genes or loci. It is commonly used to analyze genetic
variability in selected genes or regions of interest. The output varies depending

on the sequencing platform used, ranging from 100-300 bp for next-generation
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sequencing (NGS) and about 700 bp for Sanger technology. Amplicon sequencing
targets variant detection, microbial profiling, plant breeding, CRISPR screenings,
and cancer mutation analysis. It offers high sensitivity and is cost-effective for small
targets; however, its genomic scope is limited, and it can be affected by large

polymerase chain reaction (PCR) biases and amplification errors'%.

3. Pyrosequencing: This method provides real-time detection of nucleotide
incorporation through light emission. It is often used to sequence specific targeted
regions, typically generating noticeably short reads of about 100 bp. Pyrosequencing
is utilized for SNP genotyping, methylation analysis, and short amplicon sequencing.
While it is effective for SNP detection, its short reads and lower throughput, along

with reduced accuracy for complex genomes, can pose challenges for its use!%S.

4. Oxford Nanopore MinION: This portable and flexible technology is suitable for low-
throughput applications, being used for small genome sequencing, pathogen
surveillance, and fieldwork. It excels at long-read sequencing; however, it has lower

accuracy and a higher error rate compared to other sequencing technologies'?’.

3.4.2 High-throughput sequencing technologies

High-throughput sequencing technologies, commonly known as NGS, enable
the simultaneous sequencing of millions to billions of DNA fragments in parallel.
These platforms are designed for large-scale genomic studies, offering substantial data output,
scalability, and a lower cost per base compared to traditional methods like Sanger sequencing.
NGS is widely used for whole-genome sequencing (WGS), variant calling, and the detection
of genetic populations.

In transcriptomics, NGS is utilized in RNA-seq and scRNA-seq. In epigenomics,
itis applied in methylation sequencing (Methyl-seq), Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq), and chromatin immunoprecipitation sequencing
(ChIP-seq), among others. Additionally, NGS is employed in clinical diagnostics, including
cancer panels and rare disease detection, as well as in metagenomics for microbiome

profiling'?*. Below are some prominent high-throughput sequencing technologies:
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1. llumina Sequencing: This method is performed on various platforms such as HiSeq,
NovaSeq, NextSeq, and MiSeq. Sequencing is done via synthesis, producing short
reads (75-300 bp). The data output can reach up to 6 TB per run on the NovaSeq
platform. It is used for WGS, whole-exome sequencing (WES), RNA-seq, scRNA-seq,
ChIP-seq, and ATAC-seq. Illumina sequencing is known for its high accuracy
and extremely high throughput, with a well-established ecosystem. However, the short
read length limits structural variant resolution, and substantial infrastructure

is required'?®,

2. BGI/MGI Sequencing (DNBSEQ): This is conducted on MGISEQ and DNBSEQ
platforms, and it sequences DNA nanoballs. The read length is similar to [llumina (75-
300 bp), with data output comparable to the NovaSeq, reaching up to 5 TB per run.
It is applied to WGS, WES, RNA-seq, scRNA-seq, ChIP-seq, ATAC-seq, and some
low-cost applications. This method offers high throughput and lower costs compared
to other technologies, and it is faster as well. Nevertheless, it is primarily established
in Asia, leading to limited knowledge and support outside that region. Additionally,

it requires proprietary reagents and systems'%.

3. PacBio SMRT Sequencing: This technology is performed on the Sequel Ile
and Revio platforms and utilizes Single Molecule Real-Time (SMRT) technology.
Read lengths range from 10-50 kb, with potential lengths exceeding 100 kb. Each run
consumes up to 360 GB of data. It is useful for de novo genome assembly, Iso-Seq
(full-length transcriptomics), structural variation analysis, and epigenetics. Some
advantages include long reads with high accuracy (HiFi reads), making it ideal
for complex genomes. However, it has a higher cost per Gb compared to Illumina

and lower throughput for short-read applications'?°.

4. Oxford Nanopore Technologies (ONT): This method is performed on platforms like
PromethION, GridION, and MinlON, utilizing nanopore sequencing. Read lengths are
ultra-long, ranging from 10 kb to over 1 Mb, with output reaching up to 290 Gb per flow
cell on PromethION. ONT is applied in real-time genome surveillance, structural
variation analysis, metagenomics, and transcriptomics. Its key benefits include real-

time sequencing capabilities, portable platforms, and the elimination of the need
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for PCR/amplification. However, it does come with a higher error rate (though this

improves with Q20+ chemistry) and necessitates robust error correction mechanisms'>!.

3.4.3 Introduction to single-cell RNA-seq technology

Single-cell RNA sequencing (scRNA-seq) measures the gene expression of the entire
transcriptome in individual cells, providing a detailed view of how cells function and interact
within complex tissues. By tracing individual transcripts back to their cells of origin, it helps
to identify unique gene expression profiles in highly heterogeneous samples. This approach
reveals rare cell types and dynamic cell states that other methods often overlook.
Advancements in scCRNA-seq enable the integration of comprehensive information about
various molecular states, the inference of functional phenotypes, and the deduction of potential
relationships between individual cells.

Single-cell technologies, multi-omics, and integrative analyses of gene and protein
expression not only help identify cells but also offer new insights into the molecular
mechanisms that shape and regulate specific cell states in different contexts. Improvements
in computational tools and techniques that facilitate the alignment and integration of single-
cell datasets are crucial for addressing these challenges. They provide a powerful means
to discern similarities in microglial states across various contexts. However, a practical
limitation of defining functional states solely based on their transcriptional signatures
is that mRNA expression may not directly predict protein levels. Importantly, mRNA
or protein expression alone does not necessarily predict microglial function, although they can
be used to formulate functional hypotheses that require experimental validation. Numerous
methods exist for classifying microglia based on their constituent states, including gene
expression, protein expression, post-translational modifications, mMRNA profiling,
morphology, and ultrastructure. Each of these approaches can vary in coverage, such as single-
cell versus whole-transcriptome profiling, contributing to confusion and mislabeling
in the field. Single-cell sequencing technology can reveal cell heterogeneity and provide
unprecedented insight into cell functions, interactions, and disease mechanisms.

scRNA-seq provides high-resolution insights into the heterogeneity of microglia
populations, enabling precise detection of gene expression at the level of individual cells.
This approach is particularly valuable in distinguishing transcriptionally distinct microglia
subtypes, identifying rare activation states, and uncovering low-abundance transcripts that are

frequently undetectable using conventional bulk RNA sequencing methods. In the context
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of the study, scRNA-seq allowed the systematic annotation of microglia clusters based on both
canonical and novel marker genes, facilitating the refinement of subtype definitions
and the exclusion of irrelevant or contaminating populations.

The ability to quantify tens of thousands of genes across thousands of single cells
in parallel yields comprehensive datasets that capture the diversity of transcriptional states
within the microglia compartment. This capability supports large-scale comparative analyses,
reconstruction of lineage trajectories, and detection of subtle changes in cluster composition
under different experimental conditions. Such high-resolution data are essential for dissecting
complex processes, including microglial activation, proliferation, and transitions between
homeostatic and reactive states.

However, the implementation of scRNA-seq is not without limitations. The technique
involves higher costs and longer processing times compared to bulk RNA sequencing,
alongside substantial demands for computational power and bioinformatics expertise.
The requirement to dissociate brain tissue into single-cell suspensions can alter transcriptomic
profiles and introduce technical artifacts. Furthermore, dropout effects, where transcripts
present in a cell are not detected, pose challenges for quantitative analysis, particularly
for genes expressed at low levels. While scRNA-seq provides unparalleled granularity,
the sequencing depth per gene is lower than in bulk RNA-seq, potentially reducing sensitivity
for detecting uniformly low-abundance transcripts.

Overall, scRNA-seq is a powerful and versatile approach for investigating microglia
heterogeneity, offering detailed mapping of transcriptional states and discovery of previously
unrecognized subtypes. Nonetheless, careful experimental design, the use of appropriate
controls, and complementary validation methods are necessary to mitigate its technical

constraints and ensure robust interpretation of results.

3.4.4 Applications of single-cell RNA-seq

scCRNA-seq enables to understand the diverse cell populations within tumors, helping
to identify sub-clonal structures that may drive disease progression and therapeutic resistance.
By analyzing changes in gene expression over time, tumor evolution can be tracked, providing
insights into metastatic behavior and treatment responses. This technology also facilitates real-
time monitoring of gene expression dynamics as stem cells differentiate into various lineages,

capturing the regulatory networks involved in development. scRNA-seq allows identifying key
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transcription factors and signaling pathways that regulate stem cell fate decisions, thereby
advancing stem cell therapy.

Furthermore, scRNA-seq can be used to examine the complex cellular composition
of the nervous system, exploring the unique transcriptional profiles of different neuron types
and supporting glial cells. This approach reveals temporal changes in gene expression
that occur during neural differentiation and development, providing valuable insights
into developmental neurobiology. It can also shed light on the molecular mechanisms
underlying various neurological disorders by identifying disrupted gene expression patterns
within affected cell types. scRNA-seq can analyze gene expression patterns that dictate cell
fate decisions during embryonic development and tissue morphogenesis. This offers insights
into normal developmental processes and congenital disorders.

By studying gene expression in affected cells, potential causal genes and pathways
implicated in developmental disorders can be identified, contributing to improved diagnostics
and therapies. Additionally, scRNA-seq allows for detailed profiling of immune cell
populations, enabling the study of their roles in health and disease. It helps to investigate
how immune cells respond at the single-cell level during infections and inflammatory
processes, leading to a deeper understanding of autoimmune conditions and potential
therapeutic interventions.

10x Genomics platforms combine microfluidic technology with droplet packaging
for high-throughput sequencing of single cells. Their technology encapsulates single cells
and reaction reagents in nanoscale droplets, enabling high-throughput and high-precision
single-cell analysis through the Gel Beads-in-Emulsion (GEM) structure. By allowing for in-
depth exploration of cellular processes, molecular interactions, and disease pathways,
the platform has established new standards in genomic research. Using advanced microfluidic
systems and precision droplet formation, their Chromium technology allows

for the comprehensive examination of large numbers of distinct cells simultaneously.

3.4.5 Droplet based single-cell RNA-seq system

The employ a microfluidic system based on a water-in-oil emulsion to mix single cells
with primers, enzymes, and reverse transcription reagents, resulting in the formation of GEMs.
Each GEM comprises a single cell along with its transcriptome or genomic information.
A GEM acts as a drop-like microreactor that contains a Gel Bead and a water-in-oil emulsion.

The surface of the bead is coated with various barcodes: a coded barcode (10x barcode),
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amolecular barcode, and reverse transcription (RT) primers for subsequent decoding
and quantification of transcripts. The beads within each GEM carry unique molecular barcodes
that distinguish sequencing data from different cells. These barcodes bind to unique identifiers,
ensuring the exclusivity of each transcript. The recent Chromium platform can simultaneously
process thousands to tens of thousands of single cells, with each chip capable of capturing
up to 80,000 cells, significantly enhancing the efficiency of single-cell sequencing'*?.

ScRNA-seq using the 10x Genomics Chromium system enables the high-throughput
characterization of transcriptomes at single-cell resolution. The workflow consists
of sequential steps encompassing sample preparation, single-cell encapsulation and barcoding,
library construction, sequencing, and bioinformatics analysis, each of which contributes
to the generation of accurate and robust gene expression data.

Tissue is dissociated into a single-cell suspension, filtered and assessed for viability
(target >80%). Cell concentration is adjusted to the recommended range (700—1200 cells/uL).

Cells are then encapsulated with barcoded gel beads into droplets (GEMs) using
the 10x Genomics Chromium system. Inside each GEM, cells are lysed and mRNA molecules
are captured by barcoded oligos, assigning each transcript a unique cell barcode and Unique
Molecular Identifier (UMI). Reverse transcription produce barcoded cDNA, which is pooled
and amplified by PCR.

Amplified cDNA is fragmented, end-repaired, and adaptor-ligated and quality-checked
before sequencing on Illumina platforms (e.g., NextSeq or NovaSeq). Sequencing data
are processed with Cell Ranger for alignment and generation of a gene expression matrix.
Downstream analysis (Seurat/Scanpy) induced dimensionality reduction, clustering,
and annotation based on reference datasets, followed by differential expression analysis.
This workflow enables high-resolution characterization of cellular heterogeneity, though

t!32, Cell hashing employs barcoded

it is sensitive to dissociation artifacts and transcript dropou
antibodies (often targeting universal cell surface proteins like CDA45) conjugated
to oligonucleotides. Each sample is labeled with a unique hashtag oligonucleotide (HTO) prior
to pooling. After sequencing, the HTOs are used to demultiplex the pooled data back
to individual samples. Genetic polymorphisms specific to samples can act as fingerprints,
allowing cells to be assigned to their origin after sequencing. This workflow facilitates
the detection of multiplets from two different or more individuals, leading to a decrease in non-
identifiable multiplets that directly correlate with the number of multiplexed samples.

By using a defined set of oligo-tagged antibodies against common surface proteins, samples

from different experiments can be uniquely labeled. This enables pooling samples together,
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using the barcoded antibody signal for reliable demultiplexing. The technology is called
Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-seq). Cell hashing
supports robust sample multiplexing, accurate multiplets identification, and the differentiation
of low-quality cells from ambient RNA, resulting in substantial cost reductions. This approach
allows CITE-seq and cell hashing to be conducted simultaneously, while generating separate
sequencing libraries. This means that HTOs, antibody-dependent tags (ADTs), and scRNA-seq
libraries can be independently amplified and pooled.

The background signal for each HTO as a negative binomial distribution, estimating
background cells based on initial k-medoids clustering of all HTO reads. Barcodes with HTO
signals above the 99th percentile of this distribution are classified as “positive”, while those
positive for multiple HTOs were classified as multiplets. Profiling diverse environmental
and genetic  perturbations simultaneously enhances experimental workflows, such
as optimizing antibody concentrations for CITE-seq experiments. In flow cytometry,
antibodies are usually tested individually over a wide dilution series to establish signal-to-noise
ratios and locate optimal concentrations'>?.

The methodology improves several aspects of technological application, such
as significantly reducing sequencing costs by enabling multiple samples to be analyzed
in a single run, minimizing technical variation as samples are processed together, improving
the identification and removal of doublets (cells from two or more individuals captured
in the same droplet), and processing more samples without a proportional increase
in experimental workload, which shows up better results compared to other sequencing
methods. Compared with alternative multiplexing approaches, such as genetic barcoding
or lipid-tagged oligonucleotide labeling, HTO-based hashing offers several advantages. Unlike
genetic barcoding, which requires prior engineering of the cells, hashing can be readily applied
to primary tissues without the need for genetic manipulation. In contrast to lipid-tagged oligos,
which may introduce variability in labeling efficiency, HTO-based methods rely on well-
established antibody—epitope interactions, ensuring stable and reproducible labeling across
diverse cell types. These characteristics make HTO hashing particularly suitable for studies
of primary microglia, where genetic modification or extensive in vitro manipulation
is not feasible.

However, cell hashing also has some limitations that hinder its application, such as poor
antibody staining can lead to ambiguous assignments or unidentified “negative” cells
(no hashtag detected). While HTOs can help identify inter-sample doublets, detecting intra-

sample doublets remains challenging. Hashtag signals may spill over due to ambient RNA
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or insufficient washing, resulting in misclassification. Demultiplexing and quality control
require careful normalization and statistical modeling (using tools like Seurat, Demuxlet,
or HTODemux). The number of distinct HTOs is finite (typically between 4 and 12),
which limits the number of samples that can be multiplexed. Newer methods, such as MULTI-
seq and cell hashing with lipid-tagged indices, continue to enhance and expand the capabilities

of cell hashing techniques.
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4. Aims of the study

Microglia have a unique capacity among CNS-resident cells to self-renew and are capable
of repopulating the CNS after depletion restoring their density within a few days.
Yet, it remains unclear whether repopulated microglia fully regain the functional heterogeneity
and homeostatic states of their counterparts, and how this process is shaped by aging.

The central goal of this study was to understand the origin and functionality of microglia
repopulating the brain after pharmacological depletion, with particular attention to how
this process differs between young and aged mice.

To address these questions, our study was designed with the following aims:

1. The analysis of heterogeneity of repopulated microglia in young mice with scRNA-seq.

2. A comprehensive characterization of repopulated microglia at the transcriptional

and functional level.

3. Defining the origin of repopulated microglia.

4. Comparison of repopulated microglia at the transcriptional and functional level

in young and old mice using scRNA-seq data.

5. Characterization of repopulated microglia at the transcriptional and functional level

in old mice using bulk RNA seq data.

6. Comparison of activated microglia in various pathologies and in public datasets.

These aims were designed to build a unified framework for understanding microglial plasticity.
At its core, the study asks whether repopulated microglia can truly restore heterogeneity
and homeostasis, how aging alters this capacity, and whether the activation programs
of repopulated cells overlap with those driving pathological states such as glioma

or neurological disorders.
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5. Materials and methods

5.1 Mouse microglia depletion/repopulation experiment

To investigate the dynamics of microglial repopulation following depletion, we employed
a well-established mouse model of targeted CD11b* cell depletion with oral administration
of CSF1R inhibitor (BLZ495). Using Tmem119 staining we confirmed efficient depletion
(>90%) of resident microglia and minor populations of myeloid cells. Upon withdrawal
of the CSFIR inhibitor for 7 days, numbers of microglia in all tested structures were restored.
All experimental procedures involving animals were approved by the First Local Ethics
Committee for Animal Experimentation in Warsaw (836/2019; 1364P1/2022). Young
(3 months old), aging (12 months old) or aged (18-22 months old) female and male GFP-M:
Cx3crl-CreERT2{l/fl: Rosao 26-tdTomatotg/tg mice were housed at the Nencki Institute,
Poland. The animals were kept in individually ventilated cages, with free access to food
and water, at a temperature of 21-23 °C, and 50-60% humidity, under a 12 h/12 h day
and night cycle. The animals were habituated for 3—4 days by being placed individually
in a cage for 3 h, where a small amount (~ 100 uL) of the peanut butter (PB) was provided.
The mice were fed with BLZ-945 (MedChemExpress, HY-12768) at a dose of 200 mg/kg b.w.
daily in 100 uL PB (Peanut butter, GoOn, Santé); the controls received PB. BLZ-945 was
delivered for 14 or 21 days to establish the kinetics of depletion; repopulation was studied
7 days after cessation of the treatment. The studies were performed by Dr. Maria Banqueri

Lopez Ph.D. and Dr. Anna Kiryk Ph.D. for the ERANET MicrosynDep project.

BLZ depletion experiment - FEMALES

4 replicates 4 replicates
(one animal per replicate) (one animal per replicate)
.-!. ‘ P8
Young old
/ ~3 months \ / ~12 months \
CTRL BLZ +7 CTRL BLZ+7

*Microglia cells from whole brain
Figure 5.1 | Experimental design for BLZ-945-induced microglial depletion and repopulation
in female mice. Schematic overview of the experimental setup. Young (~3-month-old) and old (~12-
month-old) female mice were assigned to control (CTRL) or repopulated (BLZ + 7) groups, with four

biological replicates per condition (one animal per replicate). Microglia were depleted using the CSF1R
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inhibitor BLZ-945, and brains were collected 7 days after treatment withdrawal to capture early

repopulated microglia. Cd11b" cells were isolated from whole brains for downstream analyses.

5.2 scRNA-seq experiments

5.2.1 Tissue dissociation and isolation of CD11b* by flow cytometry

The mice were anesthetized with 3% isoflurane (Iso-Vet), an overdose of ketamine
(Biowet Pulawy), and xylazine (Sedazin, Biowet) (160 mg/kg and 20 mg/kg of body weight,
respectively) via i.p. injection, followed by perfusion with cold PBS. The brains were collected
and placed in cold HBSS (without Ca*" and Mg®"). In the first experiment, the whole
hemisphere was isolated for flow cytometry experiments, and the remaining hemisphere
was stored in cold PFA for 48 h. Subsequently, the brains were transferred to 30% sucrose
(w/v) in PBS for 48 h and frozen in Tissue Freezing Medium (Leica) at -80 °C.

For flow cytometry, tissue was minced, transferred onto c-tubes containing 1950 pL
DMEM supplemented with 50 pL of Deoxyribonuclease I (Sigma Aldrich). Dissociation
was performed with the MACS dissociator with heaters (Militenyi Biotec) for 22 min and later
the samples were passed through 70 nm and 40 nm strainers into 50 mL cold HBSS with ions
to stop the enzymatic reaction (EasyStrainer™, BioOne). The cell suspension was centrifuged
(10 min, 4 °C, 300xg), the supernatant was removed and the pellet was resuspended in 25 mL
of Myelin Gradient Buffer with 5 mL of cold PBS overlayed, followed by centrifugation
(950x%g, 4 °C, 20’ with acc. 0 and deacc. 0). The pellet was resuspended in 1 mL of BD buffer
(Dulbecco’s Phosphate-Buffered, Stain Buffer, FBS, BD Pharmigen™). The cells were
counted using the Nucleocounter (Chemometec). The cells were suspended in the Stain Buffer
(BD Pharmingen) with anti-mouse CD16/CD32 Fc Block™ 1:200 (BD Pharmigen) for 10 min.
Next, anti-mouse CD11b antibody 1:250 (M1/70, BD Pharmigen) was added and cells were
incubated for 20 min at 4 °C, then washed with Stain Buffer. The cells were sorted using purity
precision mode on FACS Aria flow cytometer (BD FACSAria Cell sorter BD-Biosciences)
into 200 pL of sterile PBS. The sorted sample was mixed by inverting the Eppendorf tubes
and placed on ice, for no longer than 30 min. The experiments were performed by Dr. Maria
Banqueri Ph.D., Dr. Anna M. Lenkiewicz Ph.D., Dr. Natalia Ochocka Ph.D., and Zuzanna
YLuczak-Sobotkowska M.D.
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5.2.2 Total RNA isolation from CD11b+ cells

For RNA isolation, sorted CD11b" cells were stored in a — 80 °C freezer. The samples
were thawed on ice and total RNA was isolated with the RNAeasy Plus Mini Kit (Qiagen)
according to the manufacturer’s instructions. The RNA concentration was immediately
determined using a spectrophotometer NanoDrop2000 (ThermoScientific). The experiments
were performed by Dr. Maria Banqueri Ph.D., Dr. Anna M. Lenkiewicz Ph.D., Dr. Natalia
Ochocka Ph.D., and Zuzanna Luczak-Sobotkowska M.D.

5.2.3 Single-cell RNA-seq experiments

Directly after sorting, the quantity and viability of CD11b" cells were determined, and a cell
suspension containing 5,000 target cells was used for further processing. Preparation of gel
beads in emulsion and libraries were performed with Chromium Controller and Single-Cell
Gene Expression v2 Chemistry (10 x Genomics) according to the Chromium Single-Cell 3’
Reagent Kits v2 User Guide provided by the manufacturer. Libraries’ quality and quantity were
verified with a High-Sensitivity DNA Kit (Agilent Technologies, USA) on a 2100 Bioanalyzer
(Agilent Technologies, USA). Next, sequencing was performed in the rapid run flow cell
and paired-end sequenced (read 1-26 bp, read 2—100 bp) on a HiSeq 1500 (Illumina, San
Diego, CA 92122, USA). To minimize batch effects, four scRNA-seq libraries (Rep1 to Rep4)
were constructed, each combining 4 animals across 4 experimental conditions (control young,
control old, repopulated young, repopulated old, repopulated old). For each scRNA-seq library,
samples from individual experimental conditions were tagged using TotalSeq™ anti-mouse
hashtag antibodies. The hashtag assignment was as follows: control young - #Ab 1, control old

- #AD 2, repopulated young - #Ab 3, repopulated old - #Ab 4:
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Table 5.1 | Antibodies used for sample hashing in scRNA-seq experiments. Summary of the hashtag
oligonucleotide (HTO)-conjugated antibodies applied for sample multiplexing in the scRNA-seq
experiment. Each biological condition was labeled with a unique HTO antibody prior to pooling and
encapsulation. The listed antibodies (Hashtag 1-4) contain distinct DNA barcodes that enable

unambiguous sample demultiplexing.

Antibody Barcode Source | Type

TotalSeq™-B0301 anti-mouse Hashtag 1 | ACCCACCAGTAAGAC | Biolegend | HTO
Antibody (Ab #1)

TotalSeq™-B0302 anti-mouse Hashtag 2 | GGTCGAGAGCATTCA | Biolegend | HTO
Antibody (Ab #2)

TotalSeq™-A0303 anti-mouse Hashtag3 | CTTGCCGCATGTCAT | Biolegend | HTO
Antibody (Ab #3)

TotalSeq™-B0304 anti-mouse Hashtag 4 | AAAGCATTCTTCACG | Biolegend | HTO
Antibody (Ab #4)

The target yield for each library was 11,000 (~2,750 per sample). After FACS sorting,
the number and viability of CD11b" cells were measured, and a suspension with 5,000 cells
was prepared for single-cell capture. GEM generation and library preparation were performed
on the 10x Genomics Chromium Controller using the Single-Cell 3’ v2 chemistry, following
the manufacturer’s protocol. Library quality and concentration were assessed with a High-
Sensitivity DNA Kit on a Agilent 2100 Bioanalyzer.

Sequencing was conducted on an Illumina HiSeq 1500 using paired-end reads
(26 bp for read 1, 100 bp for read 2). To minimize batch effects, four scRNA-seq libraries
(Repl-Rep4) were generated, each containing cells pooled from four animals: control young
(~3 months), control old (~12 months), repopulated young (~3 months), and repopulated old
(~12 months). Samples were distinguished using TotalSeq™ anti-mouse hashtag antibodies
(#1-#4). Library preparation was performed by Dr. Natalia Ochocka Ph.D. (Laboratory
of Molecular Neurobiology).

5.3 Bulk RNA sequencing

To ensure the generation of high-quality transcriptomic data, both single-cell and bulk
RNA-seq workflows included rigorous quality control steps. All procedures were carried

out in accordance with best practices for RNA integrity and library preparation.
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For both single-cell and bulk RNA-seq experiments, the quality and integrity of total RNA
were assessed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Kit (Agilent
Technologies, Ltd.). Library quality was subsequently verified using the Agilent 2100
Bioanalyzer together with the Agilent DNA High Sensitivity chip (Agilent Technologies Ltd.),
confirming a mean library size of approximately 300 bp. The entire process of sample
preparation and library amplification was overseen by Dr. Anna M. Lenkiewicz Ph.D. from
the Laboratory of Molecular Neurobiology.

For sequencing, libraries were run on a rapid-run flow cell and paired-end sequenced
as follows: 2x76 bp on the HiSeq 1500 (Illumina, San Diego, USA) for scRNA-seq and 2x151
bp on the NovaSeq 6000 (Illumina, San Diego, USA) for bulk RNA-seq. Sequencing was
performed by Dr. Bartosz Wojtas Ph.D., D.Sc., from the Laboratory of Sequencing and Dr.
Paulina Szadkowska Ph.D. from the Laboratory of Molecular Neurobiology.

5.4 Single-cell RNA-seq data preprocessing and normalization

5.4.1 Raw data preprocessing

To provide robust downstream analysis, the raw scRNA-seq data underwent a standardized
bioinformatics processing pipeline. The raw sequencing output, comprising 1,671 million reads
in binary base call (BCL) files, was demultiplexed into four libraries (Repl to Rep4)
and converted to FASTQ format using CellRanger v3.0.1 from 10X Genomics and bcl2fastq
tool v2.20.0.422 developed by Illumina. FASTQ format stores a biological sequence in their
sequencing order, along with quality scores, in text format. Each entry begins
with a @ character followed by an identifier and sometimes sample description. The next line
contains sequence letters, + character, and finally quality values of the raw sequence.
The quality values, known as Phred quality scores, are assigned to each nucleotide base call,
and are proportional to logarithm of the probability that a given base is incorrectly called.

The sequencing results were mapped and quantified using CellRanger pipeline. The total
number of cells identified was 30,904. On average, the median number of genes detected
per cell was 2,310, and the median UMIs per cell was 68,228. Subsequent analyses were

performed in R using Seurat v4.2.0134,
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5.4.2 Demultiplexing samples

The data were split into two matrices: one containing RNA counts for each sample
and another one containing HTO counts. Gene annotations from ENSEMBL were applied
to the gene matrix, and HTO annotations were used for hashtag data. The HTO matrices were
normalized using the NormalizeData() function with the normalization method selected
as “CLR”, which applied centered log-ratio transformation. Demultiplexing was performed
based on the HTOs to assign cells to their respective experimental conditions (control young,
control old, repopulated young, repopulated old), yielding 16 samples for further analysis.
The hashtag oligonucleotides allowed for the identification of duplicates (two cells in one
droplet) and negatives (empty droplets), which were filtered out. The MULTIseqDemux()
function was used to identify and filter out doublets and negative droplets, with individual
thresholds set for each hashtag to account for variability in cell numbers across samples'®.
This demultiplexing method is preferable when the expected number of cells varies among
samples, as opposed to the standard HTODemux() function, which classifies cells based

on a uniform threshold across all samples.

5.4.3 Quality control metrics

Each library was processed independently following a standard Seurat workflow, which
included filtering based on quality control (QC) metrics, normalization, scaling,
and identification of highly variable features. Cells with more than 7.5% mitochondrial gene
content, fewer than 200 detected features, or more than 2,500 features were excluded to remove
potential debris, dead cells, and doublets. After filtering, 20,058 high-quality cells remained

for analysis.

5.4.4 Normalization, scaling and merging datasets

Gene expression values were normalized using the global-scaling method LogNormalize.
In this method, the raw UMI counts for each gene are divided by the total counts
for the corresponding cell, multiplied by a default scale factor of 10,000, and subsequently
transformed using loglp. This procedure yields expression values that are comparable across

cells and suitable for downstream analyses.

47



Seurat provides several alternative normalization strategies that can be adapted depending
on dataset characteristics and research objectives. The CLR method, which was described
previously, is often used for normalizing barcode data (e.g., cell hashing). Another available
method is Relative Counts (RT), which is a simple scaling approach, in which raw counts
for each gene are divided by the total UMI count of the corresponding cell, without any log-
transformation. The newest implemented method is SCTransform (SCT), which is regularized
negative binomial regression-based method, that models gene expression while accounting
for sequencing depth and other technical factors. This method also performs variance
stabilization, effectively reducing technical noise and improving downstream integration
and differential expression analysis. This method has been increasingly favored for datasets
with high technical variability or when integrative analysis across multiple batches
is required'*!%7,

For each library, the 2,000 most highly variable genes were identified using a variance

stabilizing transformation (vst)!*®,

This technique fits a local polynomial regression
to the relationship between mean and variance'*®. The feature values were then standardized
based on the observed mean and expected variance, which is determined by the fitted line.
The variance for each feature was calculated using the standardized values, with a maximum
limit applied to avoid outliers. After identifying highly variable genes for each library,
the datasets were combined into a single Seurat object using the merge() function rather
than the standard Seurat integration workflow. This approach was appropriate because the use
of HTO barcoding allowed us to pool and multiplex samples within each sequencing run,
thereby minimizing potential batch effects. Since each experimental condition was
demultiplexed based on unique HTOs, additional integration steps to correct for batch variation
were unnecessary. The normalized counts were scaled and centered using the Seurat function

ScaleData(), where all genes were included as the “features” argument. This function regressed

out the effects of specified variables and then scaled the residuals accordingly.

5.5 Dimensionality reduction and clustering

5.5.1 Principal Component Analysis

To cluster cells effectively and visualize the data in an interpretable way, it is essential to reduce

this dimensionality while preserving the most informative variation. Dimensionality reduction

48



was performed using Principal Component Analysis (PCA), which is an unsupervised machine
learning method useful for dimensionality reduction “*'#!, This approach allows to identify
the cell types associated with each data point by uncovering axes that correspond to the largest
variations in high-dimensional space. The first principal component is selected based
on maximizing the variance of the positions of the analyzed cells, while the subsequent
principal components are determined to be orthogonal to the first one. PCA allows
for the selection of factors that contribute to the heterogeneity within the dataset. At this stage,
biological conditions are expected to influence the data, particularly as significant variance
is observed in relation to the expression correlations of multiple genes. In this study, PCA
was run to obtain the first 30 principal components, as determined by the elbow plot results
(Fig. 5.2). The elbow plot visually represents the standard deviation of the principal
components to identify the threshold at which adding more components introduces mostly

noise rather than informative signal, which obscures relevant biological data.
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Figure 5.2 | Elbow plot of scRNA-seq data on PCA dimension reduction.

5.5.2 Uniform Manifold Approximation and Projection

Data visualization in 2D space was conducted using the Uniform Manifold Approximation
and Projection (UMAP) for dimension reduction!*>'**, UMAP is a non-linear method
that distributes data uniformly on Riemannian manifold with a locally constant metric.
Manifolds are characterized by their local connectivity. It creates a low-dimensional

representation that retains the fuzzy topological structure of the high-dimensional data.
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UMAP offers several advantages: it is suitable for large-scale data, operates quickly, and tends
to visually capture global data structures more effectively than other non-linear methods.
In the analyzed dataset, UMAP was applied using 30 nearest neighbors, which helped
in approximating the local manifold structure. This number reflects a balance between
preserving the global structure with a larger number of neighbors and retaining detailed

structure.

5.5.3 Clustering

Following dimensionality reduction, clustering was performed to identify groups of similar
cells. Clustering was performed using Leiden algorithm that constructs a shared nearest
neighbor (sNN) graph!#*. This method calculates the neighborhood overlap between each cell
and its k-nearest neighbors. In this graph, each cell is represented as a node, and an edge
connects two cells if they share a common nearest neighbor from the k-nearest neighbor graph.
Neighbors are ranked from 1 (when the cells are the same) to & (when they are farther apart).
The edges are weighted based on these rankings, with higher weights assigned to edges
connecting cells that are closer together!'#>146,

To detect clusters, the FindClusters() function employed an improved version of the SNN
modularity optimization-based clustering algorithm, known as the Louvain method'".
The chosen resolution of 0.4 provided a moderate granularity, appropriate for analyzed dataset
that focused exclusively on the CD11b* cell population, and produces 16 distinct cell clusters.

This balance allowed to resolve biologically meaningful subpopulations without excessive

over-clustering, ensuring that each cluster could be assigned a plausible functional identity.

5.6 Single-cell RNA-seq downstream analysis

5.6.1 Cell type identification

For the downstream analysis, we identified the cell populations present in the dataset.
To assist in this process, the ProjecTILs-3.0 R library was used'*®, which facilitates
the projection of scRNA-seq data onto well-characterized reference atlases'*’. This approach
leverages existing datasets to predict cell identities and uncover gene programs

that differentiate experimental conditions or tissue types. It is widely regarded as a robust
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method for interpreting complex single-cell data and can be adapted to both published reference
atlases and custom-built datasets. In our study, we used a CITE-seq reference dataset
from Ochocka, Segit et al., Cell Rep. 2023'*°, which we projected on query data derived

from repopulation microglia processes.

5.6.2 Differential gene expression analysis

Differential gene expression analysis allows finding genes, whose activity signal level
(expression) is significantly different when comparing different conditions or experimental
groups. We took the normalized read count data and performed statistical analysis to find
quantitative changes in expression levels between experimental groups. A differential gene
expression test usually returns the log2 fold-change and the adjusted p-value per compared
genes per compared conditions. We employed methods originally designed for bulk expression
samples such as edgeR %151,

To further explore transcriptional changes across experimental conditions, we identified
differentially expressed genes (DGE) using the FindMarkers() function applying a negative
binomial regression model, which is particularly suitable for scRNA-seq data. This function
allows flexible specification of statistical tests. We used tests which compute gene-wise
differences in expression between defined groups of cells, correcting for multiple hypothesis
testing using Benjamini-Hochberg procedure. Only genes surpassing predefined thresholds
for adjusted p-value and log fold change were considered significantly differentially expressed.

The negative binomial regression model was used for differential expression analysis
because it accurately captures the characteristics of single-cell RNA-seq data. Gene expression
counts in scRNA-seq are highly variable and often show greater variance than expected from
simple count models. The negative binomial distribution includes a dispersion parameter,
allowing the variance the exceed the mean, which makes it well suited for modeling this over
dispersed data.

Within this framework, gene counts are modeled as a function of experimental conditions,
enabling the estimation of expression differences while accounting for cell-to-cell variability.
The model also allows inclusion of covariates, such as sequencing depth or batch effects,
ensuring that differential expression reflects biological rather than technical variation.
Statistical significance is evaluated within the regression framework and corrected for multiple

testing to control the false discovery rate!'*2,
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Differential expression analyses were performed separately for each experimental condition
and within each microglial cluster to identify changes associated with repopulation. A log fold-

change cutoff of 0.25 was applied.

5.6.3 Pathway enrichment analysis

To have an insight into the biological processes underlying the observed transcriptional
changes, we performed functional enrichment analysis on the differentially expressed genes
(DEGs) identified using the negative binomial regression model. These DEGs were utilized
to identify enriched Gene Ontology terms and pathways from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and the Reactome Pathway Database. This analysis aimed to reveal
which cellular processes were activated or suppressed between the compared cell populations.

Enrichment analysis and visualizations were performed using the pathfindR library
(v.2.3.1)!33, which employs a protein-protein interaction networks to improve the detection
of biologically meaningful pathways. This method is one of the third-generation pathway
enrichment methods, which take not only information about the ranking scores, but also
the gene interaction network. To build an interaction network, genes and their associated
p-values were mapped into a subnetwork space and ranked based on their significance
scores and the number of significant genes they connected. These ranked gene lists were used
to identify enrichment analysis. Terms with adjusted p-values above a predefined threshold
were discarded, while those with the lowest adjusted p-values for each term were retained
for further analysis. The entire process was repeated multiple times in parallel to enhance result
stability. Finally, distances between the retained enriched terms were -calculated,
and hierarchical clustering was performed to group related pathways, providing a clearer

overview of the functional themes associated with microglial repopulation.

5.6.4 Trajectory inference

To gain deeper insight into the dynamics of microglial repopulation and to characterize
potential cell differentiation trajectories, we leveraged RNA velocity analysis!'>*, which
represent quantitative measure of future transcriptional state of individual cells, offering
valuable information about cellular maturation and lineage progression. This analysis was

)155

performed using the scVelo library (v.0.3.2)°°, which estimates velocities by comparing
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the ratio of un-spliced pre-mRNA fragments to mature, spliced mRNA, as indicated
by the presence or absence of introns in the sequencing data.

We applied a likelihood-based dynamical model implemented in scVelo, which generalizes
RNA velocity estimation to capture complex transcriptional dynamics across various cellular
systems, including transient states that often arise during development or in response
to perturbations. Initially, velocyto (v.1.0) was used to generate spliced and un-spliced count
matrices from the raw sequencing data, while relevant metadata were extracted
from the processed Seurat object. Gene-specific rates of transcription, splicing,
and degradation were inferred, enabling the reconstruction of the latent temporal progression
of microglial states. Finally, RNA velocity vectors were estimated using a deterministic model
and visualized on a UMAP embedding, providing an interpretable two-dimensional

representation of the inferred cellular trajectories during microglial repopulation.

5.6.5 Identification of significant ligand—receptor pairs

To investigate the intercellular communication during the microglial repopulation, we
employed the CellChat R package (v.1.5.0)!°®. CellChat infers cell-cell communication
networks by integrating known ligand-receptor interactions with single-cell transcriptomic
data, leveraging social network analysis and pattern recognition methods. This approach
identifies how different cell populations act as signal senders, receivers, or mediators within
a complex tissue microenvironment.

In our workflow, we used the cluster identities obtained from the Seurat analysis as input
for CellChat. First, CellChat constructed a probability matrix based on the expression levels
of ligands and their corresponding receptors across cell clusters, estimating the likelihood
of interaction between all cluster pairs. Next, the tool grouped these interactions into major
signaling pathways, quantified the overall communication probability for each pathway,
and evaluated the strength and directionality of signaling flows within the network.

We then applied pattern recognition analysis to identify dominant incoming and outgoing
signaling patterns for each microglial cluster, allowing us to pinpoint which clusters act
as primary information senders, receivers, or coordinators in the repopulating microglial
niche. To visualize and interpret these complex intercellular relationships, we generated
hierarchical network diagrams, circle plots, and heatmaps, which clearly illustrate
the functional signaling architecture and the putative roles of each cluster within

the reconstructed intercellular communication network.
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5.7 Bulk RNA-seq analysis

After bulk RNA-seq of CD11b+ cells, we obtained FASTQ files containing raw read counts
for each sample. We assessed the quality of the raw data using FastQC, which generated
detailed metrics on base quality, sequence duplication levels, adapter content, and other quality
indicators. The individual reports were then aggregated with MultiQC, providing
a comprehensive overview across all samples to identify consistent issues. Because the quality
check revealed significant adapter contamination, we performed adapter trimming using
Trimmomatic'®’, to ensure that downstream alignment and quantification would not be biased
by residual adapter sequences. The cleaned reads were then aligned to the mouse reference
genome mm10/GRCm38 using the STAR aligner'*®, implemented through the RNA-seq-
STARdeseq?2 pipeline v2.0.0.

In the preprocessing stage, genes with zero counts across all samples were removed
to avoid skewing normalization. The data were normalized using the calcNormFactors()
function from the edgeR package'!, applying the Trimmed Mean of M-values (TMM)
method'®®. TMM normalization adjusts for compositional differences between libraries
by removing genes with extreme expression ratios (which could be due to technical
or biological factors) to better estimate relative RNA output levels. After normalization,
pseudo-counts were scaled to counts per million (CPM) to account for differences
in sequencing depth. PCA was then performed to visualize sample variation and detect
potential outliers. Based on this, one sample (sample2) from the control group was excluded
due to its unusually high variance, which was manifested by it not clustering consistently
with other biological replicates. To gather more information about the genes, biomaRt library
(v.3.16) was used to map ENSEMBL gene IDs to gene names and functional descriptions,
enriching our interpretation of downstream results'®,

DEG analysis was conducted using the limma package'®!, which fits a linear model
for each gene, estimating expression differences between experimental groups while
borrowing information across all genes to stabilize variance estimates - a method known
as empirical Bayes moderation. This approach improves the reliability of differential
expression estimates, especially when sample sizes are moderate or small. After fitting
the model, we applied false discovery rate (FDR) correction to the resulting p-values to control
for multiple testing. Genes were considered significantly differentially expressed if they had

an absolute log2 fold change (|log2FC|) > 1 and an adjusted p-value < 0.05. This analysis
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yielded 736 differentially expressed genes, with 453 upregulated and 283 downregulated
in the repopulated group compared to controls.

Finally, the list of DEGs was input into pathfindR for pathway enrichment analysis'>>.
By leveraging the KEGG, Reactome, and Gene Ontology (Biological Process) databases,
we identified key pathways and biological processes that were significantly activated

or suppressed in the repopulating microglia populations.

5.8 scRNA-seq data integration

To investigate the hypothesis that gliomas can recapitulate the microglia repopulation
program to reprogram microglial functionality into a tumor-supportive state, we performed
an integrative sScCRNA-seq analysis combining data on microglia from glioma and repopulation
groups. Specifically, we employed the Reciprocal PCA (RPCA) method - a robust strategy
for integrating datasets where batch effects and biological differences coexist, and especially
effective for smaller datasets!6?.

This method was implemented using the Seurat function *FindIntegrationAnchors()!'®?,
which identifies a set of ‘anchors’ by pairing cells from the reference and query datasets that are
mutual nearest neighbors in PCA-reduced space. Low-confidence anchors are filtered out
by maximizing anchor feature values, ensuring that the final anchors define a consistent low-
dimensional space that reflects the true high-dimensional structure. The algorithm then scores
each anchor pair and builds a shared neighbor graph, calculating overlaps between anchors
and query cells to produce an integrated dataset that aligns shared biological signals.

For this study, we selected microglia populations from an unpublished glioma dataset
(Jacek, Lenkiewicz, Cyranowski et al, in preparation) representing distinct tumor
microenvironments and integrated these data with selected clusters from repopulated microglia
in young mice. Annotated clusters were compared to identify shared transcriptional programs
that might indicate functional reprogramming.

Finally, to strengthen these findings, we performed pseudotime trajectory analysis using
the Monocle library. This approach reconstructs cellular trajectories based on gene expression
dynamics, allowing us to visualize lineage progression and fate decisions within the integrated
data. By examining the expression of key genes along these pseudotime branches, we could

infer the likely progenitor states and trace the continuum from immature to more differentiated
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microglial phenotypes, supporting the notion that glioma-associated microglia may partially

mirror a repopulation-like program!64-166,
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6. Results

6.1 Assessment of single-cell transcriptomics data integrity

We conducted a systematic investigation to determine whether repopulated microglia can
effectively restore the functional diversity typically observed in intact brains, and whether
this restoration differs between young and aging mice. To address these questions,
we performed single-cell RNA sequencing on CD11b+ cells isolated from the brains of both
young and aging mice, comparing control versus repopulated microglia. The sorting
of CD11b+ cells was performed according to previously established protocols®’, ensuring
consistency and reliability of microglial populations across experiments.

For each sample, we aimed to capture approximately 10,000 cells, which were subsequently
partitioned into nanoliter-scale gel bead-in-emulsion (GEM) droplets. This cell recovery target
was chosen to provide sufficient depth for detecting cellular heterogeneity while minimizing
the likelihood of multiplets, thereby preserving the resolution required for accurate single-cell
transcriptomic profiling!®’. Cell viability was assessed prior to GEM loading to ensure
a survival rate exceeding 80%, a prerequisite for generating reliable transcriptomic data.

To assess data quality, we generated “knee” plots, which visualize the distribution of unique
RNA reads, quantified by UMIs across individual GEMs. These plots clearly differentiate
GEMs containing intact cells from empty droplets that capture ambient RNA. A distinct
inflection point, marked by a sharp decline in UMI counts, reflects the separation between cell-
containing GEMs and empty ones (Fig. 6.1). This method demonstrates the high efficiency
of the achieved cell encapsulation.

The generation of high-quality scRNA-seq libraries was confirmed by examining library
complexity, sequencing saturation, and transcript alignment rates. Only samples passing these
quality thresholds were retained for downstream analysis, ensuring that the resulting
transcriptomics profiles accurately reflect the biological variability between microglial
populations. Collectively, these measures provide strong confidence in the robustness
of the scRNA-seq dataset and enable a reliable comparison of transcriptional states across

experimental conditions.
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Figure 6.1 | Quality control of scRNA-seq libraries: identification of cell-containing GEMs. Knee
plots illustrate the separation between true cell-containing GEMs and background signal. Barcodes
corresponding to background reads were excluded from downstream analyses to ensure high-quality

single-cell transcriptomic profiling.

6.2 Sample demultiplexing using Hashtag Oligonucleotides

HTO-based cell hashing was used to multiplex biological replicates within a single
sequencing run, allowing accurate sample assignment while reducing batch -effects.
This approach increases a number of cells loaded per well without increasing multiplets rates,
as droplets containing cells from different samples can be identified by the presence of multiple

HTO barcodes.
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Figure 6.2 | Classification of Gel Bead-in-Emulsions (GEMs) based on hashtag oligonucleotide
expression. Ridge plots depicting the distribution of hashtag oligonucleotide level across individual
replicate prior to filtering. Cells were classified into three groups: negatives (blue), representing
background GEMs without detectable HTO signal; doublets (green), containing mixed HTO signals
from more than one sample; and singlets (red), corresponding to uniquely labeled cell-containing
GEMs. This classification was used to filter out background and doublets, retaining only singlets

for downstream analysis.

Within the generated GEMs, multiplets containing cells from different samples were
identifiable by the presence of multiple HTO barcodes and were classified as doublets. Droplets
lacking detectable hashtag signal were distinctly categorized as negatives. To assess the quality
of sample demultiplexing and multiplets detection, we analyzed the distribution of expression
levels of HTOs across all replicates.

The density plots generated for each replicate (HTO1-HTO4) clearly demonstrate three
distinct populations: negative, singlet, and doublet cells. Cells classified as negative (blue)

exhibit expression levels near zero, indicating the absence of specific hashtag labeling.
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The singlet population (green) displays a pronounced peak at intermediate expression levels,
confirming the presence of a single, dominant hashtag per cell. In contrast, the doublet
population (red) is represented by a broader distribution at higher expression levels, reflecting
cells with significant reads for multiple hashtags, consistent with multiplets events. Notably,
we detected a bimodal distribution in the HTO2 replicate of replicate 3, which was attributed
to the accidental loading of HTO2 cells from replicates 3 and 4. This oversight necessitated
the implementation of a refined method for separating negatives and doublets, allowing us
to adjust thresholds according to the cell concentration observed in each sequenced well.
This clear separation of negative, singlet and doublet populations across all replicates
highlights the reliability of the cell hashing approach and demonstrates the robustness
of demultiplexing strategy, ensuring high-confidence downstream analysis (Fig. 6.2).
Following stringent demultiplexing and filtering steps, we further examined
the distribution of HTO expression levels across all replicates to confirm the effectiveness
of the approach. As shown in the Fig. 6.2, each replicate (HTO1-HTO4) demonstrates well-
defined populations with clear separation of negative cells, singlets for each individual hashtag,
and doublets. The distinct peaks corresponding to each unique HTO confirm the successful
recovery of high-confidence singlet cells, while doublets and ambiguous multiplets are clearly
delineated and minimized. This refined classification ensures that only robustly labeled single
cells are retained for downstream single-cell transcriptomic analysis, enhancing the accuracy
of sample assignment across replicates. Importantly, the consistent patterns observed across
all four replicates demonstrate the reproducibility of our cell hashing strategy and the reliability

of the filtering thresholds applied.

6.3 Reconstitution of microglia heterogeneity after repopulation in

brains of young mice

After demultiplexing, we initially recovered a total of 30,904 cells across all experimental
conditions and replicates, which after removing negatives and doublets has yield 21,223 high-
confidence singlet cells for downstream analysis. To further ensure the integrity of the dataset,
additional quality control criteria were applied, focused on filtering cells with suboptimal
characteristics. Specifically, cells with abnormally dwindling numbers of detected genes
or unique molecular identifiers (UMIs) were removed, as these represent poor-quality or dying

cells. We also excluded cells with an elevated percentage of mitochondrial gene expression
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(>10%), a hallmark of stressed or apoptotic cells. After applying these stringent filters, 20,058
cells remained across four samples for each experimental condition, providing a robust dataset

for subsequent analyses.
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Figure 6.3 | Quality control of demultiplexed single-cell RNA-seq samples. Violin plots displaying
the distributon of detected features (genes), total UMI counts, and the percentage of mitochondrial gene
expression across analyzed sample repilcates. These quality control metrics were used to assess cell

integrity and exclude low-quality cells from downstream analysis.

Notably, replicate 3 HTO1 exhibited lower total features and UMI counts compared
to other hashtags and replicates. This reduction may reflect a lower initial cell capture

efficiency for this barcode or sample loss during library preparation. Importantly, inspection
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of the HTO expression plots for Replicate 3 and Replicate 4 revealed a subtle bimodal
distribution of counts for certain hashtags. This pattern suggests the presence of actively
dividing cells with asynchronous cell cycle phases, which can cause variability in total RNA
content and lead to a distinct subpopulation with slightly lower gene or UMI counts.

To account for this, we carefully balanced the filtering thresholds to retain biologically
meaningful dividing cells while removing low-quality droplets. Additionally, we verified
that the ratio of mitochondrial genes within these bimodal populations did not exceed
the established threshold, ensuring that these cells represent genuine biological states rather

than dying or lysed cells.

Table 6.1 | Summary of sequenced cells recovery before and after quality control and filtering
steps. The table presents a number of cells retained at successive stages of processing across four
replicates. Cell barcodes were first demultiplexed using either HTODemux or MULTIseqDemux,
yielding a comparable initial cell count (30,904 in total). Subsequent removal of negative droplets
and doublets reduced the dataset to 19,546 (HTODemux) or 21,223 (MULTIseqDemux) high-
confidence singlets. Finally, exclusion of cells with a high proportion of mitochondrial transcripts

resulted in 20,058 high-quality single-cell transcriptomes that were used for downstream analysis.

Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4 All cells
Demultiplexing with 2,970 9,245 10,717 7,972 30,904
HTODemux
Demultiplexing with 2,970 9,245 10,717 7,972 30,904
MULTIsegDemux
Removing negatives 2,131 6,192 7,031 4,192 19,546
and doublets using
HTODemux
Removing negatives 2,405 6,227 8,689 3,902 21,223
and doublets using
MULTIsegDemux
Number of cells after 2,383 5,971 8,022 3,682 20,058

filtering out cells with

high number of

mitochondrial genes
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6.4 Microglia subtype profiling and cluster validation

We successfully identified clusters through our analysis (Fig. 6.4A) and consolidated them
into 8 distinct cell subtypes. These subtypes were meticulously annotated using the most
significant differentially expressed genes alongside canonical markers previously established
in the literature, which greatly enhances the accuracy and interpretability of our findings®”!%°.
To ensure a focused analysis of microglia-specific states, we rigorously examined all clusters
and excluded rare populations corresponding to contaminating monocytes, CNS-associated
macrophages, T cells, NK cells, and Cd24a+ cells. This refinement step enabled us to delineate

a clearer microglia landscape (Fig. 6.4B).
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Figure 6.4 | Clustering of single-cell transcriptomics data visualized by UMAP. (A) Global
clustering of all cells projected on UMAP embedding, illustrating the overall structure of the dataset.
(B) The same UMAP projection, with cells divided according to the four experimental conditions,

highlighting condition-specific distribution across clusters.

The final clusters - MG1, MG2, MG3, Act-MG1, Act-MG2, and Act-MG3 — demonstrate
a direct correspondence with the previously characterized Hom-MG1, Hom-MG2, Hom-MG3,
Act-MG1, Act-MG2, and Act-MG3 subtypes identified by scRNA-seq and CITE-seq analyses

in glioma-associated microglia (Table 6.2).
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Figure 6.5 | Clustering of single-cell transcriptomics data across all sequenced samples. UMAP
embedding with cells separated by the 16 individual samples, allowing assessment of batch contribution

and sample-specific variability within clusters.
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Table 6.2 | Comparison of microglial cell clustering across studies and annotation strategies.
Mapping of cell clusters identified in Ochocka et al., Nat. Comm. 2021 and Ochocka et al., Cell Rep
2023 with the Surat-based clustering performed in this study. Subtypes were assigned based
on transcriptional signatures and marker gene expression. Clusters corresponding to microglial
activation states (Act-MGQ), proliferating microglia (prolif-MG) and homeostatic subtypes (Hom-MG1,
Hom-MG2, Hom-MG3) were consistently reproduced, while additional clusters (e.g. T/NK cells,
monocytes, macrophages) represent minor non-microglial populations. Some clusters identified in

previous studies (MG4, MG5, MG6) were not detected in the present dataset.

Ochocka et al.,|Ochocka et al., | Seuratcluster Subtype
2021 cluster 2023 cluster (this study) (this study)
MGl Hom-MGl1 1 MGl

N/A Act-MGl1 2 Act-MG1
MGl Hom-MGl1 3 MGl
MG2 Hom-MG?2 4 MG2

N/A Act-MG3 5 Act-MG3
N/A Act-MG2 6 Act-MG2
prolif-MG Act-MG4 7 prolif-MG
MG3 Hom-MG3 8 MG3

N/A Act-MG3 9 Act-MG3
T-cells/NK cells | T-cells/NK cells 10 N/A
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pre-MG N/A 13 pre-MG
N/A Act-MG1 14 Act-MG1
N/A Cd24a+ 15 N/A

MO Mo 16 N/A

MG4 N/A N/A N/A

MGS5 N/A N/A N/A

65




MG6 N/A N/A N/A

Cluster annotations were robustly assigned using the automatic classification framework
implemented in the ProjecTILs library'*®, as detailed in the Materials and Methods section.
The clear expression of canonical markers across these clusters further validates annotations
and highlights the reliability of the employed integrative approach. Collectively, the robust
cluster identification and annotation provide a critical foundation for downstream analyses
and underscore the broader significance of our findings within the context of microglia

heterogeneity (Fig. 6.6)!4168,

6.5 Repopulated microglia reconstitute transcriptional heterogeneity

but exhibit elevated inflammatory signatures

The analysis revealed the appearance of distinct “active” microglia states that were absent
in control brains. Specifically, three clusters of active microglia (Act-MG1, Act-MG2, and Act-
MG3) emerged predominantly in repopulated samples, resembling microglia states previously
described in tumor-bearing brains (Fig. 6.7A,B)!*. These Act-MG clusters exhibited
transcriptional programs associated with phagocytosis, migration, and extracellular matrix

remodeling, reflecting their heightened functional engagement during the repopulation process.
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Figure 6.6 | Single-cell transcriptomics annotation of microglial clusters. (A) Projection of Seurat-
derived clusters onto a reference data from Ochocka et al., Cell Rep. 2023. (B) UMAP visualization
of the annotated clusters, with cell type labels transferred from the reference dataset, enabling

identification of homeostatic, activated, proliferating microglia and non-microglial populations.
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In addition to these active states, two further clusters were uniquely identified
in repopulated brains: a proliferating microglia cluster (prolif-MG) and a premature microglia
cluster (pre-MG). The prolif-MG subpopulation was characterized by high expression
of canonical cell cycle genes, including Ki-67, Escol/2, Cdkl, and H2afx (Fig. 6.7F)'¢,
consistent with ongoing self-renewal and expansion within the repopulated niche. In contrast,
the pre-MG cluster demonstrated marked enrichment of inflammation-related genes - including
Mecems5, Ifitm3, Irf7, Isg1 5, Usp18, and Mif'"°, alongside cytokine-encoding genes including Tnf,
Ccl2, Ccl3, Ccl4, Ccl7, and Ccl12'"". These transcriptional features suggest a role for pre-MG
cluster in directing cell migration and inflammatory signaling during repopulation (Fig. 6.9 A-
D).

Trajectory inference analysis provided further insight into the dynamics of these states.
Pseudotime ordering revealed a continuous trajectory, beginning with proliferating microglia,
transitioning through active states, and converging on mature homeostatic microglia
(Fig. 6.7E). This continuous trajectory underscores the dynamic plasticity of repopulated
microglia and suggests that the pre-MG cluster represents an intermediate inflammatory state
poised for further differentiation. KEGG pathway enrichment supported this interpretation,
highlighting elevated activity of interferon, Toll-like receptor (TLR), and NF-kB signaling
pathways within the pre-MG population, consistent with their role in directing cell migration

and inflammatory responses during repopulation.
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Figure 6.7 | Functional heterogeneity of repopulated microglia revealed by single-cell

transcriptomics. (A) UMAP visualization of scRNA-seq data from control and repopulated MG. Four

scRNA-seq replicates were pooled per condition. Clusters were annotated based on the reference

datasets (Ochocka, Segit et al. 2021, Ochocka et al., 2023), and included: MG1 (homeostatic microglia),

Act-MG1 (activated microglia), MG2 (transcriptionally active cells), Act-MG2 (activated

transcriptionally active cells), MG3 (signaling inhibitors and transcriptional repressors), Act-MG3
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(activated signaling inhibitors and transcriptional repressors), pre-MG (premature microglia) and prolif-
MG (proliferating microglia). (B) Relative proportions of cells assigned to each cell cluster in young
control versus repopulated mouse brains. (C) Dot plot showing average expression levels of established
microglial signature genes (Ochocka et al., 2021) across annotated clusters. (D) Ridge plots depicting
gene signature scores associated pre- MG, proliferation, inflammation, cytokine signaling,
and phagocytosis across clusters. (E) UMAP projection overlaid with RNA velocity vectors (scVelo),
illustrating transcriptional dynamics and cluster transitions. All clusters originated from prolif-MG. (F)
Weighted kernel density UMAP plot of Mki67 expression, highlighting proliferative activity. (G)
Reactome pathway enrichment analysis of differentially expressed genes in the pre-MG cluster

compared with other clusters shown in (A).

These findings indicate that while repopulated microglia successfully re-establish
the transcriptional diversity observed in intact brains, they also transiently acquire proliferative
and inflammatory states, not typically observed under homeostatic conditions. These unique
states reflect the dynamic plasticity of the microglia compartment and the active remodeling

of the niche during the repopulation process.

6.6 Defective reconstitution of the homeostatic phenotype

by repopulated microglia from older mice

A comprehensive comparison of the cellular composition and transcriptional heterogeneity
of repopulated microglia (MG) in young (3 months old) and aging (12 months old) mice was
conducted. SCRNA-seq analysis revealed that the previously identified MG clusters were
consistently detected across both age groups, with naive mice showing similar contributions
of each cluster regardless of age (Fig. 6.10A). However, notable differences emerged

in the distribution of repopulated MG subtypes between young and older mice (Fig. 6.10B).
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Figure 6.8 | Differential gene expression of microglia across experimental conditions. (A) Dot plot
showing the average expression levels of selected microglial marker genes across experimental
conditions. (B) Dot plot illustrating the average expression levels of selected cytokine-related marker

genes across experimental conditions.
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Specifically, there was observed a marked increase in the prevalence of active cell states
(Act-MG1, Act-MG2, Act-MG3) within the repopulated MG of older mice. Compared to their
younger counterparts, older mice exhibited significant enrichment in the Act-MG3 and prolif-
MG clusters, while repopulated MG from young mice showed a higher representation of Act-
MGT1 cells. Trajectory analysis further demonstrated that repopulated MG in older mice
accumulate in proliferating and intermediate active states, with delayed transition towards

reconstituted homeostatic clusters compared to young mice (Fig. 6.10A—C).
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Figure 6.9 | Functional and transcriptional characterization of premature and activated
microglia. (A) Dot plot showing the average expression of selected marker genes associated with
premature microglia in young mice, stratified by cell type and experimental condition. (B) Dot plot

summarizing the top enriched KEGG pathways identified in three transcriptionally distinct activated
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microglial subsets. (C) Feature plots displaying the expression of representative genes related

to inflammatory processes, projected on the UMAP embedding.

To validate these findings, the expression patterns of selected marker genes across all
four experimental conditions were compared. The normalized expression levels and fractions
of cells expressing these markers within each of the eight identified clusters confirm consistent,
robust expression profiles, supporting their reliability as cell-type-defining features (Fig. 6.8A).

Furthermore, KEGG pathway enrichment analysis of upregulated genes in the prolif-
MG clusters revealed significant associations with proliferation-related processes, including
mRNA splicing, DNA replication, and chromatin remodeling (Fig. 6.10D). The accompanying
heatmaps illustrate the expression profiles of these differentially expressed genes, highlighting
key pathways involved in the impaired resolution of proliferative and inflammatory states (Fig.

6.8B, Fig. 6.10.E).
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Figure 6.10 | Dysfunctional microglial repopulation in aging mice. (A) UMAP plot of scRNA-seq

data showing clustering of control and repopulated microglia (MG) from young and aged mouse brains.

For each condition, four replicates were combined, with cluster annotations corresponding to those

shown in Fig. 6.7A. (B) Bar plots showing the fraction of cells assigned to each cluster, separated

by the four experimental conditions. (C) UMAP embedding overlaid with RNA velocity vectors
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(scVelo), illustrating transcriptional dynamics across conditions. (D) Dot plot of selected enriched
KEGG pathways among differentially expressed genes within the activated MG3 (Act-MG3) cluster,
compared to other clusters. (E) Heatmap displaying average expression of upregulated genes from
the chromatin remodeling KEGG pathway enriched in Act-MG3, stratified by experimental condition.
(F) Predicted intercellular communication networks showing communication probability via selected

ligand-receptor pairs (y-axis) for each directed cluster—cluster interaction (x-axis).

To further dissect the functional implications of these transcriptional differences, potential
intercellular communication networks within the repopulated MG populations were explored.
A rich landscape of ligand-receptor (L-R) interactions across MG subtypes was identified using
CellPhoneDB v 2.0'72. Notably, extensive incoming and outgoing interactions involving
premature microglia (pre-MG) and Act-MG1 clusters were detected. These interactions
prominently featured genes encoding galectins, C-C motif chemokine ligands (CCLs),
intercellular adhesion molecules (ICAM), semaphorin 4, and macrophage migration inhibitory
factor (MIF). CCLs are well-known mediators of chemotaxis in myeloid and lymphoid cells'”,
while galectins and ICAM-1 play critical roles in orchestrating immune cell migration within
the brain during inflammation'’*. MIF, a multifunctional cytokine, further underscores

the sustained inflammatory and immune signaling observed in aging repopulated MG (Fig.

6.10F, Fig.6.8B)!".
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Figure 6.11 | Altered intercellular communication of repopulated microglia in young and aged
mice.(A) CellChat analysis showing the enriched ratio of outgoing versus incoming interactions
in repopulated microglia, presented separately for young (left) and aged (right) mice. (B) Predicted
outgoing communication patterns of repopulated microglia inferred by CellChat, shown for young (left)

and aged (right) mice.

These results suggest that while repopulated microglia from older mice partially restore
their homeostatic phenotype, they maintain elevated proliferating and inflammatory states,
which may contribute to impaired microglial function and increase susceptibility to age-

associated neuroinflammation.
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6.7 Distinct gene expression profiles in repopulated microglia

from brains of aged mice

The distinct dynamics of repopulated microglia from aging mice prompted us to further
investigate their transcriptional patterns by interrogating bulk RNA-seq and scRNA-seq
datasets. Bulk RNA-seq was performed CD11b+ cells were immunosorted from both control
and repopulated brains of aged mice (18-22 months). This approach offered a cost-effective
generating high-resolution datasets with greater statistical power to detect differentially
expressed genes (DEGs) and enriched pathways that might otherwise be overlooked in scRNA-

seq due to its limited coverage.
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Figure 6.12 | Quality control of bulk RNA-seq data. (A—C) FastQC quality metrics for bulk RNA-

seq libraries, including mean quality scores, per-sequence GC content, and sequence duplication levels.
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(D-F) Principal component analysis (PCA) of bulk RNA-seq data, showing sample clustering

by experimental condition (control vs. repopulated) and replicate identity.

Bulk RNA-seq analysis was carried out using linear regression models, with sample
variance assessed via Principal Component Analysis (PCA). A significant outlier was excluded
to preserve data integrity (Fig. 6.12).

DEG analysis revealed substantial transcriptional differences between control
and repopulated microglia. As illustrated in the volcano plot (Fig. 6.13A), numerous DEGs
were identified, many of which were functionally linked to cell death, apoptosis, and cellular
senescence. KEGG pathway enrichment of upregulated genes in repopulated MG revealed
significant enrichment of pathways linked to cell death, apoptosis, and cellular senescence,
aswell as HIF1, Ca**, and FoxO signaling pathways (Fig. 6.13B). Notably, Bax, a key pro-
apoptotic gene, was markedly elevated in MG from aged mice, and showed similar
upregulation in clusters of repopulated MG identified in the scRNA-seq dataset
(Figure 6.14A,B). Furthermore, the expression of various apoptotic genes was higher
in clusters of repopulated MG from aging mice.

The heatmap of the top 50 DEGs further demonstrated consistent downregulation
of genes associated with homeostatic MG state in repopulated MG in aged mice indicating
that those cells do not fully regain their mature transcriptional profile (Fig. 6.13C). Cross-
validation with scRNA-seq data reinforced this finding, highlighting increased expression
of additional pro-apoptotic genes, including Lmnbl, Casp8, Psmd3 and Bakl, in repopulated
MG from brains of older mice (Fig. 6.13D). Importantly, the enrichment of apoptotic genes
expression and markers of cell death appeared restricted to the Act-MG3 cluster in aged mice
(Fig. 6.13E) suggesting that cells in this cluster may be particularly susceptible to apoptotic

processes.
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Figure 6.13 | Repopulated microglia from aged mice exhibit transcriptional signatures associated
with apoptosis and neurodegenerative disease. (A) Volcano plot showing fold-change expression
and significance (—logl0 p-value) for all genes in control and repopulated microglia from aged mice
(18-22 months). Mice received PB or BLZ-945 (200 mg/kg) orally for 21 days, followed by a 7-day
recovery. Brains were perfused with PBS, enzymatically digested, and CD11b* cells were FACS-sorted
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for bulk RNA-seq (n = 4 per group). (B) Top 15 enriched KEGG pathways identified among
differentially expressed genes (based on log:FC and adjusted p-value thresholds) from (A). (C)
Heatmap of the 50 most upregulated genes ranked by log:FC and adjusted p-value < 0.05 in the bulk
RNA-seq dataset. (D) Heatmap of average expression of upregulated genes from the “Apoptosis -
multiple species” KEGG pathway in the scRNA-seq dataset. (E) UMAP plot showing weighted kernel
density of scaled expression for selected apoptosis marker genes in the scRNA-seq dataset (related
to Fig. 6.10 (A). (F) Ridge plots displaying expression scores of microglial neurodegeneration-
associated gene signatures characteristic of the aging brain, Alzheimer’s disease, and multiple sclerosis

in scRNA-seq data.

Finally, examination of broader transcriptional signatures defined previously
in different public datasets of neurological diseases revealed that repopulated microglia in aged
brains expressed elevated levels of genes linked to aging, neurodegeneration,
and neuroinflammation (Fig. 6.13F). Taken together, these data indicate that while repopulated
MG can partially re-establish cellular microglia diversity in aging brains, they adopt a transient
inflammatory phenotype characterized by persistent upregulation of pro-apoptotic pathways.
This increased expression of cell-death related genes suggests that a subset of repopulated MG
in aged brains may be predisposed to cell death, potentially limiting their capacity to restore

and maintain long-term homeostasis.
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Figure 6.14 | Integration of bulk and single-cell RNA-seq reveals apoptosis gene signatures
in repopulated microglia. (A) Box plot of Bax gene expression in bulk RNA-seq data across
experimental conditions. (B) Violin plot of Bax gene expression in scRNA-seq data, stratified
by condition (control young, control old, repopulated young, repopulated old). (C) Dot plot of selected
apoptosis-related marker genes (Bik, Bad, Bid, Bax, Bcl2, Bcl2ll, Cycs, Apafl, Casp9, Fas, Casp8)

in experimental groups, showing average expression and percentage of cells expressing each gene.

6.8 Transcriptional signatures of migration and motility in aged

repopulated microglia

In older mice, repopulated microglia displayed marked alterations in the expression
of genes regulating motility and migratory function. Notably, expression of P2ryl2 and Trem?2
was significantly reduced following repopulation. The P2ryl2 receptor plays a critical role in
guiding microglial migration and motility, and contributes to the initiation
of neuroinflammatory responses'’®. Consistent with previous reports, we observed diminished

P2ry12 expression in aged microglia under control conditions. However, repopulated microglia
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from aged mice exhibited an even more pronounced downregulation of P2ryl2, suggesting
further impairment of this functional axis (Fig. 6.15).

Microglial migration is governed by a tightly regulated balance between P2ry/2 and related
purinergic receptors, such as P2rx4 and P2ry6. Examination of gene expression patterns along
the inferred trajectory, from prolif-MG, through activated states, and culminating
in homeostatic microglia clusters, revealed dynamic shifts in the expression of these genes
(Fig. 6.15C). These findings highlight the progressive adaptation of migratory signaling

pathways during repopulation and emphasize their dysregulation in the aged mouse brains.
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Figure 6.15 | Transcriptional programs of migration and motility in aged repopulated microglia.
(A) Dot plot showing expression levels and percent expression of P2ryl2, Trem2, Salll, and Racl
across control and repopulated microglia from young and aged mice. Expression of P2ryl2,
a homeostatic and migration-associated receptor, is markedly reduced in aged control microglia
and further diminished in repopulated aged groups, highlighting impaired migratory potential with
aging. Trem2 expression follows a similar trend, whereas Racl expression is increased in repopulated
aged microglia, suggesting partial restoration of motility pathways despite overall age-related decline.

(B) (C) UMAP feature density plots illustrate spatial distribution of P2rx4 and P2ry6 expression across
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microglial clusters. These genes act downstream of P2ryl2 to regulate migratory activity, showing

distinct patterns between control and repopulated groups.

In addition to altered purinergic signaling, we detected a notable increase in Racl
expression in repopulated microglia from aged mice. This result contrasts with the typical
decline in Racl observed in the brains of aged animals. Racl/ is a central regulator
of cytoskeletal remodeling and directed migration, and its upregulation suggests
that repopulated microglia retain, at least in part, the capacity for motile and regenerative
behaviors. This finding implies that microglia repopulation in aged brains is not fully
suppressed but may proceed along a delayed trajectory compared to younger mice (Fig. 6.15A).

Observations of increased apoptotic and senescence-related gene expression in aged
repopulated microglia suggest that the aged microglia niche imposes both functional
limitations and survival constraints on repopulated cells. The downregulation of P2ryi2
and Trem2 highlights reduced responsiveness to migratory cues, while the sustained
upregulation of apoptotic mediators reflects heightened vulnerability to cell death. The modest
recovery of Racl expression, however, suggests that partial compensatory mechanisms remain
active, enabling some degree of motility and structural remodeling despite the aged
environment.

Together, these data demonstrate that repopulated microglia in aged brains are in a fragile
balance between delayed functional maturation and increased apoptotic susceptibility.
This dual phenotype contributes to their incomplete restoration of homeostatic states and may

underline their limited ability to sustain long-term brain health during aging.

6.9 Dysregulation of ROCK signaling pathway in repopulated old

microglia

Differential expression analysis of distinct cell clusters revealed a compelling enrichment
of Reactome pathway within the Act-MG3 cluster, encompassing genes associated
with Interleukin-33 (//-33) and the ROCK-1 family'”’. II-33 is a critical regulator of microglial
functional states, and its activity within Act-MG3 suggests that this cluster contains
a transcriptional program directing microglia toward specialized functional roles. Genes
related to //-33 signaling emerged as a particularly relevant pathway, with upregulation

of 111711 (the ST2 receptor), Nfkb1, and Mapkl4, indicating a transcriptional program favoring
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pro-inflammatory activation. In particular, the reduction of expression of RHO family factors
in Act-MG3 may represent an important indicator of impaired signaling processes
that contribute to age-associated neurodegeneration. Such changes reflect the diminished
functional competence of microglia during repopulation in aged mice. This line of inquiry
underscores the significance of these genetic interactions in understanding microglial behavior

in aging and neurodegeneration'’®,
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Figure 6.16 | Altered expression of ROCK-pathway genes in repopulated microglia. (A) Dot plot
showing expression patterns of ROCK-pathway—associated genes (Myl9, Myl12b, Myh9, Rhoa, Rhoc,
Rockl, Stmn4d) across microglia from experimental groups. Repopulated old microglia exhibit reduced
expression of several Rho family genes compared to controls. (B) (C) UMAP density plots visualize
the distribution of Src and Rhoc expression across microglial subsets. Rhoc expression is markedly
reduced in repopulated microglia from old mice, whereas Src shows broad distribution across active

microglial states.

In parallel, genes linked to the RHO/ROCK axis displayed marked alterations.
Specifically, reduced expression of Rockl, and downstream effectors such as Sema4d

(Fig. 6.16A) was observed in aged repopulated microglia, coinciding with upregulation
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of stress-responsive genes, including RhoA, Myh9, Myl6. All of these processes were
accompanied by elevation of expression of pro-inflammatory state markers. These
transcriptional changes might affect cytoskeletal dynamics, suggesting impaired motility
and remodeling capacity. These data identify the 11-33-ROCK signaling axis as a potential
regulator of microglia functionality in aging, which disruptions correlate with enhanced

inflammatory gene expression and reduced migratory potential.

6.10 Similarities in transcriptional programs of repopulated and glioma-

associated microglia

The striking similarities between activated states of repopulated microglia and those
described in published datasets of glioma-associated microglia from Ochocka et al. (2023) were

observed'#’

. In both contexts, activated microglia (Act-MG) displayed transcriptional
programs enriched for pathways linked to cell motility, proliferation, inflammation,
extracellular matrix (ECM) degradation, and apoptosis. These similarities suggest
that molecular circuits active in GAMs and the glioma microenvironment are reminiscent

of those driving repopulation

Table 6.3 | Marker genes characteristic for activated microglia (Act-MG). Representative gene
signatures of Act-MG1, Act-MG2, and Act-MG3 clusters, as defined by Ochocka et al., Cell Reports
(2023).

Subtype Representative marker genes

Act-MG1 MHCII protein, Cd74, Statl, Ifitm3, Ccll?2,
C4b, Tnf, Ccl2, Ccl3, Ccl4, Ccl7, Ccl2,
Klif2, Klf4, Egrl, Cited2, Atf3, Fos, Fosb,
ler2

Act-MG2 MHCII protein, Cd74, Statl, Ifitm3, Ccll2,
C4b

Act-MG3 MHCII protein, Cd74, Statl, Ifitm3, Ccll2,
C4b, Gpnmb, Lglas3, Fabp5, Apoe, Sppl,
Cstb, Ctsd
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Figure 6.17 | Subtype-specific validation of activated microglia marker genes reveals distinct
transcriptional signatures. (A) Dot plot showing the expression of selected marker genes for Act-
MGT1 across microglial subtypes. Marker selection was based on annotations from Ochocka et al., 2023.
Dot size represents the percentage of cells expressing a gene, while color intensity reflects average
expression level. (B) Violin plots depicting the distribution of expression levels of representative Act-
MG?2 marker genes (Cd74, Statl, Ifitm3, Ccll2, and C4b) across all identified cell subtypes. These plots
highlight both the presence and variability of Act-MG2 gene expression within distinct microglial
populations. (C) Dot plot illustrating the expression of selected Act-MG3 marker genes across

microglial subtypes. Similar to the panel (A), dot size corresponds to the proportion of cells expressing

each gene, and color represents average expression intensity.
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To further explore potential similarities between the transcriptomic programs
of microglial subsets during repopulation and those in gliomas, we compared two datasets:
scRNA-seq of immunosorted CD11b+ cells after repopulation and the dataset based on Cellular
Indexing of Transcriptomes and Epitopes (CITE-seq) of CD45++ cells isolated from various
murine experimental gliomas. For this comparative analysis, the focus was on the microglial

subpopulations present in both datasets (Fig. 6.18A-C).
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Figure 6.18 | Comparative analysis of repopulated and glioma-associated microglia. (A-C) UMAP

plots showing scRNA-seq of microglia from repopulated brains compared with glioma datasets (NRAS

and PDGFB gliomas). Microglial subsets are annotated according to their transcriptional state

(homeostatic, activated, proliferating, phagocytic). (D-G) Integration of repopulated and glioma

microglia using RPCA reveals 11 shared clusters, with differential enrichment of clusters between

the two conditions. Clusters 8 and 11 correspond to phagocytic microglia enriched in gliomas, whereas
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clusters 0 and 10 are enriched in repopulated microglia.(H) Trajectory analysis illustrates a shared
progression from proliferating microglia through activated states toward homeostatic microglia
in repopulated brains. In contrast, glioma-associated microglia are biased toward persistent activated

and phagocytic states, indicating an arrested maturation trajectory in the tumor microenvironment.

Using RPCA integration (see Methods), a joint reference comprising 11 distinct clusters
shared between repopulated and glioma-associated microglia was generated. Within
this integrated dataset, certain clusters were preferentially enriched in one condition.
For example, clusters 8 and 11 (Fig. 6.18E, F), corresponding to phagocytic microglia, were
predominantly associated with gliomas and showed minimal representation in the repopulated
group. Conversely, clusters 0 and 10 were enriched in repopulated microglia but nearly absent
in the glioma dataset. Notably, homeostatic microglia were confined to repopulated brains,
consistent with their capacity to reacquire mature signatures, whereas glioma-associated
microglia demonstrated reduced representation of homeostatic states (Fig. 6.18F-H).

Trajectory inference further revealed that proliferating microglia constitute the earliest
progenitor-like population in both conditions, giving rise to activated states characterized
by heightened migration, differentiation, and inflammatory activity (Fig. 6.18H). From these
activated states, microglia gradually transitioned toward more homeostatic profiles
in repopulated brains. By contrast, in gliomas, the persistence of phagocytic and activated
states suggested an arrested or maladaptive maturation trajectory.

Together, these results demonstrate that repopulated and glioma-associated microglia
share a common transcriptional framework of activation but diverge in their terminal states:
repopulated microglia progress toward homeostasis, whereas glioma-associated microglia are
skewed toward persistent activation and phagocytosis, reflecting the pathological demands

of the tumor microenvironment.
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7. Discussion

7.1 Restoration of microglia functional heterogeneity after repopulation
in young mice.

In the present study, we employed scRNA-seq to dissect the cellular heterogeneity
of microglia following pharmacological depletion and endogenous repopulation.
This paradigm of the microglia self-renewal has gained an increasing attention and emerged
as a powerful model for studying microglial turnover, resilience, and regenerative capacity.
It has been proposed as a path to therapeutically reset dysfunctional microglial states.

Our findings demonstrate that newly repopulated microglia arise from proliferating residual
cells rather than infiltrating peripheral macrophages and that these cells are capable of re-
establishing the major canonical microglial states present in the intact brain within one week
after the inhibitor withdrawal. Such restoration emphasizes that microglia maintain an intrinsic
transcriptional program that enables self-renewal and niche reconstruction when the resident
compartment is removed”>*>!”

However, thanks to the application of scRNA-seq our data also reveal novel transient states
and age-dependent alterations. In brains of young mice, repopulation followed a structured,
temporally ordered course. Within seven days after CSF1R inhibitor withdrawal, repopulating
microglia recapitulated the principal homeostatic transcriptional signatures defined by markers
such as P2ryl2, Tmeml19, and Sall1'%%>'3° and other core regulatory genes that enforce
microglial identity and maintain neuron-supportive function'®!. The re-emergence of these
states indicates that microglial replacement in the young brain is not merely repopulation
in a number, but true restoration of identity. This process likely reflects preserved chromatin
accessibility landscapes and TF networks (Salll-Mefc2-Sox9 axis) that re-establish
homeostasis once inflammatory and proliferative cues subside!8!"1%2,

However, repopulation was not a direct return to the baseline, Instead, we identified three
transient activation states (Act-MGI1, Act-MG2, Act-MG3) unique to the repopulating
populations. These states shared molecular features associated with proliferation, phagocytosis,
and migration. Activation of processes associated with cell cycling, cytoskeletal
rearrangements, extracellular matrix (ECM) remodeling, chemotaxis, and phagocytic

clearance, suggests that prior to stabilizing into homeostasis identities, nascent microglia pass

through a functional activation phase required for a niche acquisition.
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The enrichment of Cstb and Ctsd, associated with lysosomal activities, and Spp! and Apoe,
linked to lipid metabolism and ECM remodeling supports the notion that microglia replacement
is coupled to matrix degradation and tissue remodeling'®®. These functions may enable
microglia to displace astrocytic processes, tunnel through dense neuropil, and re-establish
territorial tiling, and are critical for microglia traversing the brain parenchyma, clearing debris,
and remodeling their environment during repopulation®*$%!84  These processes involve
cytoskeletal reorganization, extension of motile processes, migration toward vacant niches,
reminding responses seen in tumor and injury contexts*9%-101185,

The inflammatory-repair transcriptional signature we identified resembles activation sates
reported in development, acute injury and tumor-associated microglia, suggesting a conserved

regeneration program®®8!

. Upregulation of genes coding for cytokines (/l-1f, Tnf, 1I-6)
and chemokines (Ccl2, Ccl3, Ccl4, Cxcl10), implies a role for inflammatory signaling as a part
of the development-like maturation program ®1° In this context, cytokines likely act
as drivers of proliferation, survival and motility, while chemokine gradients guide microglial
colonization of vacant spatial domains®>'®. The fact that similar transcriptomic states emerge
in microglia in glioma, traumatic injury, demyelination, and monocyte infiltration models
supports the hypothesis that microglial activation is not solely a marker of disease, but also
a physiological component of regenerative expansion®*¢7-187,

Ligand-receptor interaction analysis further emphasizes the significant role of precursor
microglia (pre-MG) in orchestrating repopulation. Pre-MG cells send strong putative signals
to cells in other clusters, including those in proliferative and activated states, highlighting
their decisive role in initiating the repopulation cascade. Importantly, interferon-related
pathways are upregulated in these cells, which may provide both protective and detrimental
effects: protective in mobilizing rapid recolonization, but detrimental in perpetuating low-level
inflammatory activation that could impair long-term maturation'®*!8%13% The newly generated
microglia undergo a transient “activation phase” as they migrate into the parenchyma, remodel
the extracellular matrix, and integrate into neural circuits”>!°!. Importantly, the upregulation
of cytokines such as /I-1f, Tnf, and I/-6, alongside chemokines including Cc/2 and Cxc/10,
highlights a transient but coordinated inflammatory response that may be necessary to support

effective colonization and maturation'®!.

Process of returning to homeostasis indicates
that the transient activation program is neither pathological nor permanent in young animals,
but rather a necessary intermediate step to restore microglial density, morphologic coverage,

and functional competence. Thus microglial turnover in young brain can be seen
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as a regenerative process combining proliferation, transient activation, local remodeling,
and eventual normalization.

The transcriptional activation observed during early repopulation is accompanied
by pronounced morphological remodeling, reflecting the dynamic structural adaptations
required for microglia to reoccupy depleted brain niches®*>!°!, In the first days following
CSFIR inhibitor withdrawal, newly generated microglia adopt a hypertrophic, amoeboid-like
morphology characterized by enlarged soma, thickened primary branches, and reduced arbor
complexity?>19%!°! " This phenotype closely parallels the Act-Mg states detected
transcriptionally, particularly those enriched for cytoskeletal reorganization, lysosomal
activity, and ECM remodeling'?’. These morphological features are not static but appear
to represent a transitional proliferative- migratory phase during which cells detach from
their stationary niches and adopt a motile phenotype optimized for tissue colonization**!%2,

As repopulation progresses, a gradual re-establishment of highly ramified morphology
is observed, corresponding to the maturation of homeostatic clusters in young brains*!'*?. Fine
terminal branches reappear, territorial fields expand, and surveillance morphology is restored
in parallel with the reacquisition of P2ry12, Tmem119, and Salll expression'®.

This outcome suggests that structural remodeling is not merely a consequence of transcriptional
change, but an active component of the repopulation program: newly formed microglia must
temporarily abandon the branched structure optimized for scanning in order to divide, migrate,
and populate empty parenchymal domains'®!. Following territory saturation and stabilization
of cell density, morphological complexity increases, reflecting a mechanistic shift from

colonization to maintenance and surveying phenotype!%1:19%194,

7.2 Defective restoration of homeostatic microglia after repopulation in
old mice.

A key finding of the present study is the demonstration that aging significantly alters
the trajectory of microglia repopulation. While microglia after repopulation from young
and aged control brains show similar transcriptomic patterns (as visualized by the appearance
of similar clusters), repopulated MG from aged brains diverge substantially by exhibition
fundamental defects in post-repopulation recovery'. Specifically, we observed a marked
increase in proliferating MG alongside a reduction in homeostatic clusters, suggesting a failure
to fully mature into stable, supportive phenotypes. As the transcriptional patterns were studied

in one time point (7 days after cessation of CSFIR inhibitor treatment), the additional
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experiments are required to define if the observed patterns are due to the delay or more
permanent defect of microglia differentiation to homeostatic microglia.

Bulk RNA-seq of repopulated CD11b+ cells from brains of aged mice (18-22 months
old) favors the latter interpretation. The analysis revealed downregulation of canonical
homeostatic genes (P2ryl2, Tmemll9, Salll) and upregulation of genes associated
with apoptosis, inflammation and stress responses in microglia from old mice brains.
The scRNA-seq data supports the notion of defective repopulation showing that repopulated
MG from old mice brains display transcriptional signatures enriched in neurodegenerative
and neuroinflammatory pathologies, while young repopulated MG retain a greater proportion
of homeostatic subsets.

These findings align with previous findings documenting age-related shifts of MG
toward dystrophic or senescent phenotypes’!*>. Such cells are characterized by fragmented
processes, impaired motility, and aberrant expression of immune molecules including MHC 11,
CD86, CD68, and CR3, as well as pattern recognition receptors such as TLRs and Clec7a'®.
In the context of repopulation, our data suggest that aging restricts the ability of MG to return
to a fully homeostatic state, leaving them trapped in a partially activated, pro-inflammatory
phenotype.

The impaired differentiation of aged repopulated MG can be linked to disruptions
in several key pathways. First, we observed alterations in genes associated with RhoA/ROCK
signaling, a pathway critical for cytoskeletal organization, motility, and survival!®!7,
Downregulation of Rho family genes and ROCK-dependent effectors likely compromises
the structural plasticity required for effective migration, remodeling capacity and re-
establishment of surveillance morphology of aged MG, impairing their ability to efficiently
colonize and integrate into the brain parenchyma'*®!*. Second, purinergic signaling through
P2ryl12 and P2ry6 is markedly reduced in aged repopulated MG'8%-20%20! Given the crucial role
of ATP/ADP sensing in chemotaxis, injury surveillance and neuron-microglia communication,
reduction in this receptors diminishes the ability of MG to respond to subtle physiological
disturbances and to engage in dynamic process extension, further compromising their
functional integration and homeostatic functions**-18%-201,

Third, genes associated with interferon-related pathways remain persistently elevated,
particularly in precursor and activated MG. While interferon-dependent signals might
accelerate initial proliferation and colonization and are beneficial for rapid immune activation,
chronic interferon signaling can promote inflammatory responses, prime MG toward

neurodegeneration-associated phenotypes, and impair their return to a homeostatic state?%2-204,
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This finding may explain why aged repopulated MG adopt transcriptional signatures
that overlap with those found in Alzheimer’s disease and other neuroinflammatory
conditions?*4203,

Our bulk and single-cell analyses revealed a pronounced apoptotic signature
in repopulated microglia from aged brains, a finding that meaningfully complements
the transcriptional patterns of impaired maturation and chronic activation. In MG from aged
repopulated brains we observed upregulation of canonical pro-apoptotic genes (e.g., Bax,
Casp8, Bakl and additional members of the intrinsic and extrinsic apoptotic cascades)
and enrichment of apoptosis-related KEGG/Reactome terms in bulk RNA-seq.

At single-cell resolution these programs were not uniformly expressed but were
concentrated within distinct subpopulations - most notably the transient Act-MG3 cluster -
suggesting that apoptosis is a cell-state—specific outcome rather than a global feature of all
repopulated microglia. The coexistence of proliferation and apoptosis within the same
repopulation event implies a tightly coupled homeostatic regulatory circuit: proliferation
expands the niche, while apoptosis prunes cells that fail to integrate or that are maladaptively
activated®>!”?. In young animals this balance appears to favor successful integration
and survival of a majority of progeny, with a controlled removal of excess or mis-specified
cells. In aged brains, however, transcriptional evidence points to a shift in the set-point
of this circuit: greater proportions of nascent cells express apoptotic effectors while fewer cells
achieve the transcriptional hallmarks of homeostasis. This shift could reflect intrinsic defects
in survival signaling, increased cellular stress (oxidative, metabolic or ER stress), impaired
trophic support from the aging parenchyma, or sustained inflammatory cues that sensitize cells
to programmed cell death?%-2%7,

Mechanistically, several observations from our data can be tied to an apoptosis-prone
phenotype. Reduced expression of pro-survival and homeostatic factors interferes

208209 Concurrent

with transcriptional programs that normally bolster microglial fitness
downregulation of cytoskeletal and motility pathways (Rh0A/ROCK axis) may limit access
to trophic niches or synaptic contacts that provide survival signals!!71° Persistent interferon
and inflammatory signaling can engage death receptors and sensitize mitochondria

33211 Dysregulated

to dysfunction, increasing Bax/Bak activity and caspase activation
proteostasis and lysosomal overload suggested by the lysosomal gene signatures may render
repopulated microglia more susceptible to cell-intrinsic stress pathways and to phagoptosis
by neighboring cells*'*2!3. Functionally, a higher rate of apoptosis among repopulated cells

will reduce the effective yield of new, functional microglia and may preferentially remove cells
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that were attempting to mature, thereby biasing the surviving population toward more resilient
but potentially dysfunctional phenotypes®*?%,.

These apoptotic gene expression have several experimental and conceptual
implications. First, apoptosis may be a major contributor to the reduced representation
of homeostatic clusters in the aged repopulated MG: not only do fewer cells transit
to homeostatic states, but those that do may be lost before stabilization. Second, apoptosis
could release additional danger signals and cellular debris, perpetuating local inflammation
and creating a feed-forward loop that further impairs maturation®®?!42!15 Third, because
apoptosis was enriched in specific clusters, targeted rescue of vulnerable subpopulations —
by augmenting pro-survival signaling or by transiently attenuating interferon responses during
the repopulation window - might increase the fraction of repopulated cells that achieve
homeostasis.

The interplay between proliferation, apoptosis, and impaired maturation reflects
a delicate balance disrupted by aging?!?!7. As a result of these combined defects - impaired
motility, reduced sensory responsiveness, and chronic inflammatory priming - MG in brains
of young mice successfully balance the expansion with restoration of homeostasis, while MG
in brains of old mice remain trapped in a proliferative and inflammatory states that may
contribute to their functional decline!'2'®,

Taken together, the presented findings suggest that while microglial repopulation
is a robust process in brains of young mice, it is compromised with aging, leaving the CNS
more vulnerable to dysregulated immunity and neurodegeneration. The inability of aged MG
to reestablish homeostatic phenotypes may reduce their capacity to support neuronal survival,

219.220 - Fyrthermore,

synaptic functions and plasticity, and overall brain homeostasis
the persistence of activated and inflammatory states may exacerbate tissue vulnerability,
and may further aggravate neurotoxicity or dampen microglial survival over time>*.
Consequently, repopulation in the aged brain does not result in rejuvenation, but rather
is contributing to maladaptive states, such as chronic neuroinflammation observed in aging
and neurodegenerative diseases!!%??1:222,

The presented results highlight several potential therapeutic avenues. Targeting ROCK
signaling may enhance cytoskeletal remodeling and migration in aged MG, restoring their
motility and potential for tissue integration'’®198223 Modulating purinergic pathways could
improve ATP/ADP sensing and enhance microglial surveillance capacity!!>:180:200224,
Moreover, interventions aimed at dampening chronic interferon signaling or reestablishing

homeostatic transcriptional programs (P2ry12, Salll, Tmem119) may rejuvenate MG function
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in aging brains??2%, These findings emphasize that microglial repopulation is not a simple
replacement process, but a dynamic sequence of events shaped by both intrinsic programs
and environmental cues.

More broadly, strategies to manipulate microglial turnover, through controlled
depletion and repopulation, hold promise as regenerative approaches. However, our findings
caution that such strategies may have limited efficacy in aged brains unless combined
with interventions that restore signaling balance and support maturation®>!%*,

In summary, our study reveals that repopulated MG recapitulates the major states
of control MG in young brains, but display profound deficiencies in aged brains, including
impaired maturation, dysregulated ROCK and purinergic signaling, and persistent
inflammatory activation. These findings underscore the significant role of age in shaping
microglial resilience and highlight potential molecular targets for enhancing microglial
regenerative capacity and preserving CNS homeostasis in aging and disease!*2%.

In young animals, repopulated microglia were able to recapitulate the diversity
of transcriptional states found in controls. Core homeostatic clusters such as MG1 and MG2
were restored, indicating that microglial turnover is, in brains of young mice, a robust
regenerative process. Yet, we also uncovered transitional populations (Act-MG1, Act-MG2,
and Act-MG3), that displayed proliferative, phagocytic, migratory, and inflammatory gene
programs. These states mirrored those observed in tumor-associated or injury-responsive
microglia in other published datasets®”-'*. Their presence suggests that newly generated
microglia undergo a transient “activation phase” as they migrate into the parenchyma, remodel
the extracellular matrix, and integrate into neural circuits®>??°, Importantly, the upregulation
of cytokines such as //-14, Tnf, and 1I-6, alongside chemokines including Cc/2 and Cxcli0,
highlights a transient but coordinated inflammatory response that may be necessary to support
effective colonization and maturation!%*,

The restorative trajectory observed in young mice stands in striking contrast to aged
repopulation. While newly formed microglia in aged brains also enter an activated, motile
phase, the transition into a highly ramified state is incomplete. Instead, aged repopulated MG
retain thicker processes, reduced tip complexity, truncated branching patterns, and uneven
territory distribution®*?2"-228 These cells frequently display dystrophic features (bead-like
varicosities, fragmented processes, and shortened arbor length) resembling senescence-
associated microglia morphotypes reported in naturally aged cortex??’**°. The molecular
correlates of this failure are reflected in persistent suppression of RhoA/ROCK-dependent

cytoskeletal remodeling, reduced expression of purinergic receptors required for directional
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outgrowth, and continued IFN-I pathway activation, which is known to reduce process motility
and branch extension!8%183:230,

Aging alters not only the transcriptional outcome of repopulation but also its physical
architecture. In young brains, morphology follows amoeboid into transitional into highly

31 In aged tissue,

ramified transition returning microglia to full surveillance capacity
this trajectory appears truncated. Cells enter the amoeboid proliferative phase, but their return
to a fully branched state is delayed or entirely arrested??’-2*2. This aligns with our transcriptional
findings showing persistent activated MG clusters and reduced representation of homeostatic
subsets. Morphology thus serves as a visible proxy for deeper failures in maturation: where

structure does not recover, neither do molecular programs of synaptic support, phagocytic

regulation, or neuronal homeostasis.

7.3. Glioma-associated microglia may recapitulate some pathways
associated with repopulation.

Integration of the microglial repopulation transcriptional program with
the transcriptomes of glioma-associated microglia (GAMs) yields additional insights.
A comparative analysis gene expression in clusters of active, repopulated microglia showed
paralleling gene expression profiles in GAMs!®. This reflects activation of genes related
to microglia proliferation, migration, ECM reorganization, and metabolic activation®>2%°,
In both cases proliferation and survival is driven by CSF1R signaling?*.

There are meaningful differences: during the repopulation the activation phase
is transient and is followed by restoration of homeostatic microglia, consistent with their
capacity to reacquire mature signatures', whereas in GAMs reduced representation
of homeostatic states is observed, while activated and phagocytic states persists®’?3?,
The phagocytic microglia were associated with gliomas, where its presence is prominent®’-23*,
while this type of microglia is underrepresented in the repopulated group, indicating that
the tumor niche imposes additional instructive signals that amplify phagocytic functions?*>.
Clusters 0 and 10 were enriched in repopulated microglia but nearly absent in the GAMs
dataset. The persistence of activated GAM states may reflect the continuous exposure
of microglia to tumor-derived growth factors, altered ECM cues, hypoxia, and metabolic
reprogramming that stabilize an activation program and block resolution**>?3¢, GAMs exhibit
persistent expression of Sppl, ApoE, Trem2, Clec7a, Gpnmb, Ctsb, and cathepsin-associated

67,237

lysosomal genes - a transcriptional module that is also observed in repopulating Act-MG
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clusters, yet becomes attenuated during successful maturation. This suggests
that the repopulation program intrinsically contains the machinery for resolution and return
to homeostasis, but glioma-derived cues override this trajectory.

Proliferating microglia create the earliest progenitor-like population in both conditions,
giving rise to activated states. From these activated states, microglia gradually transition toward
more homeostatic states during repopulation but in gliomas, the phagocytic and activated states
persist suggesting an arrest or maladaptive differentiation?*>23,

One compelling mechanistic link is lipid metabolism. Both repopulating MG
and GAMs express lipid metabolism related transcripts associated with phagocytosis
and cholesterol efflux (ApoE, Lpl, Fabp5)*>2*°. During repopulation, these pathways likely
support membrane synthesis for process extension and clearance of apoptotic remnants left
after depletion®-?"’. In glioma, however, tumor-derived lipids accumulate faster than they can
be processed, driving lysosomal stress and sustaining a Trem2-ApoE microglial state
that suppresses antigen presentation and promotes tumor growth®”?%°. This recapitulates
the beneficial-pathological duality of microglial plasticity: a metabolic program necessary
for regeneration can be applied into a tumor-supportive phenotype when resolution signals
are absent?®,

ECM remodeling represents a second axis of convergence. Early repopulating MG
express genes encoding MMPs, integrins, and ECM-interacting molecules required to populate
parenchyma, degrade extracellular matrix and restore network architecture’****!. GAMs
similarly rely on ECM remodeling to facilitate tumor invasion, angiogenesis, and matrix

242

loosening™“. Yet in contrast to repopulation, where ECM remodeling is transiently expressed

and then silenced upon stabilization”®, GAMs persistently express Sppl, Fnl, Mmpi4, ItgaV,
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and osteopontin-associated remodeling genes . This suggests that the glioma niche

actively prevents downregulation of ECM programs, stabilizing a migratory, plastic,
and structurally permissive microglial state®.

Inflammatory signaling further highlights divergence. Both repopulating MG
and GAMs upregulate //-1f, Tnf, Cxcl10, and interferon-response genes, yet their functional
consequences differ. In repopulation, cytokine waves may serve to recruit additional microglia,
facilitate migration, and expand precursor pools®»!*?. In glioma, sustained interferon and /-1
signaling drives chronic activation, immunosuppression and tumor tolerance®’®. A key
distinction is the absence of homeostatic repressive cues - neuronal CX3CL1 signaling —

which in tumors are downregulated or physically shielded by tumor tissue’**. Without these

axes, GAMs cannot leave activation state, reinforcing the idea that repopulation and glioma
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states share an early trajectory but diverge based on the presence or absence of homeostatic
resolution signals®*.

Apoptosis also connects these systems. In aging, a failure to exit an activation phase
leads to apoptotic elimination of repopulating MG*°. In glioma, despite persistent activation,
GAMs do not undergo equivalent apoptotic pruning - suggesting that tumors may provide
survival signals (Csfl, Tgf-p, 1I-10, lactate-driven HIF signaling) that protect activated
microglia from death and thereby amplify the activated compartment®®**. In this view,
gliomas hijack the natural regenerative program by blocking the maturation and apoptotic
checkpoints that normally ensure transient activation.

The similarities between the programs of repopulated microglia in old mice and GAMs,
are striking. In both context, microglia exhibit proliferative and inflammatory gene signatures,
elevated expression of lipid metabolism and lysosomal genes, and reduced representation
of homeostatic markers**>**®, The data presented in this study suggests that GAMs may
recapitulate some of the mechanisms underlying microglia repopulation driven by the CSFIR
signaling!®>-246247_If so, insights gained from the repair process in healthy tissue could inform
strategies to redirect or terminate maladaptive activation in disease.

These links have translational implications. Interventions that shift the balance away
from apoptotic loss and chronic activation during repopulation - for example transient
inhibition of type-I interferon signaling, enhancement of trophic support, modulation of ROCK
to restore plasticity and motility, or enhancing P2RY12 agonism to reinstate neuron-derived
survival cues - may both increase the efficacy of repopulation in aged brains and reduce
the utility of this program in tumors.

Collectively, these comparisons establish that repopulated microglia and GAMs exploit
similar transcriptional machinery, but differ in whether the activation phase resolves
or becomes permanently stabilized. Repopulation is a regenerative event that - under
physiological conditions - self-terminates. Gliomas transform the same program into a chronic
state, sustaining the expansion of activated, phagocytic, lipid-loaded microglia that remodel
the microenvironment in favor of tumor progression. Understanding how gliomas stabilize
repopulation-like programs without permitting homeostatic resolution may identify tumor-
specific ligands or metabolic niches that could be therapeutically targeted to reawaken

differentiation and reduce tumor support.
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7.4. Limitations of the study

The differences in the morphology of microglia from brains of young and old mice have
been described, and these features might be consistent with computationally predicted defects
in microglia maturation and vulnerability to cell death!. Most of the presented findings
and predictions regarding MG functional states are based on transcriptomic profiles. Gene
scores were derived from literature-curated markers, many of which were validated
at the protein level or in non-CNS contexts. However, discrepancies between RNA and protein
expression, tissue-specific marker variability, may reduce the precision of functional
annotations. Key findings regarding the phagocytic and migratory capacities rely solely
on transcriptional profiles. Experimental validation (e.g., phagocytosis assays, ECM
degradation studies) is essential to confirm functional relevance of the findings. However,
maintaining MG from old mice in long term cultures remains difficult, limiting experimental

studies in the context of aging.
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8. Conclusions

1. Repopulated microglia in young mice reconstitutes the functional heterogeneity
of microglia observed in control mice.

2. Repopulated microglia arise from precursor microglia and differentiate to homeostatic
microglia.

3. Repopulated microglia from old mice brains remain proliferating and do not reach
homeostatic microglia states.

4. Transcriptional and functional analyses show the enrichment in cell death
and neurodegeneration related genes in microglia from old mice.

5. Activated microglia in glioma microenvironment show transcriptomic similarities
into repopulated active microglia suggesting common gene network underlying certain

Processes.
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