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ABSTRACT

In the past decade, the advancement and adoption of innovative methods for generating se-
quencing libraries at the single-cell resolution have deepened our grasp on biological mecha-
nisms. Simultaneously, breakthrough computational analysis techniques have emerged, ex-
panding our reach within the field even more. The breadth and intricacy of systemic approach-
es have greatly profited from these advancements. These technological innovations have not
only changed the narrative in scientific literature but also brought about a paradigm shift in
numerous disciplines, redefining the way we approach and understand the complexities of life
at a cellular level. Identifying the diversity among individual cell identities is crucial to under-

stand their state changes and their reciprocal influence concerning the host phenotype.

This dissertation encompasses two studies elucidating the link between white matter aging
and the immune system. In the first study, we explored the alterations in microglia cell states
due to aging and identified a distinct population specific to white matter, termed white-matter
associated microglia (WAM). Our objective was to comprehend why white matter aging specif-
ically modifies microglial identity. We characterized WAMs, finding that they are not only
exclusive to white matter but also age-dependent and reliant on TREM2 signaling for their
formation. WAMs form small nodules and are instrumental in clearing myelin debris that ac-

cumulates with age.

Despite oligodendrocytes being the myelin-producing cells, our understanding is limited re-
garding their responses to myelin pathology driven by aging. In our subsequent study, we ex-
amined aging-related changes in oligodendrocytes and identified a novel interferon-responsive
oligodendrocyte population. The identification of these IFN-responsive cells prompted us to
explore the role of the adaptive immune system in white-matter loss during normal aging. We
established a connection between CD8+ T cells, IFN-responsive oligodendrocytes, and micro-

glia.

Our results underscore the less explored yet increasingly recognized association between
CD8+ T cells and neurodegeneration. In the discussion section, I reflect on our findings and
those of others, and contemplate the future of this research area as more sophisticated tools

and techniques become widely available.



ZUSAMMENFASSUNG

In den letzten zehn Jahren haben neue Entwicklungen in der Einzelzelltechnologie unser
Verstandnis von biologischen Systemen erheblich verdndert. Der Fortschritt und die
Ubernahme von innovativen Methoden zur Erzeugung von Sequenzierbibliotheken auf
Einzelzellebene haben unser Verstandnis fiir biologische Mechanismen vertieft. Gleichzeitig
sind bahnbrechende Techniken der Datenanalyse entstanden, die unseren
Handlungsspielraum in diesem Bereich noch weiter ausgedehnt haben. Die Breite und
Komplexitdt systemischer Ansdtze haben stark von diesen Fortschritten profitiert. Diese
technologischen Innovationen haben nicht nur die Erzahlung in der wissenschaftlichen
Literatur verdndert, sondern auch einen Paradigmenwechsel in zahlreichen Disziplinen
herbeigefiihrt, indem sie die Art und Weise, wie wir die Komplexititen des Lebens auf
zelluldrer Ebene angehen und verstehen, neu definiert haben. Die Identifizierung der Vielfalt
unter einzelnen Zellidentitdten ist entscheidend, um ihre Zustandsveranderungen und ihren

gegenseitigen Einfluss auf den Wirtsphdnotyp zu verstehen.

Diese Dissertation umfasst zwei Studien, die den Zusammenhang zwischen der Alterung der
weiflen Substanz und dem Immunsystem kliren. In der ersten Studie haben wir die
Veranderungen der Mikroglia-Zellzustinde aufgrund des Alterns untersucht und eine
spezifische Population identifiziert, die wir als mit weifder Substanz assoziierte Mikroglia
(WAM) bezeichnen. Unser Ziel war es zu verstehen, warum das Altern der weifSen Substanz
speziell die Mikroglia-Identitdt verandert. Wir charakterisierten WAMs und fanden heraus,
dass sie nicht nur ausschliefflich in der weiffen Substanz vorkommen, sondern auch
altersabhangig sind und auf TREM2-Signalgebung fiir ihre Bildung angewiesen sind. WAMs
bilden kleine Knétchen und spielen eine entscheidende Rolle bei der Beseitigung von Myelin-

Ablagerungen, die sich mit dem Alter ansammeln.

Obwohl Oligodendrozyten die Myelin-produzierenden Zellen sind, ist unser Verstandnis ihrer
Reaktionen auf durch das Altern bedingte Myelin-Pathologie begrenzt. In unserer
anschlieffenden Studie haben wir altersbedingte Verinderungen in Oligodendrozyten
untersucht und eine neue Interferon-ansprechende Oligodendrozyten-Population identifiziert.
Die Identifizierung dieser IFN-ansprechenden Zellen veranlasste uns, die Rolle des adaptiven

Immunsystems bei dem Verlust von weifer Substanz wahrend des normalen Alterns zu



untersuchen. Wir stellten eine Verbindung zwischen CD8+ T-Zellen, IFN-ansprechenden

Oligodendrozyten und Mikroglia her.

Unsere Ergebnisse unterstreichen die weniger erforschte, aber zunehmend anerkannte
Assoziation zwischen CD8+ T-Zellen und Neurodegeneration. Im Diskussionsteil reflektiere
ich unsere Befunde und die anderer und denke tiber die Zukunft dieses Forschungsbereichs
nach, wahrend immer ausgefeiltere Werkzeuge und Techniken weit verbreitet zur Verfiigung

stehen.
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Aging as a Risk Factor

1. INTRODUCTION

1.1 Aging as a Risk Factor

Ageing is a natural process that is linked to physical decline, increasing the likelihood
of disease and mortality (Rose, 2009). This process varies across species, individuals
within a species, and even different tissues within an individual. Biomarkers of ageing
are closely tied to the fundamental molecular mechanisms of ageing (Carmona &
Michan, 2016). Among the numerous risk factors for neurodegeneration, ageing is the
most influential. Therefore, understanding the basic mechanisms of ageing is crucial

for developing effective interventions for neurodegenerative diseases.

A 2015 report by the United Nations on global population ageing predicts that the
number of individuals aged 60 and above across the world will more than double over
the next 35 years, reaching nearly 2.1 billion people (Wyss-Coray, 2016). The majority of
this increase will be seen in developing regions of the world. However, the segment of
the population aged over 8o, often referred to as the "oldest old," is expanding most
rapidly in developed regions. As this demographic expands, the financial strain of age-
related health disorders will also increase, necessitating effective preventative
measures and treatments. Neurodegeneration and the resulting cognitive decline are
particularly noteworthy among age-related diseases due to their substantial impact on

health span and quality of life.

In the elderly population, neurodegenerative diseases are prevalent, and disease-free
brains are rare, especially among the very old (Wyss-Coray, 2016). This suggests that
brain aging might be on a continuum with neurodegeneration (Figure 1). Both genetic
and environmental factors influence the progression of neurodegenerative diseases.
Hence, it's plausible to view neurodegenerative diseases as an accelerated form of ag-

ing. Aging, in turn, is a major risk factor for neurodegeneration. The most common
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neurodegenerative diseases, Alzheimer's and Parkinson's, are primarily observed in the

elderly, and the risk for these diseases escalates with age.
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Figure 1: Hallmarks of aging (Hou et al., 2019)

Molecular studies have shown that brain tissue from older individuals contains ab-
normal deposits of aggregated proteins, such as hyperphosphorylated tau, amyloid-
beta, and alpha-synuclein (Elobeid et al., 2016). However, it's still unclear whether the

levels of these deposits correlate with the degree of cognitive impairment. Some re-
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search suggests that the risk of neurodegenerative disease is linked with early devel-
opmental defects, implying that brain structural changes might occur much earlier
than cognitive impairment. For instance, MRl measurements of white matter myelin
water fraction and grey matter volume in various brain regions of infants carrying the
apolipoprotein E (APOE) g4 allele, a major susceptibility gene for sporadic (late-onset)
Alzheimer's, were significantly different from measurements in non-carriers (Dean et
al., 2014). Exposure to adverse environmental stimuli during development, such as
trauma, drugs, or environmental toxins, could have long-term effects, potentially im-

pacting neuroplasticity.

1.2 The Myelinated Brain

White matter's characteristic light color is primarily attributed to the high lipid con-
tent found in myelin, a complex, multilayered membrane structure that envelops ax-
ons and contributes to nearly half of the white matter's dry weight (Rockland &
Defelipe, 20m1). Oligodendrocytes create numerous layers of this myelin membrane
around the axons within the central nervous system, thereby enhancing the speed and

effectiveness of nerve conduction (Guan & Kong, 2015; McKenzie et al., 2014).

Historically, the sole function ascribed to myelin was the facilitation of saltatory nerve
conduction. However, recent findings suggest a broader role for myelin and oligoden-
drocytes (Nave & Ehrenreich, 2014; Nave & Werner, 2014; Simons & Nave, 2016). In-
deed, oligodendrocytes that produce myelin are integral to a broad network of inter-
connected glial and neuronal cells, with an expanding body of evidence supporting
their active involvement in this network. Specifically, oligodendrocytes provide meta-
bolic support to neurons, regulate ion and water homeostasis, and respond to neuronal
signals that are dependent on activity levels (Bradl & Lassmann, 2010; Kato & Wake,

2019).
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Magnetic resonance imaging (MRI) studies have identified various white matter altera-
tions that occur during the normal aging process. For instance, it's been reported that
from the age of 45, the volume of white matter begins to decrease gradually
(Bethlehem et al., 2022). Furthermore, white matter lesions often appear as hyperin-

tensities on T2-weighted MRI images (Prins & Scheltens, 2015; Salat et al., 2005).

Deep white matter regions, located at the ends of arterial circulation, are particularly
vulnerable to decreases in blood flow and oxygenation. Moreover, some white matter
regions reside in watershed zones between the anterior and middle cerebral arteries,
and between the middle and posterior cerebral arteries (Dogariu et al., 2023; Wardlaw
et al., 2015). These anatomical characteristics could contribute to the increased vulner-
ability of aged white matter to hypoperfusion (Martinez Sosa & Smith, 2017; Montagne
et al., 2015), possibly triggered by age-related vascular changes (Alber et al., 2019; Hase

et al., 2018; Kalaria & Hase, 2019).

Electron microscopy studies conducted on non-human primates, have shown that the
primary changes observed during normal aging are not a loss of neurons, but rather
alterations in the morphology of myelinated nerve fibers (Peters, 2002). Aging is asso-
ciated with substantial degenerative changes in myelin sheaths, such as splitting at the
major dense line leading to an accumulation of dense cytoplasm with vesicular inclu-

sions (Correale & Ysrraelit, 2022; Peters et al., 2000; Safaiyan et al., 2016).

Additionally, aged brains often exhibit myelin out-foldings containing multiple layers
of compacted myelin lamellae, and the number of lamellae appears to increase in some
of the old brain's sheaths. In studies involving older mice, multilamellar myelin frag-
ments have been observed (Safaiyan et al., 2016). Some fragments represent myelin
out-foldings, while others are seen engulfed by microglia, suggesting a possible active

role of microglia in stripping off damaged myelin.

In the aged brain of mice, there's almost a twofold increase in the number of microglia

with expanded lysosomal compartments. These aged microglia accumulate autofluo-
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rescent material reminiscent of lipofuscin (Safaiyan et al., 2016). This lipofuscin con-
tains nondegradable oxidized lipids, some of which are likely remnants of indigestible
myelin (Marschallinger et al., 2020; Thériault & Rivest, 2016). Therefore, it is plausible
that the increased burden of myelin clearance in the older brain could contribute not
only to an increase in microglia with lysosomal inclusions but also potentially to age-

associated microglial dysfunction (Pluvinage et al., 2019).

1.3 The Neuro-Immune Axis

1.3.1 The not so immune-privileged organ: The brain

The central nervous system is protected from potential threats by the cerebrospinal
fluid (CSF), the meninges, and a physical blood-brain barrier (BBB). The meninges are
populated by various immune cells, providing a level of immune surveillance
(Engelhardt & Coisne, 2011; Ousman & Kubes, 2012; Pachter et al., 2003). However, the
exact mechanisms by which these cells and antigens from the CNS trigger immune
responses have remained unclear (Alves de Lima et al., 2020; Ayub & Bae, 2021

Louveau, Harris, et al., 2015).

Early research involving the transplantation of tumors (Murphy & Sturm, 1923) or fetal
tissue (Willis & Keith, 1935) into the brain parenchyma showed successful growth, sug-
gesting the brain as a potential site for studying embryonic and tumor development.
The tolerance of these transplants, in contrast to their rejection in peripheral areas,
indicated the brain's unique immunological status. Seminal experiments by Medawar
in the 1940s (Medawar, 1948) further reinforced this concept, contributing to the un-
derstanding of the brain as an 'immune privileged' site. This immune privilege was
thought to arise from several physiological characteristics of the CNS, including the
presence of the blood-brain barrier (BBB), the lack of professional antigen-presenting
cells in brain tissue, low expression of MHC class I and II, and the perceived absence of

traditional lymphatic drainage (Brent, 2016; Medawar, 1996; Simpson, 2004). These
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factors were believed to contribute to the slow immune reactions observed in the
brain. However, despite these barriers, interactions between the CNS and the immune
system were found to occur, extending beyond pathological conditions to include ho-
meostatic functions (Carson et al., 2006; Galea et al., 2007; Louveau, Harris, et al,,

2015).

Significant progress has been made since these initial studies, with key findings
demonstrating that CNS-derived antigens can induce an immune response in the deep
cervical lymph nodes (Cserr et al., 1992), that the immune response in the CNS can
have both positive and negative effects on brain function (Walsh et al., 2014), and that
the CNS houses a functional lymphatic system within the meninges (Louveau,

Smirnov, et al., 2015).

However, the concept of the CNS as immune privileged continues to evolve as our un-
derstanding of complex neuroimmune interactions expands. One of the early mecha-
nisms suggested to underlie immune privilege was the perceived absence of classical
lymphatic drainage of CNS antigens (Burnet, 1970; Galea et al., 2007). Despite this, it's
now known that soluble constituents from the brain tissue and the CSF do drain into
the deep cervical lymph nodes, albeit via a different route (Harling-Berg et al., 1989;

Laman & Weller, 2013; Weller et al., 2010).

1.3.2 Variability of immune privilege

The central nervous system (CNS) is divided into several compartments: the paren-
chyma, the subarachnoid space which contains the choroid plexus and cerebrospinal
fluid (CSF), the meninges, and the brain skull bone marrow (Louveau, Harris, et al.,
2015). The state of immune privilege in these areas is not absolute but rather condi-

tional and varies regionally.

It's now widely accepted that both innate and adaptive immune system cells are pre-

sent in the CNS under normal conditions. In a healthy brain, microglia continually
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monitor the brain parenchyma. There are also small amounts of both adaptive and
innate immune cells, such as T cells, B cells, neutrophils, monocytes, and macrophages
derived from them. These cells can enter the brain, especially the meninges, and con-

tribute to brain development and learning (Alves de Lima et al., 2020).

Recent research has revealed that adaptive and innate immune cells can populate the
dura through channels in the skull that connect the skull bone marrow to the dura
(Louveau, Smirnov, et al., 2015). Therefore, under normal conditions, immune cells can
access, especially, the border regions of the brain and potentially interact with cell
populations within the parenchyma. The fact that most adaptive immune cells in the
CNS under normal conditions are located at its borders allows the brain and spinal
cord to detect and respond to disturbances while simultaneously maintaining neuronal

function through immunological protection.

1.3.3 Compartmentalization of CNS Immunity

Vertebrates' immunological defenses are made up of two subsystems: the innate and
adaptive immune responses (Vivier & Malissen, 2005). The innate immune system re-
acts to pathogens through receptors that are encoded in the germline and are particu-
larly expressed in non-clonally distributed cell types. During an innate immune re-
sponse, pattern-recognition receptors like Toll-like receptors (TLRs) identify microbial
pathogens and damage-associated molecular patterns (such as misfolded proteins,
denatured DNA, and lipopolysaccharide [LPS]), triggering the activation of NF-kB sig-
naling and inflammation (Medzhitov, 2001). The cellular components of the innate
immune system include dendritic cells, monocytes, macrophages (including microglia
in the brain), and natural killer T cells. The innate immunity response is quick and

somewhat nonspecific.
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On the other hand, adaptive immune responses can be highly specific, relying on the
vast array of antigen receptors on T and B cells (TCR and BCR), which are the cellular
elements of the adaptive immune system (Clark & Kupper, 2005). The diversity of TCR
and BCR is generated somatically through site-specific DNA recombination, and each
receptor of a particular specificity is expressed clonally. This repertoire of receptors
enhances the adaptive immune response's ability to detect a wide range of potential
antigens encountered throughout life. Thus, the nature of the innate and adaptive rep-

ertoire is a key difference between these two types of immunity.

Efferent

arm

The immune responses are divided into afferent and efferent arms, in line with the two

Afferent
arm

Figure 2: Elements of CNS Immunity

cellular composition arms of the immune systems. The afferent arm of the adaptive
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immune response involves antigen presentation to naive T cells, leading to their prim-
ing and activation. Soluble antigens and immune cells carrying antigens from the brain
are transported to the deep cervical lymph nodes (dCLNs), where these antigens are
presented to naive T cells and B cells by professional antigen-presenting cells (APCs),
such as mature dendritic cells (Papadopoulos et al., 2020). Antigen-specific T cells and
B cells become activated and undergo clonal expansion after returning to the brain.
Under disease conditions, APCs accumulate in the inflamed brain (Garber et al., 2019).
It remains unclear whether endogenous or infiltrated APCs in the brain parenchyma
function as antigen presenters in situ, leading to an adaptive immune response. The
entry of new APCs, T cells, and B cells into the brain, along with the local response of
resident microglia to local disease pathology, results in an altered immune state in the

brain parenchyma that differs from that in the homeostatic brain.

The efferent arm of the adaptive immune response begins when antigen-specific T
cells reach the brain parenchyma and exert their effector function. However, before
that, these cells need to cross either the blood-brain barrier or from brain borders to
the parenchyma, where they encounter a unique brain niche, including neurons, mi-
croglia, astrocytes, oligodendrocytes, endothelial cells, extracellular matrix, and brain

fluids.

Both the immune system and the central nervous system continuously monitor the

environment and make necessary adjustments to maintain homeostasis.

1.4 Interferon Signaling

The immune response to pathogenic stimuli is an incredibly complex, multi-layered
process. In our studies, we explore one of the components of this response: Interferon

signaling.

The interferon (IFN)-mediated innate immune response, a product of evolutionary
selection, is intrinsically encoded within genomes and acts as a formidable initial bar-

rier against invading pathogens. Upon the detection of a pathogen and the subsequent
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synthesis of IFN, these molecules attach to receptors on the cell surface, instigating a
signaling sequence via the Janus kinase signal transducer and activator of transcription
(JAK-STAT) pathway. This results in the transcriptional control of a multitude of IFN-
regulated genes (IRGs), culminating in a potent antiviral state that is effective against
various RNA viruses (positive-, negative-, and double-stranded), DNA viruses, and
intracellular bacteria and parasites (Stark & Darnell, 2012). Moreover, IFN signaling is
instrumental in molding the adaptive immune response (Platanias, 2005; Schoenborn

& Wilson, 2007).

Years of meticulous research have allowed scientists to delineate the mediators of sig-
nal transduction and the DNA response elements that participate in JAK-STAT signal-
ing. However, the functions of only a small number of IRGs have been extensively ex-
amined. Studies into the mechanisms governing IRGs are beginning to shed light on
how the IFN-induced state alters cellular biology, priming cells for heightened patho-
gen detection, facilitating effective defense against pathogens, and aiding in the resto-
ration of normal cellular function. Furthermore, the discovery of abnormal IFN signa-
tures in various autoimmune diseases emphasizes the critical need for rigorous regula-

tion of IFN signaling (Crow & Manel, 2015).

1.4.1 A Brief History

In the early 1950s, the scientific community recognized that virus-infected cells could
exhibit resistance to subsequent viral infections under specific conditions, indicating
that viruses could mutually interfere (Henle, 1950). This phenomenon was also ob-
served with inactivated influenza virus, which could hinder the activity of live influen-
za virus, although the agent causing this interference remained unidentified at that
time. In 1957, Isaacs & Lindenmann coined the term "interferon" (Isaacs et al., 1957;
I[saacs & Lindenmann, 1957) to describe a likely cellular substance that obstructed in-

fluenza infection. Subsequent research identified interferon (IFN) as a small protein,

10
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secreted by cells in response to the detection of pathogen-associated molecular pat-

terns (PAMPs) via pattern-recognition receptors (PRRs) (J. Wu & Chen, 2014).

Following these foundational discoveries, IFN was extracted from crude protein frac-
tions of stimulated human or nonhuman primate white blood cells, serving as a prima-
ry source of the substance (Cantell, Hirvonen, Kauppinen, et al., 1981; Cantell,
Hirvonen, & Koistinen, 1981). Nearly twenty years after [FN's initial description, meth-
odologies were developed for its purification and detailed characterization (Pestka,
2007). During this refinement process, it was revealed that IFN was not a singular enti-
ty but a family of unique proteins, categorized into three distinct classes based on their
receptor complexes (Knight, 1975; Rubinstein et al., 1981). These classes of IFN, along
with their subtypes, trigger signaling pathways leading to diverse and significant ef-
fects, including variations in ISG profiles, induction kinetics, antiviral and antiprolifer-
ative activities, and immunomodulatory capacities. This dissertation focuses more on

Type I and Il interferons.

1.4.2 Type | and Il Interferons

Type I IFNs represent the most extensive class of interferons in humans, encompassing
IFN-a, IFN-B, IFN-¢, IFN-x, and IFN-w. These are all located on chromosome 9 and
signal via the type I I[FN receptor complex, which consists of IFN-« receptor 1 (IFNAR1)
and IFNAR2 subunits (Figure 3). Except for IFN-o, which includes 13 human subtypes,
each type I IFN is encoded by an individual gene. Almost all cells have the ability to
produce IFN-a/f, but plasmacytoid dendritic cells, specialized immune cells, are re-
sponsible for the majority of I[FN-a production during an infection (Siegal et al., 1999).
The type I IFNs exhibit varying tissue expression and binding affinities to the [IFNAR1/2
receptor complex (Lee & Ashkar, 2018; Pestka, 2007), leading to diverse effects in terms
of antiviral, antiproliferative, and immunomodulatory functions (Jaitin et al., 2006;

Moraga et al., 2009).

1
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IFN-y, the only member of the type II IFN class, forms a homodimer and signals
through the IFN-y receptor complex (IFNGR; Figure 3), which is activated by the inter-
action with two IFNGR1 subunits, followed by the binding of two more IFNGR2 subu-
nits (Walter et al., 1995). The production of IFN-y is mainly confined to immune sys-
tem cells, but since the IFNGR1/2 proteins are broadly expressed, nearly all cell types
can respond to IFN-y (Valente et al., 1992). The resulting signaling plays a crucial role
in shaping cellular immunity and also triggers gene products that enhance the type I
IFN response (Levy et al.,, 1990; Lew et al.,, 1989). In a reciprocal manner, type I IFN

signaling also augments I[FN-y signaling (Fujimoto & Naka, 2010; Linossi et al., 2013).

Typel IFN Type lll IFN Typell IFN

IFNAR1

@‘

IFNGR1

Plasma membrane

Cytoplasm

Nucleus

Figure 3: Overview of the interferon signaling cascade
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1.4.3 JAK-STAT Pathway

When IFNs attach to cell surface receptors, a signal is propagated across the mem-
brane and into the cell, resulting in significant alterations in cellular characteristics. A
remarkable aspect of IFN signaling is the rapidity with which it takes place, a feature
enabled by the fact that the creation of new proteins is unnecessary—all the required
components are already present at baseline levels (Larner et al., 1984, 1986). JAK-STAT
signaling pathway is the universal conduit through which all IFNs transmit their sig-

nals.

When a pathogen is detected, IFNs are produced and secreted by the infected cells.
These IFNs then bind to specific receptors on the surface of neighboring cells, trigger-
ing the activation of associated Janus kinases (JAKs). The activated JAKs, in turn,

phosphorylate the receptor, creating docking sites for the STAT proteins (Kawamura et

al., 1994).

Once the STAT proteins are recruited to the receptor, they too are phosphorylated by
the JAKs (Schindler et al., 1992). This phosphorylation causes them to dimerize, form-
ing active STAT complexes that translocate into the nucleus. Inside the nucleus, these
STAT complexes bind to specific DNA response elements, initiating the transcription
of IFN-regulated genes (IRGs) (Haan et al., 2006; Kawamura et al., 1994). The expres-
sion of these IRGs leads to a wide array of cellular responses, including the establish-

ment of an antiviral state, modulation of cell growth, and regulation of apoptosis.

The JAK-STAT pathway is highly regulated, with numerous checkpoints and modula-
tors ensuring that the signaling is tightly controlled. This is essential, as excessive or
prolonged activation can lead to pathological conditions, including autoimmune dis-
orders (Lee-Kirsch, 2017) and certain cancers (Louveau, Harris, et al., 2015). Conversely,
deficiencies in JAK-STAT signaling can result in immunodeficiency. The specificity and
diversity of the responses are determined by the particular combination of JAKs and

STATs involved, as well as the type of IFN and the cellular context (Haan et al., 2006;
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Stark & Darnell, 2012). This intricate and highly coordinated signaling pathway exem-
plifies the complexity of the immune response, allowing for both sound protection
against pathogens and fine-tuned regulation of cellular functions (Schindler et al.,

2007).

1.4.4 Interferon-y Signaling

Interferon gamma (IFN-y) is identified as a pro-inflammatory cytokine, synthesized by
a specific subset of peripheral cells, including T lymphocytes, natural killer (NK), and
NKT cells, as well as by cells within the central nervous system (CNS) in reaction to

particular stimuli (Kasahara et al., 1983; Ye et al., 1995).

Initially characterized as an inhibitor of viral replication, IFN-y's role has expanded to
encompass a multitude of functions in the immune response, particularly against in-
tracellular pathogens and in anti-tumoral defense. This cytokine is now acknowledged
as vital for both the innate and adaptive branches of the immune system. Its involve-
ment spans various immune responses, such as macrophage activation, enhancement
of major histocompatibility complex (MHC) expression (Giroux et al., 2003), and the

modulation of T helper (Th) response types (Bradley et al., 1996; Smeltz et al., 2002).

In the context of healthy brain parenchyma, where T, NK, and NKT cells are typically
minimal, I[FN-y's role was believed to be confined to pathological scenarios. These in-
clude CNS infections, inflammatory diseases (Olsson et al., 1990; Panitch et al., 1987;
Traugott and Lebon, 1988), trauma (Lau and Yu, 2001), and stroke (Seifert et al., 2014;
Yilmaz et al., 2006). More recent research has linked IFN-y to various neuropsychiatric
and neurodegenerative disorders where inflammation is considered a key factor. Fur-
thermore, IFN-y's influence on neural cell genesis and synaptic plasticity, essential for
standard brain physiology, indicates that its biological functions may indeed transcend

the confines of the immune response (Monteiro et al., 2017).
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In Manuscript 2. (Kaya et al., 2022), we suggest that a key pathogenic mediator of
brain-resident CD8+ T cells during aging is IFNy production. IFNy initiates multiple
neurodegenerative pathways, including the suppression of neural stem-cell prolifera-
tion (Dulken et al., 2019), the direct cytotoxic elimination of oligodendrocytes by CD8+
T cells”5, and the targeting of neuronal axonal connections by CD8+ T cells”"6. Anoth-
er study presented IFNy as a regulating component of neuronal connectivity and social

behavior in mice (Filiano et al., 2016).

The complex interplay between interferon-gamma signaling and microglia activation
form a vital axis (Alspach et al., 2019). Historically, lymphocytic [FN-y was perceived
just as an enhancer of proinflammatory reactions by microglia in the context of bacte-
rial or viral infections. However, recent in situ slice culture studies and in vivo investi-
gations have revealed a more complex and specialized role for IFN-y in the activation

of microglia (Filiano et al., 2016; Ivashkiv, 2018; Prinz & Priller, 2017).

The priming of microglia by IFN-y leads to a series of responses, including prolifera-
tion (microgliosis), increased elimination of synapses, and a moderate release of nitric
oxide. These actions are sufficient to disrupt synaptic transmission, gamma rhythm
activity, and cognitive functions (Escoubas et al., 2023; Ta et al., 2019). Furthermore,
IFN-y is instrumental in steering Toll-like receptor (TLR)-activated microglia towards
neurotoxic phenotypes (Chausse et al., 2020; Papageorgiou et al., 2016), resulting in
energetic and oxidative stress, significant network dysfunction, and ultimately, neu-

ronal death.

Pharmacological interventions targeting activated microglia may prove beneficial in
conditions characterized by elevated IFN-y levels, loss of blood-brain barrier integrity,
and infiltration of parenchymal T lymphocytes. Such conditions include, but are not

limited to, encephalitis (Waltl & Kalinke, 2022), multiple sclerosis (Takeuchi et al.,
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2006), and Alzheimer's disease (Chakrabarty et al., 2010; He et al., 2020; Unger et al.,

2020).

1.5 Gene Expression: DNA to Phenotype

The fundamental principle of genetics revolves around gene expression, which deter-
mines an organism's biological function (Crick, 1958; Roeder & Rutter, 1969). Genes,
the basic building blocks of heredity, are composed of nucleotide sequences that create
a gene product upon expression. Typically in eukaryotes, a gene, made up of DNA,
undergoes transcription into mRNA, which then translates into a protein (Roeder &
Rutter, 1969). However, in certain scenarios, RNA is the ultimate gene product, includ-

ing instances of transfer RNA and microRNA.

The process of gene expression is highly regulated at various stages, involving factors
like chromatin accessibility (Kornberg, 1974), DNA silencing (Hotchkiss, 1948), and
mRNA processing. These multiple regulatory points are encapsulated within the cen-
tral dogma of molecular biology (Crick, 1958), further establishing the significance of

gene expression in biological studies, as it decisively influences the organism's pheno-
type.

The transition from genotype to phenotype is a multi-faceted process that initiates
from a gene (Allfrey et al., 1964; Luger et al., 1997). For gene expression to occur, the
gene must be accessible, which is strictly controlled through post-transcriptional mod-
ifications to histones and DNA methylation in vertebrates. With the correct modifica-
tions in place, histones will initiate the unwinding of certain regions of the DNA, ren-
dering the gene accessible and ready to serve as a template for RNA polymerase
(Holliday & Pugh, 1975). During transcription, RNA polymerase traverses the DNA,

attaching a complementary ribonucleotide to the growing RNA strand, thereby gener-
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ating an RNA molecule that mirrors the DNA, with the exception of thymine, which is

replaced by uracil in RNA.

In eukaryotes, three distinct RNA polymerases exist, among which RNA polymerase 11
is primarily accountable for the synthesis of protein-coding mRNA. Once the pre-
mRNA has been synthesized, it undergoes processing and exportation (Kéhler & Hurt,
2007). A crucial aspect of mRNA processing is alternative splicing, which enables the
removal of introns or non-coding regions of the pre-mRNA, leading to the production
of multiple transcript variants from a single gene. Moreover, the pre-mRNA undergoes
capping at the 5" end and polyadenylation at the 3’ end for molecule stabilization and
protection (Shatkin & Manley, 2000). The processed mRNA is subsequently transport-

ed from the nucleus to the cell's cytoplasm.

Once in the cytoplasm, ribosomes bind to the mRNA, guiding the transfer RNAs
(tRNAs) to the mRNA. Contrasting the process of transcription where each nucleotide
is individually read, during translation, a set of three nucleotides forms a reading unit,
or codon (Grunberger et al., 1969). When the anticodon tRNAs, carrying specific ami-
no acids, match a codon, the ribosome links the amino acid to the expanding amino
acid chain. The final gene products, proteins, each with a unique function, determine

the organism's observed phenotype.

1.6 Capturing the mRNA Signal

Messenger RNA (mRNA) serves as a vital intermediary in the process of gene expres-
sion. The first successful methodology for quantifying mRNA was established in 1977
via northern blotting (Alwine et al., 1977). The northern blotting technique necessi-
tates the separation of RNA molecules by gel electrophoresis, their subsequent transfer
to a nylon membrane, and their hybridization with either radioactively or chemilumi-
nescent probes. The resultant gel was traditionally imaged using autoradiography, alt-

hough more contemporary approaches utilize chemiluminescence detection.

17



Capturing the mRNA Signal

Northern blotting, however, requires substantial amounts of mRNA, necessitating the
development of more sensitive procedures. Quantitative polymerase chain reaction
(qPCR), initially designed for DNA quantification, was adapted to measure gene ex-
pression (A. M. Wang et al., 1989). This technique employs either intercalating dyes or
hybridizing probes to generate a fluorescent signal during each PCR cycle, which can
then be quantified to represent the number of detected mRNA copies in the sample.
While qPCR addresses the RNA input limitation of northern blots, it is best suited for
the analysis of a limited number of genes and is therefore not suitable for high

throughput gene expression studies.

To enable the simultaneous detection and quantification of numerous genes, method-
ologies like microarrays (Schena et al., 1995), and RNA sequencing (RNA-seq) (Z.
Wang et al., 2009) were devised. Microarray technology employs a chip furnished with
surface-bound probes that can target numerous genes. The RNA is reverse transcribed,
labelled, and then binds to complementary probes on the microarray surface. The de-
gree of binding, quantified by fluorescence intensity, provides comparative data: the
signal of a given gene under one condition is juxtaposed with the same gene under a

different condition.

1.6.1 The NGS Revolution

Lastly, RNA-seq involves reverse transcribing the RNA and sequencing the cDNA using
high-throughput next-generation sequencing (NGS) (Head et al., 2014; Nagalakshmi et
al., 2010; Z. Wang et al., 2009). The resulting data are typically mapped to a reference
genome, and the total number of detected reads provides information about gene ex-
pression (Dobin et al., 2013; Dobin & Gingeras, 2015; Mortazavi et al., 2008). Notably,
unlike microarrays, RNA-seq does not necessitate prior sequence knowledge, making it
applicable to non-model organisms and de novo genes (Schena et al., 1995; Z. Wang et

al., 2009; Wilhelm & Landry, 2009). Furthermore, it provides information not just
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about gene expression levels, but also splicing, mutations, and other post-
transcriptional modifications (Ozsolak & Milos, 2011; Trapnell et al., 2009; E. T. Wang

et al.,, 2008).

It's worth noting that despite these advancements, bulk RNA sequencing approaches
do present limitations, notably in their inability to detect heterogeneity within tissue
samples, as the signal represents an average of all cells within the sample (X. Li &
Wang, 2021; Nguyen et al., 2018). Newer single-cell RNA sequencing methods are be-
ginning to overcome these limitations, providing a more detailed, cell-by-cell view of

gene expression (Nguyen et al., 2018; A. R. Wu et al., 2014; Ziegenhain et al., 2017).

1.6.2 The Ascent of the Single-cell

The advent of single-cell RNA sequencing (scRNA-seq) has revolutionized the field of
genomics, offering an unprecedented level of resolution in gene expression profiling
(Regev et al., 2017). Unlike traditional bulk RNA-seq technologies, which average gene
expression across thousands of cells, scRNA-seq allows for the exploration of gene ex-
pression at the individual cell level. This has proven particularly useful in the study of
cellular heterogeneity and early embryonic development, where only a few cells are

present.

Single-cell RNA-seq has been successfully applied across a range of species, including
various human tissues, both normal and diseased. These studies have uncovered sig-
nificant variability in gene expression between individual cells (Lafzi et al., 2018). The
development of different scRNA-seq protocols, driven by technological advancements,
has greatly enhanced our understanding of gene expression dynamics at the single-cell

level (Mereu et al., 2020).
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However, scRNA-seq is not without its challenges. The low amount of starting material
can lead to low capture efficiency and high dropout rates. Furthermore, scRNA-seq
data is inherently noisier and more variable than bulk RNA-seq data, due to both
technical noise and biological variation. This presents substantial challenges for the

computational analysis of scRNA-seq data.

Current scRNA-seq protocols can be broadly divided into two categories based on the
coverage of the captured transcript: full-length transcript sequencing approaches
(Smart-seq2 (Picelli et al., 2013)) and 3' or 5' end transcript sequencing technologies
(10X Chromium). Each of these protocols has its own strengths and weaknesses, and
the choice of protocol can significantly impact the results of the study (Ziegenhain et

al,, 2017).

1.7 Smart-seq2 and 10X Chromium Workflows

The initial step in single-cell RNA sequencing (scRNA-seq) is the isolation of individu-
al cells, a process that presents a significant challenge due to the need for high capture
efficiency. Among the various techniques available for this purpose, Flow-Activated
Cell Sorting (FACS) is a widely adopted method. The sorting experiments in the stud-
ies detailed here were conducted using FACS. This technique uses the principles of
fluid dynamics and optics to sort a heterogeneous mixture of cells into two or more
containers, one cell at a time. The cells are first suspended in a fluid and then passed
through a detection apparatus at high speed. As the cells pass through a laser beam,
the light scattered by each cell and any fluorescence emitted from the cell is collected
and analyzed. Based on the light scattering and fluorescence characteristics, the sys-
tem can rapidly sort and separate cells into different populations. This method re-
quires a large starting volume of cells in suspension and is capable of high-throughput

cell sorting (Gross et al., 2015).
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In the articles described here, two different platforms were used to generate scRNA-
seq datasets; Smart-seq2 (Picelli et al., 2013) and 10X Genomics Chromium. Each plat-
form utilizes a unique approach to single-cell transcriptomics, offering distinct ad-

vantages and potential limitations.

The 10X Genomics Chromium platform is a high-throughput system that leverages a
unique barcoding strategy to simultaneously analyze thousands to tens of thousands of
cells. This platform operates on the principle of droplet-based partitioning, where in-
dividual cells are encapsulated in droplets along with a gel bead carrying a unique bar-
code (Zheng et al., 2017). The cell's mRNA is then reverse transcribed within the drop-
let, with the unique barcode (Figure 3) incorporated into the cDNA. This allows for the
pooling and simultaneous sequencing of a multitude of cells, with the barcode serving

to link each sequence read back to its cell of origin.
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Figure 4: The UMI principle

However, the Chromium platform captures only the 3' or 5' ends of transcripts, limit-
ing the resolution of gene expression analysis. This is a trade-off for the high-
throughput nature of the platform, which allows for a broad snapshot of cellular het-

erogeneity. Additionally, the platform's high-throughput nature can introduce noise
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and increase the dropout ratio, which refers to the failure to detect a gene that is ex-

pressed in a cell.

On the other hand, Smart-seq2 offers a more detailed view of gene expression by
providing full-length transcript coverage. This platform operates on a plate-based sys-
tem, where individual cells are isolated in wells of a microtiter plate (Picelli et al.,
2013). Each cell's mRNA is then reverse transcribed to cDNA within its respective well,
allowing for the capture of the entire transcript. This full-length coverage enables the
detection of alternative splicing events and allele-specific expression, offering a more

in-depth characterization of individual cells.

The sensitivity of Smart-seqz2 is also higher than that of the Chromium platform, mak-
ing it a better choice for detecting low-abundance transcripts (Figure 4). However, the
Smart-seq2 platform is a low-throughput method, making it less suitable for studies
requiring the analysis of large numbers of cells. Additionally, the protocol is more
technically demanding and time-consuming than the Chromium platform, which can

increase the potential for technical variability, in turn introducing batch specific arte-

facts.
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Figure 5: Plate- and droplet-based scRNA-seq platforms
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A. The step-wise diagrams of the 10X Chromium and Smart-seq2. B. The total read
number of each cell using a liver tumor dataset, taken from Wang et al., Figure 1 (X.

Wang et al., 2021).

In conclusion, both the 10X Genomics Chromium and Smart-seqz platforms offer pow-
erful tools for scRNA-seq. The 10X Chromium platform excels in high-throughput
analysis, capturing a broad view of cellular heterogeneity, while the Smart-seq2 plat-
form provides a more detailed and sensitive analysis of individual cells. We used both
platforms to generate datasets to ensure the validity and reproducibility of our find-

ings.

1.8 Thesis Focus

This dissertation encompasses two studies elucidating the link between white matter
aging and the immune system. To characterize the transcriptional profiles of seeming-
ly homogenous yet distinct sub-populations of glial cell types, we established an opti-
mized single-cell RNA-sequencing pipeline, spanning from cell isolation to data analy-

sis.

In the first study (Safaiyan et al., 2021), we identified a distinct microglial population
localized to white matter, which appears to adopt a protective cellular state against
myelin-related pathologies prevalent in aging. However, the underlying mechanisms
driving these myelin pathologies remained unaddressed. To explore this further, in our
subsequent study, in which I was a co-first author (Kaya et al., 2022), we employed
single-cell RNA sequencing (scRNA-seq) to investigate the cellular states of
oligodendrocytes, the myelin-producing cells of the central nervous system. We
hypothesized that elucidating oligodendrocyte aging trajectories and their interactions
with other glial populations could provide insights into the origins of myelin
dysfunction. This approach led to the identification of a novel interferon-responsive
oligodendrocyte population, prompting further investigation into the relationship

between aging and the adaptive immune system. Taken together, these studies provide
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a characterization of certain glial cell state dynamics and their interplay with the

adaptive immune system in the context of white matter aging.
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2. RESULTS

2.1 White Matter Aging Drives Microglial Diversity

Abstract

Aging results in gray and white matter degeneration, but the specific microglial re-
sponses are unknown. Using single-cell RNA sequencing from white and gray matter
separately, we identified white matter-associated microglia (WAMs), which share parts
of the disease-associated microglia (DAM) gene signature and are characterized by
activation of genes implicated in phagocytic activity and lipid metabolism. WAMs de-
pend on triggering receptor expressed on myeloid cells 2 (TREM2) signaling and are
aging dependent. In the aged brain, WAMs form independent of apolipoprotein E
(APOE), in contrast to mouse models of Alzheimer’s disease, in which microglia with
the WAM gene signature are generated prematurely and in an APOE-dependent path-
way similar to DAMs. Within the white matter, microglia frequently cluster in nodules,
where they are engaged in clearing degenerated myelin. Thus, WAMs may represent a
potentially protective response required to clear degenerated myelin accumulating

during white matter aging and disease.
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White matter aging drives microglial diversity
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SUMMARY

Aging results in gray and white matter degeneration, but the specific microglial responses are unknown. Us-
ing single-cell RNA sequencing from white and gray matter separately, we identified white matter-associated
microglia (WAMs), which share parts of the disease-associated microglia (DAM) gene signature and are char-
acterized by activation of genes implicated in phagocytic activity and lipid metabolism. WAMs depend on
triggering receptor expressed on myeloid cells 2 (TREM2) signaling and are aging dependent. In the aged
brain, WAMs form independent of apolipoprotein E (APOE), in contrast to mouse models of Alzheimer’s dis-
ease, in which microglia with the WAM gene signature are generated prematurely and in an APOE-dependent
pathway similar to DAMs. Within the white matter, microglia frequently cluster in nodules, where they are
engaged in clearing degenerated myelin. Thus, WAMs may represent a potentially protective response

required to clear degenerated myelin accumulating during white matter aging and disease.

INTRODUCTION

White matter is composed of mostly myelinated axons that con-
nect neurons from different brain regions into functional circuits.
The light appearance of white matter results from the high lipid
content of myelin, a multilamellar membrane structure that coats
axons and constitutes almost half of the dry weight of white mat-
ter (Stadelmann et al., 2019). Long thought to be a passive part of
the brain, it is now clear that dynamic, experience-dependent
generation of white matter myelin content by oligodendrocytes
affects learning and brain function (McKenzie et al., 2014; Mount
and Monje, 2017; Pan et al., 2020; Wang et al., 2020; Steadman
et al., 2020). In humans, white matter volume reaches its peak at
around 40-50 years of age, after which it declines continuously
(Sowell et al., 2003). White matter aging is not only associated
with tissue shrinkage but also frequently with focal lesions
seen upon magnetic resonance imaging (MRI) as hyperinten-
sities related to cognitive impairment and increased risk of stroke
and dementia (Prins and Scheltens, 2015). Electron microscopy
studies performed in non-human primates have revealed that
major pathological alterations that occur during aging are found

1100 Neuron 709, 1100-1117, April 7, 2021 © 2021 Elsevier Inc.

in white but not gray matter (Peters, 2002), consisting of myelin
outfolding, splitting, and accumulation of multilamellar frag-
ments (Peters, 2002; Safaiyan et al., 2016). A better understand-
ing of such age-related white matter pathology and its associ-
ated cellular responses is essential because aging is a major
risk factor for the most prevalent neurodegenerative diseases.
One cell population that responds to aging is microglia, long-
lived, self-renewing cells with phagocytic scavenging and im-
mune surveillance functions (Grabert et al., 2016; Fuger et al.,
2017; Salter and Stevens, 2017; Prinz et al., 2019). Gene expres-
sion studies have shown that aged microglia develop a more in-
flammatory phenotype, particularly in white matter (Poliani et al.,
2015; Safaiyan et al., 2016). Age-dependent increase in inflam-
matory status of microglia is often referred to as primed or sensi-
tized, but the nature of this response is only partially understood
(Perry and Holmes, 2014). Several groups have applied single-
cell genomics approaches to characterize the shift in microglial
states after various pathological insults (Keren-Shaul et al.,
2017; Mathys et al., 2017; Friedman et al., 2018; Hammond
et al., 2019). This work has established that microglia undergo
a relatively stereotypical conversion into disease-associated
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microglia (DAM) with a microglia-neurodegenerative (MGnD) or
activated response microglia (ARM) phenotype (Keren-Shaul
et al., 2017; Krasemann et al., 2017; Sala Frigerio et al., 2019).
This conversion is dependent on TREM2 (triggering receptor ex-
pressed on myeloid cells 2) activity, which increases phagocy-
tosis and lipid metabolism. DAMs have the potential to restrict
pathology by enhancing clearance of misfolded and aggregated
proteins that commonly accumulate in neurodegenerative dis-
eases, but to what extent DAMs/MGnD/ARMs are also gener-
ated during normal aging is under debate (Keren-Shaul et al.,
2017; Friedman et al., 2018; Hammond et al., 2019; Sala Frigerio
et al., 2019). Because aging-induced damage to the brain in-
volves degeneration of myelinated nerve fibers, not character-
ized by protein aggregates but by release of lipid-rich, tightly
compacted, and difficult-to-digest myelin debris, we hypothe-
sized that microglial responses should differ between aged
gray and white matter. To characterize this microglial response,
we combined genetic perturbation, single-cell RNA sequencing
(scRNA-seq), immunohistochemistry, and functional assays to
comprehensively characterize microglial responses that occur
in aged white matter.

RESULTS

TREM2- and age-dependent formation of white-matter
associated microglia

To characterize this microglial response, we took advantage of
scRNA-seq, a powerful and sensitive technique to reveal tran-
scriptomic cell-to-cell variation of microglia in the normal and
diseased brain (Hammond et al., 2019; Keren-Shaul et al.,
2017; Krasemann et al.,, 2017; Masuda et al., 2019; Mathys
et al., 2019; Van Hove et al., 2019; Chen et al., 2020). However,
transcriptional responses to dissociation have also been shown
to alter microglial scRNA-seq analysis (Ayata et al., 2018; Hai-
mon et al., 2018; Hammond et al., 2019; Li et al., 2019). To avoid
isolation artifacts, we established an automated dissociation
protocol for microglia that inhibits ex vivo transcription by addi-
tion of actinomycin D (ActD) (Wu et al., 2017). Using scRNA-
seq, we tested the effect of ActD addition, which was able to pre-
vent significant induction of four genes (Jun, Lars2, Gm23935,
and CT010467.1) and of average expression of immediate-early
genes known to respond to brain dissociation (Wu et al., 2017;
Figures S1A-S1C; STAR methods). Using this optimized proto-
col, we dissociated gray matter from the frontal cortex and white
matter tracts from the corpus callosum as well as the optical
tracts and the medial lemniscus from wild-type aged mice
(18-20 months old; Figure 1A). To compare aging and neurode-
generation effects on microglia, we also isolated microglia from a
transgenic Alzheimer’s disease (AD) mouse model that ex-
presses five human familial AD gene mutations (5% FAD) (Oakley
et al., 2006). Because activation of the DAM gene expression
profile depends on TREMZ signaling (Keren-Shaul et al., 2017),
we included aged Trem2 knockout mice (Trem2~'7) in the anal-
ysis. We performed Smart-seq2 (SS2), which has a high tran-
script capture rate that produces biologically meaningful clus-
ters even for a small number of cells (Picelli et al., 2014; Gokce
et al., 2016; Li et al., 2019). After eliminating low-quality SS2 li-
braries, we included 1,038 microglia from 16 mice. Analysis of
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sorting data showed that aged wild-type white matter immune
cells had significantly increased levels of CD45* and CD11b* la-
beling compared with gray matter, which was not observed in
aged Trem2~/~ animals (Figures S1D-S1F). Based on known im-
mune cell markers, we identified 847 high-quality SS2 scRNA-
seq microglia from aged mice and cells expressing markers
for granulocytes, perivascular macrophages, and oligodendro-
cytes, which were excluded from downstream analyses (Figures
S1land S1J). Next we analyzed the transcriptomes of single cells
using unsupervised uniform manifold approximation and projec-
tion (UMAP) analysis, a dimension reduction method, which
separated aged white matter from aged gray matter microglia
(Figure S1K). This white matter microglia-specific cluster was
defined by a specific gene signature (STAR methods; Figure S1K;
Table S2). Using this white matter microglia gene signature, we
distinguished four distinct populations: two white matter-spe-
cific clusters, which we called white matter associated microglia
(WAMs) and activated microglia, and two additional clusters
found in gray and white matter, which we called homeostatic
microglia 1 and 2 (Figures 1B-1E; Figure S2A; Table S2).
Comparing wild-type with Trem2~~ mice revealed that WAMs
and activated microglia are TREM2 dependent (Figure 1E; Fig-
ure S2A). WAMs are characterized by downregulation of homeo-
static genes (set 4 genes; Figure 1C; Figure S3A), such as puri-
nergic receptor (P2ry12 and P2ry13) and checkpoint genes
(Csfrir, Cx3cr1, Hexb, and Tmem119) and by upregulation of
DAM-associated genes (set 1 genes; Figure 1C; Figure S2A),
such as lipid metabolism and phagosome-related genes
(ApoE, Cst7, Bm2, Lyz2, Cd63, and Clec7a), cathepsins (Ctsb,
Ctss, and Ctsz), and major histocompatibility complex (MHC)
class ll-related genes (H2-D1 and H2-K1). Activated microglia
are marked by upregulation of genes encoding many metabolic
genes, mostly ribosomal subunits and mitochondrial genes (set 2
genes), many of which are part of the microglial response to ag-
ing (Ximerakis et al., 2019) (set 2 genes; Figures 1C and 1D; Fig-
ure S2A). Homeostatic microglia 1 and 2 were detected in white
and gray matter and differed from WAMSs by higher expression of
homeostatic genes such as Tmem119, Csf1r, Cx3cr1, Hexb, and
Tmem119 (set 4 genes; Figure 1C; Figure S2A) and lower expres-
sion of genes linked to the DAM signature, such as ApoE, Cst7,
Bm2, Lyz2, Cd63, Clec7a, Ctsb, Ctss, Ctsz, H2-D1, and H2-K1
(set 1 genes; Figure 1C; Figure S2A).

To validate our results, we performed droplet-based scRNA-
seq (Drop-seq) on 24-month-old mice (21,197 high-quality cells
from 17 mice used in five Drop-seq runs; Figures 2A and 2B; Fig-
ures S2B and S2C; Table S1, tab “Current Study-10X”). We par-
titioned cells into major cell types (Figure 2B), revealing the white
and gray matter cellular landscapes (Figure 2C). The distribution
of ciliated and secretary ependymal cells between white and
gray matter validated our microdissection because these cells
were located on the corpus callosum surface. Using the white
matter signature genes, we again identified a continuous range
of microglia that reproduced the four microglia clusters of the
SS2 scRNA-seq dataset (Figure 2D). The gene expression pro-
files of all four microglia clusters were very similar in both
scRNA-seq datasets. None of the 5,991 microglia from the fron-
tal cortex were identified as WAMSs, validating allocation of
WAMs to aged white matter (Figures 2E-2G). The activated
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Figure 1. White matter-associated microglia (WAMs) are specific to white matter and exhibit a differential gene expression signature

(A) Experimental design from dissection to cell sorting for the SS2 pipeline (STAR methods).

(B) UMAP of microglia, colored by populations after identification of the white matter activated microglia signature. SS2 dataset, gray matter (GM) and white

matter (WM), wild-type (WT), and Trem2~/~, 18-20 months old (Table S1).

(C) Heatmap of the average expression of differentially expressed genes, comparing the 4 populations of microglia (WAM signature). Values are normalized per
gene, showing gene expression across the populations. The gene sets (1-4) were identified by hierarchical clustering of the differentially expressed genes of each
population (STAR methods). Gene Ontology analysis pathways are shown below each set of genes. A single-cell version of this heatmap is available in Figure S2A.

A list of differentially expressed genes (WAM signature) is shown in Table S2.
(D) UMAP of microglia in WAM signature genes (Table S2). Gene expression is the scaled value.
(E) Bar plot showing the relative distribution of each microglia population in WT GM, Trem2~'~ GM, WT WM, and Trem2~/~ WM.

microglia population was enriched in white matter but was also
detected in gray matter. The difference in activated microglia
distribution in the SS2 and Drop-seq datasets might be due to
the different age points analyzed (18-20 versus 24 months) or
the higher cell number in the Drop-seq dataset (Figure 2G). Using
the Drop-seq dataset, we compared activated microglia with
WAMSs (Figures 2H and 2I) and identified 428 transcripts that
were differentially expressed (Figure 2H). Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
of the upregulated genes showed that ribosomes were the
top enriched pathway in activated microglia. The most enriched
pathway in WAMs was hypoxia-inducible factor (HIF-1)
signaling, lysosomal, and cholesterol pathways (Figure 2I).

To address whether the WAM signature is aging dependent,
we isolated microglia and other myeloid cells from the corpus cal-
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losum (white matter) and frontal cortex (gray matter) of 4- and
21-month-old wild-type mice using CD11b microbeads and per-
formed bulk RNA-seq analysis. Pathway analysis showed that
genes involved inimmune cell function were among the most up-
regulated pathways in aged white matter (Figure S2E). Microglia
in aging gray matter did not show these changes in immune cell
function but instead exhibited alterations in pathways involved
in ion channel activity (Figure S2F). When comparing the genes
expressed differentially in aged white matter compared with
young white matter or aged gray matter CD11b* cells, 39 tran-
scripts were identified that overlapped with WAM signature
genes, such as Lgals3, Spp1, Cst7, Lpl, Clec7a, Itgax, and
ApoE (Figures S2G and S2H; Table S3), suggesting that WAM
marker genes increase with aging in the white matter. Because
recent scRNA-seq studies have analyzed microglia during
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normal brain aging without reporting WAMs, we re-analyzed
these existing datasets (Hammond et al., 2019; Sala Frigerio
et al., 2019). We first analyzed the microglia scRNA-seq by Sala
Frigerio et al., 2019, which used cold dissociation to avoid ex-
vivo-induced transcriptional activity artifacts with the SS2 proto-
col. We identified microglia with gene expression patterns nearly
identical to WAMs (Figure 3A). Already at 3 months of age, micro-
glia with WAM expression patterns could be identified, and
the number of these microglia with the WAM gene signature
increased with aging (Figure 3B; Figure S3A). Furthermore,
when we integrated our dataset with that of Sala Frigerio et al.,
2019, we found that the microglial states cluster together (Fig-
ure S3B). Similarly, we identified microglia with the WAM gene
signature in the Drop-seq dataset from Hammond et al. (2019),
which also used cold-dissociated animals to collect cells (Figures
3A-3D; STAR methods). In both datasets, we observed an in-
crease in microglia with the WAM gene signature during aging
(Figure 3B). Microglia with the WAM gene signature were charac-
terized by downregulation of homeostatic genes (set 4 genes,
P2ry12) and upregulation of DAM-associated genes (set 1 genes,
Cd63). In all three datasets, the activated microglia were marked
by upregulation of translation-related gene set 2 (Rp/37 and
Rpl41) (Figures 3A, 3C, and 3D). WAMs appear to be present in
different datasets with very similar expression profiles.

WAMs cluster in nodules in a TREM2-dependent
pathway

To determine the localization of reactive microglia in the brain, we
co-stained ionized calsium-binding adaptor 1 (IBA1)* microglia
with activated microglia and WAM markers (Figure S3C) using
antibodies against CRYBA4, CLEC7A, AXL, and LGALSS3 (Galec-
tin-3) and RNA in situ probes against ltgax (Figure 4; Figures S4A
and S4B). Consistent with the scRNA-seq data, we found that an-
tibodies against the activated microglia marker CRYBA4 (Fig-
ure S4B) marked IBA1* cells in young (2 months old) and old
(24 months old) white matter tracts (~15%—-20% of IBA1* cells;
Figure S4C). This was in contrast to the WAM markers CLEC7A,
AXL, LGALS3 (Galectin-3), and ltgax, which labeled IBA1* cells in
old but not young white matter (Figure 4A; Figure S4A). Quantifi-
cation revealed that ~10%-30% of IBA1" cells in the corpus
callosum were positive for the respective WAM markers in
24-month-old mice (20.75% =+ 9.67% CLEC7A*IBA1* cells/
area, 14.44% =+ 5.05% AXL'IBA1" cells/area, 31.64% =+
11.68% LGALS3*IBA1* cells/area, and 9.64% =+ 6.46%
Itgax*IBA1* cells/area) (Figure 4A). Notably, and in agreement
with our RNA-seq data, we found that these cells were almost ab-
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sent from cortical areas of the aged brain (Figure 4B). Analysis of
the localization of double-positive microglia in the white matter
showed that they were not distributed evenly but often found in
clusters consisting of 3-5 cells with large cell bodies and thick
processes (Figure 4C; Figure S4E). Microglia clusters were only
found in white matter, where they increased with age (Figure 4C).
Such clusters of activated microglia have previously been called
microglial “nodules” and are found with a number of different
brain diseases, including brain trauma, multiple sclerosis, and
viral encephalitis (Rock et al., 2004). To determine the ultrastruc-
ture of these nodules, we performed correlated light and electron
microscopy using an antibody against IBA1. We found myelin
debris in microglia nodules and degenerated myelin in the direct
vicinity of the cells, suggesting that microglia nodules are
engaged in myelin phagocytosis (Figure 4D; Figure S4F). We per-
formed immunohistochemistry using antibodies against myelin
basic protein (MBP), the main structural protein of myelin, to
quantify the amount of microglia containing MBP, and found
that almost half of the IBA1* cells with internalized MBP* particles
localized to nodules (Figure 4E; Figure S4G). Microglia in nodules
were positive for WAM markers, and we did not detect any acti-
vated microglia defined as CRYBA4*/Galectin-3 /IBA1* cells in
nodules (Figure S4D). These data suggest that WAMs actively
digest myelin debris in aging white matter, possibly deriving
from degenerated myelin sheaths that accumulate over time dur-
ing aging. If this is the case, then triggering myelin degeneration
should induce premature clustering of microglia into nodules.
To test this prediction, we used a mouse model for Pelizaeus-
Merzbacher disease (PMD mice), a leukodystrophy with extra
copies of the proteolipid protein gene (Readhead et al., 1994).
These mice initially develop relatively normal myelin, but within
weeks, myelin sheaths are broken down gradually (Readhead
et al., 1994). We co-stained IBA1" microglia using antibodies
against CLEC7A, AXL, and LGALS3 together with antibodies
against MBP to detect myelin particles in microglia. Strikingly,
at 2 months of age, when the demyelinating phenotype of these
mice starts, microglia nodules appeared in the corpus callosum
(Figure S5A). These IBA1* cells in nodules contained MBP™ intra-
cellular particles and increased in number with time (Figures
S5B-S5E). Such nodules were not observed in cortical areas.
Quantification revealed that ~9%-40% of IBA1* cells in the
corpus callosum were already positive for CLEC7A, AXL, or
LGALSS in 2-month-old PMD mice. Similar results were obtained
in 7- and 10-month-old PMD mice (Figures S5F-S5H).

These data provide evidence that WAMs in nodules are
engaged in clearing degenerated myelin in aging or diseased

Figure 2. Drop-seq validates that WAMs are specific to WM

(A) Experimental design from dissection to cell loading for the Drop-seq pipeline (STAR methods).
(B) UMAP of 21,197 single-cell transcriptomes, colored by major cell type clusters.

(C) GM and WM proportions in major cell type clusters.

(D) UMAP of microglia, colored by populations after identification of the WM microglia signature. Drop-seq dataset, GM and WM, 24 months old (Table S1).
(E) Heatmap of the average expression of differentially expressed genes, comparing the 4 populations of microglia (WAM signature). Values are normalized per
gene, showing gene expression across the populations. Gene Ontology analysis pathways are shown below each set of genes.

(F) UMAP colored by tissue annotation and expression of selected marker genes. Gene expression is the scaled value.

(G) Bar plot showing the relative distribution of each microglia population in WT GM and WT WM.

(H) Activated and WAM populations were analyzed separately. Shown is a heatmap with the top 40 differentially expressed genes for activated and WAM

populations. Each row represents a gene and each column a single cell.

() KEGG pathway enrichment for activated and WAM upregulated differential expression analysis (DEGs).
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Figure 3. The WAM signature is consistent across multiple datasets

(A) Heatmaps of the average expression of WAM signature gene sets (sets 1-4) for each population, aligned with the four populations identified in data from
Hammond et al. (2019) and Sala Frigerio et al. (2019). Values are normalized per gene. The first heatmap is identical to Figure 1C and is reported here for easier
comparison. All age groups are pooled within the respective datasets (Table S1).

(B) Cell population ratios by age groups. Shown are data from 1- to 18-month-old WT mice and from 3-, 6-, 12-, and 21-month-old WT mice data from Hammond
et al. (2019) and Sala Frigerio et al. (2019), respectively.

(C) UMAPs showing the 4 identified populations and the average scaled expression of each gene set per cell. The first row shows data from Hammond et al.
(2019), young and old mouse data combined, 9,558 microglia. The second row shows data from Sala Frigerio et al. (2019), all age groups combined, 5,093
microglia (Table S1).

(D) Principal-component analyses (PCAs) based on the WAM signature genes and overlay with Slingshot plots colored by microglia populations (left), the
homeostatic marker P2ry12, the activated markers Rp/37 and Rpl41 (center), and the WAM markers Fth1 and Cd63 (right). Rows 1-3 correspond to data from this
study, Hammond et al. (2019), and Sala Frigerio et al. (2019), respectively. Gene expression is the scaled value.

white matter. Because our scRNA-seq data indicated a function
of TREM2 in this process, we used antibodies and in situ probes

ic microglia using antibodies against TMEM119 and P2RY12 and
found that the number of TMEM119¥IBA1* or P2RY12*IBA1™*

to visualize microglia in Trem2~'~ mice. Consistent with our
scRNA-seq data, we failed to detect CLEC7A, AXL, Iltgax, or
LGALS3 (Galectin-3) in the corpus callosum of aged Trem2~/~
mice (Figure 5A). Next we determined the number of homeostat-

decreased with age in the white matter of wild-type mice (Figures
5B-5D; Figure S4H). This was in contrast to Trem2~/~ mice, in
which the numbers remained unchanged in 6-, 12-, and 18-
month-old mice (Figures 5B-5D; Figure S4H). In addition, and
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Figure 4. WAM are localized in microglia nodules and contain myelin fragments

(A) Confocal images of CLEC7A, AXL, Galectin-3, and /tgax (red) co-localization with IBA1* microglia (green) in 24-month-old mice using immunohistochemistry
and RNAScope in situ hybridization. Scale bars, 100 um (overview) and 20 um (magnification). Also shown is quantification of CLEC7A, AXL, Galectin-3, and /tgax
expressionin 2-, 6-, 12-, 18-, and 24-month-old mice in WM (corpus callosum; n = 4-5 mice per group, mean + SD, one-way ANOVA followed by Bonferroni’s post
hoc test; AXL, ***p < 0.0001; Galectin-3, ***p < 0.0001; CLEC7A, **p = 0.0013; /tgax, **p = 0.0039).
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consistent with previous results (Poliani et al., 2015; Kleinberger
et al., 2017), we found that the increase in the number of micro-
glia that occurs during normal aging in wild-type white matter
was abolished in Trem2~/~ mice (Figure S4l). Although nodules
increased during aging in white matter of wild-type mice, they
were almost undetectable in Trem2~'~ mice at all time points
analyzed (Figure 5E). We also examined microglia in the cortex
of Trem2~/~ and wild-type mice but were unable to detect
changes in cell density (Figure S41) or in the proportion of homeo-
static IBA1* cells (Figure 5B-5D; Figure S4H), further suggesting
that age-related and DAM-associated changes are mainly
confined to the white matter of the brain.

WAMs are engaged in clearing myelin debris

Because the WAM response and generation of nodules is abol-
ished in Trem2~/'~ mice, this mouse model provides a means to
investigate the biological function of WAMs. We used electron
microscopy to visualize possible differences in the ultrastructure
of aged white matter in wild-type and Trem2~/~ mice. We found
enhanced accumulation of myelin whorls (not associated with
axons) in the corpus callosum of aged Trem2~~ compared
with wild-type control mice (Figure 5F). In addition, an increased
number of cells with electron-dense intracellular inclusions were
detected in Trem2~'~ mice, and, using correlated light-electron
microscopy, we found that these cells were microglia (Fig-
ure 5G). With light microscopy, MBP*, proteolipid protein
(PLP)*, and FluoroMyelin* intracellular particles were noticed
in microglia of aged Trem2~/~ in white matter to the same extent
as in wild-type mice (Figures S4J-S4L). Furthermore, using light
microscopy, microglia with irregular processes were detected,
as described previously in the context of human brain aging
and particularly in neurodegenerative human diseases (Streit
et al., 2004). By double immunostaining, using antibodies
against IBA1 and CD68 to visualize microglia process
morphology (Tischer et al., 2016), we found a dramatic increase
in the number of microglia with irregular processes in the corpus
callosum of 18-month-old Trem2~/~ compared with wild-type
mice. Strikingly, microglia with irregular processes appeared
to be restricted to white matter regions; microglia were of rami-
fied morphology in cortical areas (Figure 5H). Thus, TREM2-
dependent WAM activity may be a protective response against
damaged myelin, possibly to enhance its uptake and break-
down during white matter aging.
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To directly assess whether TREM2 is required for uptake and/
or breakdown of myelin debris, we performed in vitro experi-
ments with cultured primary microglia. CD11b* cells were pre-
pared from wild-type and Trem2~'~ mice by magnetic-activated
cell sorting (MACS), and myelin debris binding, uptake, and
degradation were examined. First, we explored the interaction
of myelin debris with the cell surface by performing cell surface
binding assays at 4°C, which revealed that similar amounts of
myelin debris attached to the surface of wild-type and Trem2~/~
microglia (Figure 6A). In addition, phagocytic uptake of myelin
debris occurred to the same extent in wild-type and Trem2~/~
microglia (Figure 6B). However, differences were detected
when cells were chased for 24 h and immunostained for PLP
to determine degradation of the ingested myelin (Figure 6B).
These experiments demonstrated that myelin debris degrada-
tion occurred less efficiently in Trem2~/~ microglia compared
with the wild type, similar to what occurs when microglia are
treated with inhibitors of lysosomal function (leupeptin or bafilo-
mycin A; Figure S6A). We used gRT-PCR to examine whether the
impaired degradation was due to an inability to induce expres-
sion of lysosomal enzymes and found that expression of
cathepsinL, beta-galactosidase1, and N-acetylglucosamine-6-
sulfatase, but not hexoaminidase, were upregulated upon myelin
debris uptake in wild-type but not Trem2~/~ microglia (Fig-
ure 6C). Failure of Trem2~/'~ microglia to upregulate Cathepsin
L upon myelin debris treatment was confirmed at the protein
level by western blotting (Figure 6D). To determine whether
myelin debris degradation was also impaired in vivo in Trem2~/~
mice, we employed a toxin-induced model in which a single in-
jection of lysolecithin was injected into the corpus callosum to
induce a focal demyelinating lesion in the white matter. Removal
of damaged myelin debris occurs mainly by microglia because
only relatively few monocyte-derived macrophages enter lesions
from the periphery (Lloyd et al., 2019; Plemel et al., 2020). We
used fluorescent myelin staining (FluoroMyelin) to determine
the amount of myelin debris in LAMP1* degradative compart-
ments in IBA1* cells and found that clearance of internalized
myelin debris was delayed in Trem2~/~ mice (Figure 6E).

Next we established a cell culture-based uptake assay to sys-
tematically explore the requirements for myelin debris phagocy-
tosis. We used Hela cells for this assay because only small
amounts of myelin debris are taken up by these cells. This al-
lowed us to transiently express a number of different phagocytic

(B) Bar plots showing the fraction of IBA1* microglia found as single cells or in nodules co-localizing with Galectin-3, CLEC7A, AXL, and /tgax in WM (corpus
callosum) and GM (cortical layers |-V) of 24-month-old WT mice (n = 5 mice per group, each fraction represents the mean value of 5 mice).

(C) Confocal image of IBA1* microglia nodules (green) co-labeled with PU.1 (red) in the corpus callosum and cortex of 24-month-old WT mice. Scale bars, 50 um
(overview) and 15 um (magnification). Also shown is quantification of the number of microglia nodules in 6-, 12-, 18-, and 24-month-old WT male mice (n = 4-5
mice per group, mean + SD, one-way ANOVA, ***p < 0.0001).

(D) Correlative light and electron microscopy of microglia in the corpus callosum. Top left: confocal image of a whole section as a guide map for correlation.
Bottom left: scanning electron microscopy (SEM) serial section (100 x 100 x 100 nm) overlaid with a confocal image (transparent, IBA1 in green, and DAPI in
blue). Two microglia nodules are relocated on this SEM serial section (yellow boxes, images A and B). Images A and B: confocal and SEM images of microglia
nodules. Right column: higher-resolution images (20 x 20 x 100 nm) showing degenerated myelin around microglia nodules (orange arrows) and intracellular
myelin fragments (blue arrows). Scale bars, 100 pm (overview, immunohistochemistry [IHC]), 100 um (correlative light and electron microscopy [CLEM] overlay),
and 10 um (high-magnification IHC and SEM).

(E) Confocal image of co-localization of MBP (green) with IBA1* microglia (red) in nodules in the corpus callosum of a 24-month-old WT mouse. Clipped 3D images
show MBP™ myelin particles (green) in a microglia nodule from different angles. Scale bars, 10 um. The bar plot shows the fraction of IBA1™ single cells and IBA1*
cells in nodules with internalized myelin fragments in 2- and 24-month-old WT male mice (n = 5 mice per group, each fraction represents the mean value of 5 mice,
2 brain sections were analyzed per mouse).

Neuron 709, 1100-1117, April 7, 2021 1107



- ¢ CellPress Neuron

e Control B i8A1P2RY12 DAPI P2RY12 IBA1 P2RY12
Trem2” L = e X

>

N
o

IBA1 cells/area (%)
o [4,] s [(3,]
T
——
et

—
o
*
*
*
*
Control

" 3 - =
&
& QS;\V o"‘éb £
N A\ ~
(@) ® =~
c D IBA1 DAPI

CTXGE

e White matter = Grey matter

5
e 1207 L) ?:zg - ns.
ey ~ =2 [T @S | comnD [=lae]=1 2
T & 100)gg Py | o= oes =< ] 2
I s 5
© = D 60 >
28w F8a =
T8 Y S e 12 _ .
mE 20 < £ 20 ZHE10
- ] 0 2% 8 -
S8
© O CLL SLL S O 0O 0O OO0 PP L
Sofe® ot Sofle Sl Safe® e Sl S *Eg 4 {r
< 2}
Control Trem2/~ Control Trem2-/- Control Trem2”~ Control Trem2”/- @ o

0Tt St

Ventricle

Control  Tremz”"

]

® Normal cells

4 # Cells with inclusions
« Control

25 Trem2-
2

* *

N o w »

-
®

10 .
=

o + I _ w2

5 12 18 Control Trem2*

months

Number of cells (%)
o o o o o

o

Myelin fragments per
axon number (%)
Lo

e Control

= Trem2--
g%‘loo Jr—
g% 80 . :
S -
e, T
=8
L£5 0 T
<320

£ 0

Grey matter White matter

Figure 5. TREM2 is required for WAM states and myelin debris clearance

(A) Quantification of IBA1* cells also positive for AXL, CLEC7A, and Galectin-3 in the corpus callosum of 18-month-old Trem2~/~ and control mice (n = 4 mice per
group, mean + SD; AXL, **p = 0.009; CLEC7A, **p = 0.0022; Galectin-3, **p = 0.0013; Student’s two-tailed t test).

(B) Confocal images showing expression of P2RY12 (red) in IBA1 (green) in 18-month-old Trem2~~ and age-matched control mice. The white arrows point to
P2RY12™ microglia, and the yellow arrows point to P2RY12" microglia. Scale bars, 50 um (overview) and 20 um (magnification).

(C) Quantification of IBA1* microglia expressing P2RY12 in WM and GM in 6-, 12-, and 18-month-old Trem2~/~ and age-matched control mice (n = 4 mice per
group, mean + SD, one-way ANOVA; control, WM, *p = 0.0299; Trem2~/=, WM, p = 0.1491; 18 months: control versus Trem2~'~, ***p = 0.00083; Student’s two-
tailed t test).

(D) Quantification of IBA1* microglia expressing TMEM119 in WM and GM in 6-, 12-, and 18-month-old Trem2~/~ and control mice (n = 4 mice, mean = SD, one
way ANOVA; control, WM, **p = 0.0002; Trem2~'~, WM, p = 0.1149; 18 months, control versus Trem2~'~, **p = 0.0058; Student’s two-tailed t test).

(E) Confocal image showing abundant microglia nodules in the corpus callosum of 18-month-old control compared with age-matched Trem2 /'~ mice. Scale bars,
50 um (overview) and 20 um (magnification). Also shown is quantification of the number of microglia nodules in 6-, 12-, and 18-month-old Trem2~/~ and control
male mice (n = 4 mice per group, mean + SD, one-way ANOVA, *p = 0.0161).

(legend continued on next page)
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receptors and to determine their role in mediating myelin debris
uptake (Figures S6B and S6C). First we confirmed that expres-
sion of TREM2 together with TYROBP (TYRO protein tyrosine ki-
nase-binding protein) induced phagocytosis of myelin debris in
Hela cells (Figure S6D). However, this assay also revealed that
a number of different phagocytic receptors were able to mediate
myelin debris phagocytosis (Figures S6D-S6F). Notably, all re-
ceptors known to depend on direct phosphatidylserine binding
or indirect binding using bridging molecules promoted myelin
debris uptake. Some of the receptors, such as Ax/, are part of
the WAM response, whereas others, such as Mertk, are highly
expressed in homeostatic microglia. To confirm that phosphati-
dylserine is required for myelin debris uptake, we masked phos-
phatidylserine binding sites by pre-incubating myelin debris with
Annexin V, which markedly reduced myelin debris phagocytosis
in primary cultures of microglia (Figures S6G and S6H). Thus,
binding of myelin debris to multiple receptors that are also ex-
pressed in homeostatic microglia suggests that WAMs have an
essential function in myelin debris degradation rather than in
phagocytotic uptake.

Microglia with WAM and DAM gene signatures co-exist
and are generated in an APOE-dependent pathway in
models of AD

Next, we explored whether a WAM-like population can be found
in mouse models of AD, in which DAMs have been described
previously (Keren-Shaul et al., 2017; Krasemann et al., 2017).
We generated scRNA-seq data with our optimized protocol
from the 6-month-old 5xFAD mouse model of AD. We identified
DAM clusters as reported by Keren-Shaul et al. (2017) but also
microglia with the WAM gene signature (Figures 7A and 7B).
We repeated the same clustering approach on a larger microglial
scRNA-seq dataset from Sala Frigerio et al. (2019), which used
two mouse models of AD, an App knockin mouse model
(App"t-8-F)y Masuda et al., 2016; Sasaguri et al., 2017), and trans-
genic APP/PS1 mice (Borchelt et al., 1997) in combination with
an Apoe™’~ strain (APP/PS1-Apoe™") (Sala Frigerio et al.,
2019). Our analysis of microglia from AD models distinguishes
two microglial subtypes in addition to the four we identified in
aged mice. These two additional subtypes match the expression
profiles of DAM1 and DAM2 microglia reported previously by
Keren-Shaul et al. (2017). In AD models, microglia with the
WAM gene expression profile appear very early but with nearly

¢ CellP’ress

identical signatures compared with the normal aging-induced
profiles. DAM1 and DAM2 showed strong gradual upregulation
of sets 1-3 and downregulation of the homeostatic genes in
set 4 (Figures 1C, 2E, and 7B). Next, we visualized regulation
of the DAM program in our aged microglia dataset by plotting
the top 500 genes altered in DAMs (Keren-Shaul et al., 2017).
Interestingly, we observed that activated microglia and WAMs
upregulated distinct parts of the DAM signature (Figure S7A).
WAMs appear to represent a microglial state displaying partial
activation of the DAM gene signature, suggesting that the DAM
program consists of multiple transcriptional modules. WAM
and DAM states are likely to be continuous cell identities that
can blend with each other. In aging, microglia activation appears
to be shifted toward the WAM state, whereas in AD, the shift is
toward DAMs.

Thus, in models of AD, microglia with WAM and DAM gene
signatures co-exist, raising the question of when and in which
temporal sequence they form. In 3-month-old App™-"6F mice,
we did not detect DAM2, whereas microglia with the WAM
gene signature were present (Figures 7C and 7D). The proportion
of cells in DAM and WAM clusters increased with age until
12 months, and then DAMs showed a decrease between
12-21 months.

How do WAM differ from DAM states? To address this ques-
tion, we took advantage of one main characteristic of WAMs:
their involvement in myelin debris clearance in white matter.
Although it is well established that activated microglia are distrib-
uted throughout the brain and cluster around amyloid plaques
(Ulrich et al., 2017), it is not clear whether microglia nodules con-
taining myelin debris are formed. We used immunohistochem-
istry to determine whether microglia form nodules in white matter
of mouse models of AD. We co-stained 6-month-old App™-"¢-F
mice with antibodies against IBA1, MBP, and amyloid and de-
tected nodules with IBA1* cells containing MBP* intracellular
particles in the corpus callosum that were not associated with
amyloid plaques (Figure S7B). Similar findings were obtained in
6-month-old 5%XFAD mice, in which nodules containing IBA1*
cells with MBP™ intracellular particles were detected in the
corpus callosum (Figures S7C and S7D). A large fraction of
IBA1* cells was also positive for CLEC7A and LGALS3 (Figures
S7E and S7F). In 2-month-old 5XFAD mice, only a relatively
small number of microglia nodules were detected (Figures S7E
and S7F). When App™-"¢F mice were crossed with Trem2~/~

(F) Representative transmission electron microscopy (TEM) image of the corpus callosum in 18-month-old Trem2 '~ and control mice, showing myelinated axons
and myelin fragments (arrows). Scale bar, 0.2 pm. Also shown is quantification of myelin fragments in 6-, 12-, and 18-month-old Trem2~/~ compared with control
mice (n = 3-5 mice per group, mean + SD, two-way ANOVA followed by Bonferroni’s post hoc test; 6 months old, p > 0.9999; 12 months old, p > 0.9999;
18 months old, *p = 0.0186).

(G) CLEM of an 18-month-old Trem2~/~ corpus callosum region. Top left: confocal image as a guide for correlation. Top right: overlaid confocal image (trans-
parent, IBA1 in green, DAPI in blue) onto the SEM serial section and relocation of an IBA1* cell on the SEM section (red box). Bottom right: confocal and SEM
images of an IBA1" cell. 3 images of SEM serial sections (10 x 10 x 100 nm) reveal intracellular electron-dense inclusions (black arrows). Scale bars, 50 pm
(overview, IHC), 20 um (CLEM overlay), and 10 um (high-magnification SEM). Also shown is quantification of the number of cells with electron-dense inclusions
(n = 3-4 per group, mean = SD; control, *p = 0.0245; Trem2~/~; *p = 0.0371; Student’s two-tailed t test).

(H) Confocal image of microglia co-labeled with IBA1 (green) and CD68 (red), showing microglia with irregular processes in Trem2~"~ and microglia in control mice
(18 months old). Normal processes are defined by a CD68-positive connection between two IBA1-positive structures (white arrow in image A), whereas frag-
mented processes have no CD68-positive connection (white arrows in image B). Scale bars, 20 um (overview) and 5 pm (magnification). Also shown is quan-
tification of the number of microglia with irregular processes in the corpus callosum and cortex (layers I-IV) of 18-month-old Trem2~/~ and control male mice (n = 4
mice per group, mean + SD, two-way ANOVA followed by Bonferroni’s post hoc test; GM versus WM: control, *p = 0.0156; Trem2~/~, ****p < 0.0001; WM: control
versus Trem2~/~, ***p < 0.0001).
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Figure 6. TREM2 is required for lysosomal degradation of internalized myelin debris in microglia

(A) Immunocytochemistry showing PKH67-labeled myelin particles (green) bound to Trem2~'~ and WT primary microglia (red) in a cell surface binding assay.
Scale bar, 20 um. Also shown is quantification of the number of primary microglia with attached myelin particles 2 and 4 h after myelin treatment (n = 3 inde-
pendent experiment, mean + SD; each dot shows the percentage of microglia bound to myelin particles in an area of 0.1 mm?; two-way ANOVA followed by
Bonferroni’s post hoc test; control versus Trem2~/~: 2 h, p = 0.2828; 4 h, p > 0.9999).

(B) Immunocytochemistry showing uptake of PLP-labeled myelin particles (green) by isolectin-labeled microglia (red) isolated from Trem2~/~ and WT mice. Scale
bar, 25 um. Also shown is quantification of the amount of myelin within microglia cells as measured by the average PLP fluorescence intensity per cell (n = 3
independent experiment, mean + SD, two-way ANOVA followed by Sidak’s post hoc test; control versus Trem2~~: 2 h, p = 0.9970; 24 h, *p = 0.0322).

(C) Quantification of expression of the lysosomal enzymes cathepsinL, beta-galactosidase1, N-acetylglucosamine-6-sulfatase, and hexoaminidase in Trem2 =/~
and WT microglia treated with myelin or beads (as control) compared with Trem2~/~ and WT untreated cells. Data are expressed as fold change compared
with untreated cells 24 h after myelin debris treatment (two-way ANOVA followed by Sidak’s post hoc test; cathepsinL, ***p < 0.0001; beta-galactosidase,
***p < 0.0004; acetylglucosamine-6-sulfatase, ***p = 0.0007; hexoaminidase, p = 0.7427).

(D) Western blot analysis of Cathepsin L levels in control and Trem2~/~ microglia culture lysates 4 and 24 h after myelin treatment. Also shown is quantification
of the expression level of full-length and cleaved Cathepsin L compared with tubulin under each condition (mean + SD, error bar represents 4 independent
experiments, Student’s two-tailed t test; cleaved CTSL (CatL), **p = 0.0053; full-length CatL, *p = 0.0312).

(E) Confocal images of demyelinating lesions (lysolecithin model) showing myelin debris accumulation (FluoroMyelin in green) in lysosomes (LAMP1 in red) of
3-month-old Trem2~/~ and control microglia. Scale bar, 100 pm. Also shown is quantification of the number of myelin particles in Trem2~/~ and control microglia
in demyelinating lesions (n = 6 lesion taken from 3 animals per group, mean + SD, *p = 0.0108, Student’s two-tailed t test).
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Figure 7. Microglia with a WAM-like signature co-exist with DAMs in AD models

(A) Heatmap of microglia from 5xFAD and wild-type mice, 6 months old. Each row represents a single cell and each column a gene. The bars on the left
correspond to the color annotation for population and genotype.

(B) Heatmaps of the average expression of WAM signature gene sets (set 1-4) for each population, along with the six populations of the Sala Frigerio et al., 2019
dataset. Values are normalized per gene.

(C) UMAPs showing the populations identified by the Sala Frigerio et al., 2019 App™-"%F data. Each age group is emphasized separately in the right column.
(D) Cell population ratios by age groups; 3-, 6-, 12-, and 21-month-old App™-"%F mouse data from Sala Frigerio et al., 2019 (Table S1).

(E) WAM and DAM2 populations analyzed separately. Shown is a heatmap with the top 20 DEGs for DAM2 and WAMs. Each row represents a gene and each
column a single cell; 947 cells in total, of which 644 are WAMs and 303 DAM2.

(F) KEGG pathway enrichment for WAM and DAM2 upregulated DEGs.

(G) Bar plot showing the relative distribution of each microglia population in APP/PS1 and APP/PS1 Apoe '~

(H) UMAP of microglia from APP/PS1 and APP/PS1 Apoe '~ combined, using the WAM signature genes.

mice, we found that white matter microglia nodules were
completely absent, showing that their formation depends on
TREM2 as in normal aging (Figure S7G). These data show that
microglia in the white matter of mouse models of AD show a

response that is associated with white matter aging, suggesting
that myelin degeneration and debris clearance start much earlier
in the presence of B-amyloid (Ap) pathology. To distinguish DAM
clustering around amyloid plaques from microglia nodules in
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white matter, we determined differentially expressed genes in
WAM and DAM2 (Figure 7E). Interestingly, the KEGG pathway
enrichment analysis showed that DAM2 upregulated genes
involved in multiple disease pathways, including AD, Parkinson’s
disease, and Huntington’s diseases, whereas WAM upregulated
genes linked to atherosclerosis, cytokine signaling, and
apoptosis (Figure 7F). Next we searched for genes with different
expression levels in WAMs compared with DAMs (Figure S7H).
ApoE and Tyrobp/Dap12, which are required for signaling func-
tions in AD (Wang et al., 2015; Krasemann et al., 2017), were
found to be upregulated in DAMs. In addition, the inflammatory
cytokine macrophage migration inhibitory factor (Mif) was ex-
pressed at higher levels in DAMs. Srgap2, Cd33, and Abca1l
are genes that were elevated in WAMs, whereas Serinc3, Lyz2,
and Clec7a are examples of genes that were expressed at similar
levels in WAMs and DAMs (Figure S7H). Next, we wanted to find
out whether we could spatially separate the different microglia
states in brain sections of models of AD. We used antibodies
against MIF, a gene found to be expressed at higher levels in
DAMs compared with WAMs, and found that virtually all micro-
glia associated with amyloid plaques stained positive for MIF,
but this was not the case for microglia forming nodules in white
matter (Figure S71). In contrast, antibodies against CLEC7A im-
munolabeled both populations of microglia (Figure S7J). Next
we compared the numbers of CLEC7A and MIF-positive cells
in white matter during aging of wild-type mice. We found hardly
any MIF-positive cells until 18 months of age; only at 24 months
of age were ~4% of IBA* cells immunolabeled for MIF. This was
in contrast to CLEC7A, which was expressed in cells in white
matter earlier and to a much higher extent (20.75% + 9.67%
CLECT7A"IBA1* cells/area at 24 months) (Figures S7K and S7L).

Next we determined whether WAM and DAM formation de-
pends on similar signal pathways in the aged brain compared
with AD. Because previous work has shown that the APOE-
TREM2 pathway triggers DAM conversion in AD models (Krase-
mann et al., 2017), and because ApoE and Tyrobp/Dap12 were
found to be upregulated in DAMs, we tested the requirement
of APOE in aging and AD. In the APP/PS1 AD model from Sala
Frigerio et al. (2019), we identified an ~8-fold reduction of
DAM populations in the Apoe ™~ genotype, whereas microglia
with the WAM signature were reduced by ~4-fold (Figures 7G
and 7H).

To determine whether WAMs are also generated in an APOE-
dependent pathway in aged mice, we used droplet-based
scRNA-seq on white matter of 18-month-old wild-type and
Apoe~’~ mice (13,954 high-quality cells from 8 mice used in
four independent Drop-seq runs; Figure 8A; Figures S8A-S8C).
Tissues were prepared as described above for the Drop-seq da-
taset, and cells were partitioned into major cell types (Figure 8A).
We focused our analysis on microglia using white matter signa-
ture genes. These analyses identified a continuous range of mi-
croglia that reproduced the four microglial states in the previous
scRNA-seq datasets (Figure 8B). Furthermore, wild-type and
Apoe ™'~ mouse white matter had similar ratios of WAMs and
activated microglia (Figure 8C). This result suggests that WAM
formation is not APOE dependent in aging. To validate the
scRNA-seq results, we co-stained IBA1* microglia with anti-
bodies against CLEC7A, AXL, and LGALS3 in 21-month-old
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wild-type and Apoe ™~ mice. Quantification revealed that similar

numbers of IBA1* cells were positive for CLEC7A, AXL, and
LGALS3 (Figure 8D). Notably, nodules containing IBA1* cells
with MBP™ intracellular particles were observed to the same
extent in 21-month-old wild-type and Apoe ™'~ mice (Figure 8E).
Thus, WAMs appear to be generated in an APOE-independent
pathway in aged mice, whereas, in models of AD, generation
of microglia with the DAM and WAM gene signature require
APOE function.

DISCUSSION

In this study, we identified WAMSs, which are age dependent,
require TREM2 for their formation, and are defined by activation
of genes implicated in phagocytic activity and lipid metabolism.
WAMSs localize in nodules that are engaged in clearing myelin
debris in white matter. They display partial activation of the
DAM program and form in the absence of APOE in normal aging.
WAM identification was possible by performing scRNA-seq on
microglia purified from white and gray matter separately and
by integrating this spatial information into gene clustering. Using
this WAM signature of differentially expressed genes in white
and gray matter microglia, we also identified WAMs in previous
scRNA-seq datasets (Hammond et al., 2019; Sala Frigerio
etal., 2019), providing evidence of the robustness and reproduc-
ibility of our findings.

Why does white matter aging specifically shape microglial
identity? Although aging is known to result in gray and white
matter damage, it is possible that the extent of myelin sheath
degeneration and/or the nature of the lipid-rich membrane are
responsible for TREM2-dependent microglial responses in white
matter. Indeed, when we analyzed microglia in a mouse model
for Pelizaeus-Merzbacher disease, in which myelin is gradually
broken down because of a mutation in an oligodendrocyte-spe-
cific gene, Plp1, we observed that microglia nodules containing
myelin debris were already formed after a few months in white
but not gray matter. Gray matter predominantly consists of
neuronal cell bodies and dendrites but is also composed of
myelinated axons. It is possible that the extent of myelin degen-
eration is not sufficient to trigger WAM responses in gray matter.
However, our data do not exclude that microglia with the WAM
signature can occur outside of white matter; for example, in dis-
eases such as AD, where amyloid plaques trigger cell death in
the gray matter. WAM and DAM states are likely to be continuous
cell identities that can blend with each other in a continuum.
In aging, microglia activation appears to be dominated by
the WAM state, whereas it is shifted toward DAMs in AD. Prolif-
erative region-associated microglia (PAM) subsets that share
characteristics with DAMs have been identified previously in
postnatal white matter at a time point that correlates with oligo-
dendrocyte precursor cell apoptosis (Li et al., 2019). However, in
contrast to the cells we identified in this study, PAMs do not
require TREM2 for their formation (Li et al., 2019).

TREM2 is a V-type immunoglobulin (Ig) domain-containing re-
ceptor that binds to a variety of different ligands, such as various
apolipoprotein and anionic lipid species (Ulrich et al., 2017).
TREM2 can also function as a receptor for myelin debris uptake
(Cantoni et al., 2015; Poliani et al., 2015; Wang et al., 2015), and
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Figure 8. The WAM response is induced in an APOE-independent pathway in aged mice

(A) UMAP of 13,954 single-cell transcriptomes, colored by major cell-type clusters. 18 months old, WM only, WT, and Apoe ™

/—

(B) UMAP of microglia (7,666 cells), depicting the identified populations, genotype annotation, and expression of representative marker genes.
(C) Bar plot showing the relative distribution of each microglia population in WT WM and Apoe™~ WM.

(D) Confocal images of CLEC7A, AXL, and Galectin-3 co-localized with IBA1* microglia (green) in the corpus callosum in 21-month-old Apoe
Scale bar, 20 um. Also shown is quantification of the percentage of IBA1" microglia expressing CLEC7A, AXL, and Galectin-3 in 21-month-old Apoe

/= and control mice.

~/~ and

control mice in the WM (corpus callosum; n = 4 mice per group, mean + SD; AXL, p = 0.2348; CLEC7A, p = 0.5373; Galectin-3, p = 0.9962; Student’s two-tailed

t test).

(E) Confocal images of microglia nodules (red) containing internalized MBP-labeled myelin particles (green) in the corpus callosum of a 21-month-old Apoe™

/—

mouse (arrows). The clipped 3D reconstruction shows myelin within microglia. Scale bars, 20 um (overview), 8 um (magnification), and 5 um (clipped 3D). Also

shown is quantification of microglia with internalized myelin particles in the corpus callosum of 21-month-old Apoe™

/= and age-matched control mice (corpus

callosum, n = 4 mice per group, mean + SD, p = 0.0753, Student’s two-tailed t test).

our results concur with these studies but show that TREM2 is
dispensable for myelin phagocytosis. We find that myelin debris
uptake occurs by a wide range of phosphatidylserine receptors
that are most likely able to compensate for the loss of TREM2 re-
ceptor activity. Thus, our data provide evidence of an essential
function of TREM2 not in phagocytic uptake but in mediating
the genetic response required to degrade and metabolize lipid-
rich myelin debris when internalization has occurred. For cargos
that do not depend on phosphatidylserine interactions, such as
beads or bacteria, the function of TREM2 in phagocytosis ap-
pears to be more critical (Linnartz-Gerlach et al., 2019).

Complete loss of TREM2 function causes polycystic lipomem-
branous osteodysplasia with sclerosing leukoencephalopathy
(PLOSL or Nasu-Hakola disease), a disease characterized by
progressive presenile dementia and bone cysts associated
with accumulation of lipomembranous structures in adipose
tissue, bone marrow, and the brain (Bianchin et al., 2010). An
overarching pathogenic mechanism could be an inability to
initiate metabolic pathways required for degradation of lipid-
rich membrane structures in tissue-resident macrophages.
Loss of TREM2 in mice results in a much more subtle myelin
phenotype with only a modest increase in degenerated myelin
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profiles in aged mice. It is possible that the short lifespan of mice
is not sufficient to induce leukodystrophy as seen in humans.
Compensatory functions of astrocytes taking over myelin debris
clearance when microglia become dysfunctional is another
possible explanation. Rare variants in the Trem2 gene have
also been shown to increase an individual’s risk of developing
AD, which is associated with misfolded and aggregated proteins
(Guerreiro et al., 2013; Jonsson et al., 2013). Several studies
have shown that TREM2 is required to induce the DAM program
in models of AD (Keren-Shaul et al., 2017; Krasemann et al.,
2017; Mathys et al., 2017). DAMs increase with progression of
amyloid deposition and accumulate close to amyloid plaques,
where they are involved in Ap phagocytosis and plaque compac-
tion (Condello et al., 2015; Wang et al., 2016; Keren-Shaul et al.,
2017). The different functional requirements of microglia in aging
and in neurodegenerative diseases raise the question of how
these microglial populations differ. In aging, we find that the
distinct genetic modules of reactive microglia are segregated
in subpopulations, with activated microglia displaying upregula-
tion of translation-associated genes and WAMs exhibiting acti-
vation of lysosomal, phagocytic, and lipid metabolism pathways.
Although WAMs are the predominant microglial subpopulation
induced by aging, our bioinformatics analyses reveal that micro-
glia with WAM and DAM signatures coexist in models of AD. In
the context of these disease models, microglia with the WAM
signature appear to be generated earlier than DAMs. Interest-
ingly, the proportion of DAMs showed a decrease between
12 and 21 months, possibly because microglial cell death in
the DAM populations and repopulation with homeostatic micro-
glia or DAMs returning to the homeostatic state. Previously, we
developed methods to distinguish discrete versus continuous
heterogeneity in scRNA-seq data (Stanley et al., 2020), and
WAM and DAM identities are good examples of continuous
cell identities without clear separation. Our data show that mi-
croglia in the white matter of mouse models of AD form nodules
containing MBP™ intracellular particles relatively early in disease,
suggesting that myelin degeneration and debris clearance start
prematurely in AD. Strikingly, in the Dominantly Inherited Alz-
heimer’s Network (DIAN), white matter alterations were detected
by MRI in individuals with autosomal dominant, fully penetrant
mutations for AD up to 20 years before the expected onset of
symptoms (Lee et al., 2016). The nature of these alterations is
not fully resolved but possibly reflects demyelination and axonal
damage (Brun and Englund, 1986; Prins and Scheltens, 2015;
Nasrabady et al., 2018).

One interesting distinguishing feature of DAM and WAM re-
sponses appears to be their differential dependence on APOE.
Previous work has shown that the APOE pathway triggers
DAM conversion in models of neurodegeneration (Krasemann
et al., 2017). Notably, our analyses reveal that, in the absence
of APOE, fewer microglia with the WAM gene signature are
generated in AD mouse models, whereas microglia with features
of WAM are detected in similar numbers in aged white matter of
Apoe™~ and wild-type mice, suggesting that the activity of
APOE depends on the brain environment. How APOE triggers
WAM/DAM conversion in AD models but not in aging is an
open question. APOE, which is produced in excess in AD, could
act directly on microglia, possibly by binding to TREM2 and acti-
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vating downstream signaling (Atagi et al., 2015; Bailey et al,,
2015; Yeh et al., 2016). Because APOE is critical for AR deposi-
tion and its subsequent fibrillization into amyloid deposits, amy-
loid-dependent indirect effects on microglia are another possible
explanation for APOE-dependent microglial activation in AD (for
a review, see Chen et al., 2021).

It is important to understand the relationship between acti-
vated microglia, WAMs, and DAMs. One possibility is that they
are generated from homeostatic microglia, but it is also conceiv-
able that they represent progressive activation states. Although
such transformations are, in general, regarded as a protective
response (Deczkowska et al., 2018), precocious DAM conver-
sion may also cause harm by exhausting DAM function or
inducing pro-inflammatory damage. Recently, lipid droplet-
accumulating microglia have been identified in the aging brain
(Marschallinger et al., 2020). These cells were defective in
phagocytosis and produced high levels of reactive oxygen spe-
cies and pro-inflammatory cytokines, representing a dysfunc-
tional or dystrophic microglial state.

In summary, we identify WAMs as a novel microglial state
associated with white matter aging. We propose that WAMs
represent a protective metabolic response required to clear the
increasing amounts of myelin debris that accumulate during ag-
ing. Because the WAM signature is also associated with phago-
some as well as antigen processing and presentation, harmful
functions, such as immune reactivity, cannot be excluded. In
addition, we speculate that attrition of WAM function could
contribute to development of neurodegenerative disease by
accumulation of toxic protein or lipid species in the brain. If
this is the case, then enhancing formation of WAMs could be
used therapeutically; for example, to help to combat the age-
associated decline of white matter function and possibly also de-
mentia resulting from white matter involvement. Transcriptional
signatures differ between mouse and human microglia (Masuda
et al,, 2019; Zhou et al., 2020), but interesting differences
between human gray and white matter microglia have been de-
tected (Sankowski et al., 2019), raising the possibility that WAMs
also exist in humans.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-IBA1 Wako Cat#019-19741; RRID: AB_839504
Guinea anti-pig IBA1 Synaptic Systems Cat#234004; RRID: AB_2493179
Rat anti-MAC2 (Galectin 3) Biolegend Cat#125402; RRID: AB_1134238
Rat anti-MBP (Myelin Basic Protein) Abcam Cat#ab7349; RRID: AB_305869
Mouse anti-PLP (Proteolipid Protein) Bio-Rad Cat#MCAB839G; RRID: AB_2237198
Chicken anti-MBP (Myelin Basic Protein) Thermofisher Scientific Cat#PA1-10008; RRID: AB_1077024
Rat anti-CD68 Bio Rad Cat#MCA1957; RRID: AB_322219
Goat anti-AXL (Tyrosine-protein kinase receptor) R&D Systems Cat# AF854; RRID: AB_355663

Rat anti CLEC7A (DECTIN1) (Clec7a) InvivoGen Cat#mabg-mdect; RRID: AB_2753143
Rabbit anti-TMEM119 (Transmembrane Protein 1119) Abcam Cat#ab209064; RRID: AB_2800343
Rat anti-P2RY12 (Purinergic receptor P2Y, G-protein Biolegend Cat#848002; RRID: AB_2650634

coupledi12)

Rat anti-CD45 (eFluor 450, 30-F11)
Rat anti-CD11b (PE/Cy7, M1/70)
Mouse anti-PU.1

Mouse anti-beta-Amyloid (NAB228)
Goat anti-Cathepsin L

Rabbit anti-MIF

Thermofisher Scientific
Thermofisher Scientific
Santa Cruz

Santa Cruz

R&D Systems

Prof. Jurgen Bernhagen (Laboratory
of Vascular Biology, ISD, Munich).

Cat#48-0451-82; RRID: AB_1518806
Cat#25-0112-82; RRID: AB_469588
Catitsc-390405; RRID: N/A
Catitsc-32277; RRID: AB_626670
Cat#AF1515; RRID: AB_2087690
Leng et al., 2003

Biological samples

Mouse brain sections: 21 months old ApoE KO Dr. Dirk Fitzner (Department of N/A
Neurology, University of Géttingen)
Mouse brain sections: 2 and 6 months old 5xFAD Dr. Sabine Tahirovich (Laboratory N/A
of ex vivo models, DZNE, Munich
Mouse brain sections: 6 months old App NL-G-F Knock-in Dr. Sabine Tahirovich (Laboratory N/A
of ex vivo models, DZNE, Munich)
Mouse brain sections: 18 months old App NL-G-F; Trem2~'~ Prof. Christian Haass (Laboratory N/A
of Neurodegenerative Disease
Research, DZNE, Munich)
Chemicals, peptides, and recombinant proteins
FluoroMyelin, green fluorescent myelin stain Invitrogen Cat#F34651
Annexin-V, Alexa Fluor 555 conjugate Thermofisher Scientific Cat#A35108

CD11b (Microglia) microbeads, human and mouse
Actinomycin D

Fc-blocking reagent (CD16/CD32 Monoclonal Antibody (93)

Aminoactinomycin D (7AAD)
Prolong gold antifade reagent

L-a-Lysophosphatidylcholine from egg yolk (L-a-lysolecithin)

Bafilomycin

Leupeptin Hemisulfate

Recombinant ribonuclease inhibitor
Triton X-100

SMARTScribe Reverse Transcriptase
Betaine solution 5 M, PCR Reagent

el Neuron 709, 1100-1117.e1-e10, April 7, 2021

Miltenyi Biotec
Sigma-Aldrich
Thermofisher Scientific
Thermofisher Scientific
Invitrogen
Sigma-Aldrich
InvivoGen
Selleckchem

Takara Clontech
Sigma-Aldrich

Takara Clontech
Sigma-Aldrich

Cat#130-093-634

No. A1410; CAS: 50-76-0
Cat#14-0161-82; RRID: AB_467133
Cat# A1310

Cat#P36934

Cat#L4129; CAS: 9008-30-4
Catitlrl-baf1

Cat#S7380; CAS: 103476-89-7
Cat#2313B

Cat#93443

Cat#639538

Cat#B0300

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
UltraPure Dithiothreitol Thermofisher Scientific Cat#15508013
Magnesium chloride solution for molecular biology, Sigma-Aldrich Cat#M1028
1.00M £ 0.01 M

Lambda Exonuclease New England Biolabs Cat#M0262L
AMPure XP Beads Beckman-Coulter Cat#A63881

Myelin Removal Beads I

Miltenyi Biotec

Cat#130-096-731

Critical commercial assays

PKH67 Green Fluorescent Cell Linker Kit for General
Cell Membrane Labeling,

RNAscope multiplex fluorescent reagent kit v2 assay
Neural Tissue Dissociation Kit (P)

Sigma-Aldrich

Advanced Cell Diagnostics
Miltenyi Biotec

Cat#PKH67GL-1KT

Cat#323100-USM
Cat#130-092-628

KAPA HiFi HotStart ReadyMix PCR Kit Roche Cat#KK2602 07958935001
Agilent High Sensitivity DNA Kit Agilent Cat#5067-4626
Qubit dsDNA HS Assay Kit Thermofisher Scientific Cat# Q32854
Chromium Next GEM Single Cell 3' GEM, Library & 10x Genomics Cat#1000121

Gel Bead Kit v3.1

Deposited data

Raw and analyzed data This manuscript SRA/GEO
Experimental models: cell lines

Human: Hela cells ATCC Hela (ATCC CCL2)
Experimental models: organisms/strains

Mouse: C57BL/6J Janvier Labs N/A

Mouse: Trem2 ™/~

Mouse: B6.129P2-Apoe'™V"%/J (ApoE KO)

Mouse: B6SJL-Tg (APPSwFILon,
PSEN1*M146L*L286V)6799Vas/Mmijax (5xFAD)

Prof. Christian Haass (Laboratory
of Neurodegenerative Disease
Research, DZNE, Munich),

The Jackson Laboratory
The Jackson Laboratory

Turnbull et al., 2006

Stock#002052

Stock#034840-JAX;
RRID: MMRRC_034840-JAX

Mouse: APP NL-G-F Knock-in Takaomi Saido N/A
Mouse: APP NL-G-F; Trem2~/~ Prof. Christian Haass (Laboratory N/A
of Neurodegenerative Disease
Research, DZNE, Munich)
Mouse: B6.129P-Cx3cr1tm1Litt/J The JacksonlLaboratory Stock#005582
Oligonucleotides
gPCR: hexosaminidase (Forward): This manuscript N/A
GCTGCAGAATCCTTTGCTTACGG
qPCR: hexosaminidase (Reverse): This manuscript N/A
GGGTCACGTGAACGGGAGG
qPCR: N-acetylglucosamine-6-sulfatase (Forward): This manuscript N/A
GAAAACCAAGGCCCTCATCG
qPCR: N-acetylglucosamine-6-sulfatase (Reverse): This manuscript N/A
TGTTGTTAACGACGTGGTGG
qPCR: Galactosidase Beta 1 (Forward): This manuscript N/A
CACTGCCTAACGGAGAGACC
qPCR: Galactosidase Beta 1 (Reverse): This manuscript N/A
TCCCGAGATGTATCGGAATGG
qPCR: Cathepsin L (Forward): This manuscript N/A
TCGGATTTCACCTCAGTGTCC
qPCR: cathepsin L (Reverse): This manuscript N/A
CTTAAAAACTAGTGGGGCTGGC
ERCC RNA Ambion - Fisher Scientific Cat#4456740

(Continued on next page)
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oligo-dT primer (with tag): AAGCAGTGGTATCAACG Eurogentec DNA Wobble 200 nmol
CAGAGTACTTTTTTITTTTITITTTTIITTITITTTTITTITIVN

dNTP Mix Thermofisher Scientific Cat# R0192
Template-switching oligos (TSO): AAGCAGTGGTAT Eurogentec DNA LNA 200 nmol
CAACGCAGAGTACIGrG+G

ISPCR primers: 5 AAGCAGTGGTATCAACGCAGAGT-3 Eurogentec DNA Base 200 nmol scale

gPCR: Ubb77 (Primer1): 5'-GGAGAGTCCATCGTGGTTATTT-3'
gPCR: Ubb77 (Primer2): 5'-ACCTCTAGGGTGATGGTCTT-3’

qPCR: Ubb77 (Probe): 5'-/5Cy5/TGCAGATCTTCGTG
AAGACCTGAC/3IAbRQSp/-3’

This manuscript
This manuscript
This manuscript

N/A
N/A
N/A

Recombinant DNA

Plasmid: Tim4 (Myc-DDK-tagged)
Plasmid: Tim1 (Havcr1) (Myc-DDK-tagged)
Plasmid: Fcgr1 (Myc-DDK-tagged)
Plasmid: OIr1 (Myc-DDK-tagged)

Plasmid: Msr1 (Myc-DDK-tagged)
Plasmid: Siglech (Myc-DDK-tagged)
Plasmid: Cd33 (Myc-DDK-tagged)
Plasmid: Cd68 (Myc-DDK-tagged)
Plasmid: Sirpa (Myc-DDK-tagged)
Plasmid: Cd209a (Myc-DDK-tagged)
Plasmid: Cd300a (Myc-DDK-tagged)
Plasmid: Axl (Myc-DDK-tagged)

Plasmid: Jmjd6 (Myc-DDK-tagged)
Plasmid: Itgam (CR3)

Plasmid: Itgav (C-treminal His tag)
Plasmid: Cd36 (EGFP)

Plasmid: Dectin1A (Clec7a, tdTomato tag)
Plasmid: Human Mertk (C-Flag tag)
Plasmid: Trem2-DAP12 (with a HA-tag at N terminus)

OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
OriGene Technologies
Addgene

Addgene

Addgene

Addgene

Sino Biological

Prof. Christian Haass (Laboratory
of Neurodegenerative Disease
Research, DZNE, Munich)

Cat#MR222206; NM_178759
Cat#MR227388; NM_134248
Cat#MR225268; NM_010186
Cat#MR226641; NM_138648
Cat#MR205384; NM_031195
Cat#MR204374; NM_178706
Cat#MR219960; NM_021293
Cat#MR204757; NM_BC021637
Cat#MR226909; NM_007547
Cat#MR225861; NM_133238
Cat#MR224901; NM_170758

Cat# MR211073; NM_009465
Cat#MR206341; NM_033398
Cat#8631; RRID:Addgene_8631
Cat#27290; RRID:Addgene_27290
Cat#21853; RRID: Addgene_21853
Cat#58089; RRID: Addgene_58089
Cat., HG10298-CF; NM_006343.2
N/A

Software and algorithms

ImagedJ
Graphpad Prism
Imaris

rnaSTAR
FastQC
Cutadapt
Trimgalore

Seurat

DESeq2

MAST

Slingshot

10x Genomics Cell Ranger

Metascape
STRING

https://imagej.net/Welcome
https://www.graphpad.com:443/
Bitplane

Dobin et al., 2013

Simon Andrews

Marcel Martin

Felix Krueger

Butler et al., 2018
Love et al., 2014
Finak et al., 2015
Street et al., 2018
Zheng et al., 2017

Zhou et al., 2019
Szklarczyk et al., 2019

RRID:SCR_003070
RRID:SCR_002798
RRID:SCR_007370
https://github.com/alexdobin/STAR
https://github.com/s-andrews/FastQC
https://github.com/marcelm/cutadapt/

https://github.com/FelixKrueger/
TrimGalore

https://github.com/satijalab/seurat
https://github.com/mikelove/DESeq2
https://github.com/RGLab/MAST/
https://github.com/kstreet13/slingshot

https://support.10xgenomics.com/
single-cell-gene-expression/software/
pipelines/latest/what-is-cell-ranger

http://metascape.org/
https://string-db.org
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

RNAscope Probe: Mm-ITGAX assigned to channel 1 Advanced Cell Diagnostics Cat#311501
RNAscope Probe: 3-Plex positive control probe-Mm Advanced Cell Diagnostics Cat# 320881
RNAscope Probe: 3-Plex negative control probe (dapB) Advanced Cell Diagnostics Cat#320871
RNAscope Probe: Probe diluent Advanced Cell Diagnostics Cat#300041

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mikael
Simons (mikael.simons@dzne.de).

Materials availability
All unique reagents generated in this study are available from the Lead Contact with a completed Material Transfer Agreement.

Data and code availability

Single-cell sequencing data generated during this study are available in the NCBI database through accession number NCBI:
GSE166548 and bulk sequencing data generated during this study are available through accession number NCBI: GSE166304.
All other data that support findings are available upon request from the authors.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal experiments were reviewed and overseen by the institutional animal use and care committee in German Center for Neuro-
degenerative Diseases (DZNE) in Munich. The following mouse lines were used in the study: Wild-type C57BL/6J mice from Janvier
Labs; Trem2~/~ mice in the C57BL/6J background (Turnbull et al., 2006, the mice were provided by Prof. Christian Haass, Laboratory
of Neurodegenerative Disease Research, DZNE, Munich), ApoE KO mice (B6.129P2-Apoe'™Y"°/J, Jackson Laboratory, Stock No.
002052, the brain sections were provided by Dr. Dirk Fitzner, Department of Neurology, University of Géttingen); 5xFAD mice (B6SJL-
Tg (APPSwFILon, PSEN1*M146L*L286V) 6799 Vas/Mmijax, Jackson Laboratory, stock No. 034840-JAX, the brain sections were pro-
vided by Dr. Sabine Tahirovic, Laboratory of ex vivo models, DZNE, Munich); APP N="4-F Knock-in mice (available through Takaomi
Saido, Ph.D.Wako-shi, Saitama 351-0198, Japan, the brain sections were provided by Dr. Sabine Tahirovic (Laboratory of ex vivo
models, DZNE, Munich); APP N=GF Trem2~/~ mice (the brain sections were provided by Prof. Christian Haass, Laboratory of Neuro-
degenerative Disease Research, DZNE, Munich); CX3CR1% (B6.129P-Cx3cr1'™ M/, Jackson Laboratory, Stock No. 005582). The
mice were kept in groups of three in Greenline IVC GM500 plastic cages and were housed in a temperature-controlled environment
(21 £ 2°C) on a 12 h light/dark cycle with food and water available ad libitum in the animal facility in German Center for Neurodegen-
erative Diseases (DZNE) in Munich. The ApoE KO mice were kept under the same condition in the animal facility of Max Planck Insti-
tute of Experimental Medicine in Gottingen. Pups were bred in-house and kept with the adult female under standard light/dark con-
ditions until P21, then they were weaned. Most of the experiments including immunohistochemistry, scRNA sequencing and electron
microscopy were performed on adult mice at the age of 2, 6, 12, 18, 20 and 24 months. The exact age of mice used for each analysis is
indicated in the figure legends. Mice were aged either in house or purchased from Janvier Labs. Both males and females were
included in all analyses and we did not notice any influence of sex on our analyzed parameters in the study. For microglia isolation,
P6-P8 C57BL/6J wild-type or knockout mice and for myelin extraction from brain, 2 months old C57BL/6J wild-type mice were used.
lysolecithin injection was done on 9 to 15 weeks old mice. The mice and samples including brain sections were allocated into exper-
imental groups randomly. Cell line: HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented by 10%
FCS. For maintenance, these cells were re-suspended in the freezing media containing 50% FCS and 10% DMSO at concentration of
5 x 10%to 1 x 107 cells/mL. Aliquots in 1.5 mL cryo-tubes were frozen slowly at 1°C/min by placing tubes in a NALGENE cryo freezing
container in —80°C freezer, then transferring to liquid nitrogen storage.

METHOD DETAILS
Mice perfusion, cell isolation for Smart-seq2
The mice were deeply anesthetized and perfused with cold HBSS between 9am-11am (to decrease circadian fluctuations). Each

brain was removed and under a dissection microscope individually micro-dissected; gray matter was isolated from the frontal cortex
and white matter form optic tract, medial lemniscus and corpus callosum (attached gray matter and choroid plexus were removed

Neuron 709, 1100-1117.e1-e10, April 7, 2021 e4
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carefully) isolated. We developed and established a microglia isolation protocol that prevents ex-vivo transcription and automatizes
the mechanical isolation parts using GentleMacs with the Neural Tissue Dissociation Kit (Papain) (Miltenyi Biotec). We added acti-
nomycin D (Act-D, Sigma, No. A1410) to a final concentration of 45 uM into the dissociation solution and enzyme mix to prevent
ex-vivo transcription. The dissociated cell suspension was passed through a 70 um cell strainer (Corning, 352350) before labeling.
Subsequently, cells were blocked with mouse FcR-blocking reagent (CD16/CD32 Monoclonal Antibody, eBioscience cat:14-0161-
82,1100) and then stained for 15 min using 7AAD (Thermo Fisher, A1310, 25 ug/mL) and the antibodies against CD45 (eFluor 450,
30-F11, eBioscience,Cat.:48-0451-82, 1:200) and CD11b (PE/Cy7,M1/70, eBioscience, Cat:48-0451-82,1:200) and after washed
with PBS (Sigma, D8537). Viable (7AAD negative) single immune cells (CD45 and CD11b positive cells) were sorted by flow cytometry
(SH800; Sony). For GFP positive microglia from CX3CR1%* mice, cells were either dissociated with Act-D or without and labeled
with DAPI (4’,6-diamidino-2-phenylindole, 1:4000 dilution; Sigma) to label dead cells. After FSC-A/FSC-H selection of single-cells,
DAPI negative and GFP positive cells were selected. Single immune cells (CD45 and CD11b positive cells) were sorted by flow cy-
tometry (SH800; Sony). Flow cytometry data were analyzed using FlowJo v10. Single-cells were sorted into 96 well plates filled with
4 ul lysis buffer containing 0.05% Triton X-100 (Sigma) and, ERCC (External RNA Controls Consortium) RNA spike-in Mix (Ambion,
Life Technologies) (1:24000000 dilution), 2.5 uM oligo-dT, 2.5 mM dNTP and 2 U/uL of recombinant RNase inhibitor (Clontech) then
spun down and frozen at —80°C. Plates were thawed and libraries prepared as described below.

Library preparation for Smart-seq2

The 96-well plates containing the sorted single cells were first thawed and then incubated for 3 min at 72°C and thereafter immedi-
ately placed on ice. To perform reverse transcription (RT) we added each well a mix of 0.59 uL H20, 0.5 uL. SMARTScribe Reverse
Transcriptase (Clontech), 2 uL 5x First Strand buffer, 0.25 uL Recombinant RNase Inhibitor (Clontech), 2 uL Betaine (5 M Sigma),
0.5 puL DTT (100 mM) 0.06 uL MgCI2 (1 M Sigma), 0.1 pL Template-switching oligos (TSO) (100 uM AAGCAGTGGTATCAAC
GCAGAGTACrGrG+G). Next RT reaction mixes were incubated at 42°C for 90 min followed by 70°C for 5 min and 10 cycles of
50°C 2 min, 42°C 2 min; finally ending with 70°C for 5 min for enzyme inactivation. Pre-amplification of cDNA was performed by add-
ing 12.5 puL KAPA HiFi Hotstart 2x (KAPA Biosystems), 2.138 pL H20, 0.25 uL ISPCR primers (10 uM, 5 AAGCAGTGGTATCAACG
CAGAGT-3), 0.1125 pL Lambda Exonuclease under the following conditions: 37°C for 30 min, 95°C for 3 min, 23 cycles of (98°C for
20s,67°Cfor15s, 72°C for 4 min), and a final extension at 72°C for 5 min. Libraries were then cleaned using AMPure bead (Beckman-
Coulter) cleanup at a 0.7:1 ratio of beads to PCR product. Libraries were assessed by Bio-analyzer (Agilent 2100), using the High
Sensitivity DNA analysis kit, and also fluorometrically using Qubit’s DNA HS assay kits and a Qubit 4.0 Fluorometer (Invitrogen, Life-
Technologies) to measure the concentrations. Further selection of samples was performed via gPCR assay against ubiquitin tran-
scripts Ubb77 (primer 1 5-GGAGAGTCCATCGTGGTTATTT-3’ primer 2 5'-ACCTCTAGGGTGATGGTCTT-3', probe 5'-/5Cy5/TGCA
GATCTTCGTGAAGACCTGAC/3IAbRQSP/-3') measured on a LightCycler 480 Instrument Il (Roche). Samples were normalized to
160 pg/uL. Sequencing libraries were constructed by using in-house produced Tn5 transposase (Picelli et al., 2014). Libraries
were barcoded and pooled then underwent three 3 rounds of AMPure bead (Beckman-Coulter) cleanup at a 0.8:1 ratio of beads
to library. Libraries were sequenced 2x150 reads base pairs (bp) paired-end on lllumina HiSeq4000 to a depth of 3x10°-6x10°
reads/sample.

Processing and analyses of Smart-seq2 data

BCL files were demultiplexed with the bcl2fastq software from lllumina. After quality-control with FastQC, reads were aligned using
rnaSTAR (Dobin et al., 2013) to the GRCm38 (mm10) genome with ERCC synthetic RNA added. Read counts were collected using the
parameter “quantMode GeneCounts” of rnaSTAR and using the unstranded values. From that point, Seurat R v.2.3.4 package was
used (Butler et al., 2018). Low-quality samples were filtered out from the dataset based on a threshold for the number of genes de-
tected (min 1000 unique genes/cell), percentage of mitochondrial genes (max 0.5%), percentage of ERCCs (5% max) and number of
reads on a log10 scale (between 4 to 5.5) as shown in Figure S1G and H. 1038 single-cells passed the quality-control. Gene expres-
sions were log normalized to 10,000 using the NormalizeData function of Seurat. Dataset were scaled and depth of sequencing was
regressed using ScaleData function and using the percentage of ERCCs. The first 12 principal components were considered for the
UMARP of all cell types. Non-microglia cells were removed from analysis using markers and threshold such as performed by Keren-
Shaul et al. (2017) and shown in Figures S1l and S1J. The first 8 principal components were used for the UMAP of microglia only. To
find the clusters/populations of microglial states, hierarchical clustering (Ward’s method) was used on the differentially expressed
genes specific to the WAM cluster (FindClusters on first 8 PCs). To refine the WAM signature, differential expression analysis was
performed using DESeq2 (Love et al., 2014) using FindAlIMarkers. 212 genes were found significant at adjusted p value < 0.05 (Table
S2). Gene sets of 1, 2, 3 and 4 were defined using hierarchical clustering (Ward’s method) on the genes of the WAM signature. For the
DAM signature, the top 500 genes were grouped by set in a similar way as described above. Slingshot analyses are based on the first
2 components of the PCA using the WAM signature genes. The previously described 4 clusters of microglia were used as input for
Slingshot (Street et al., 2018). All gene ontology analyses were performed using Metascape (http://metascape.org/).

Mice perfusion, cell isolation for Drop-seq

Briefly, the mice were deeply anesthetized and perfused with cold HBSS between 9am-11am (to decrease circadian fluctuations).
Each brain was removed and under a dissection microscope individually micro-dissected and dissociated same as described above.
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After dissociation, myelin debris were removed using Myelin Removal Beads Il (Miltenyi Biotec). The cells were resuspended in
0.04% BSA+PBS and cells were counted using automated cell counter (TC20 Bio-Rad) before loading to Chromium Controller.

Library preparation for Drop-seq

Single-cell suspensions were loaded onto the Chromium Single Cell Controller using the Chromium Single Cell 3’ Library & Gel Bead
Kit v3.1 (10X Genomics) chemistry following the manufacturer’s instructions. Sample processing and library preparation was per-
formed according to manufacturer instructions using AMPure beads (Beckman Coulter). Libraries were sequenced on the DNBSEQ
Sequencing System (BGI group).

Processing and analyses of Drop-seq data

Fastq files were processed with Cell Ranger v4 and aligned to the mm10 (Ensembl 93) genome. From that point, Seurat R v.3 package
was used (Butler et al., 2018). Low-quality samples were filtered out from the dataset based on a threshold for the number of genes
detected (min 200 unique genes/cell), percentage of mitochondrial genes (max 10%). 21197 out of 25719 and 13954 out of 17263
single-cells passed the quality-control for the aging and Apoe-KO datasets, respectively. Gene expressions were normalized using
SCTransform function of Seurat. The first 30 principal components were considered for the UMAP of all cell types. Non-microglia
cells were removed from analysis using markers genes as shown in Figures S2C and S2D. The first 15 principal components
were used for the UMAP of microglia only. WAM populations were identified using the WAM signature gene set via hierarchical clus-
tering (Ward’s method). All gene ontology analyses were performed using Metascape (http://metascape.org/) and STRING (Szklarc-
zyk et al., 2019). After identification of the novel microglial populations, WAM signature was used for generating the UMAPs, as
described previously. For the Apoe ™~ dataset, Apoe was omitted from the WAM signature while generating the UMAPs.

Processing and analyses of external datasets

External datasets from Hammond et al. and Frigerio et al. were analyzed with the same Seurat pipeline using Seurat 3 and
MAST (Finak et al., 2015) for differential gene expression. For Hammond et al. (2019) datasets, raw data was downloaded from
GSE121654. 4 samples for wild-type data; two replicates of each 1 month old (GSM3442024, GSM3442025) and 18 months old
(GSM3442036, GSM3442037) were quality-controlled and processed as described above. After the QC steps, 9558 cells were
kept for downstream analyses (Table S2). For Sala Frigerio et al. (2019) datasets, normalized datasets were available. Wild-Type
and App™-"6F data were downloaded from GSE127892 and analyzed separately. After filtering, 4856 and 5093 microglia were
included in the downstream analyses for AppNECF dataset and WT dataset, respectively. The whole dataset acquired from
GSE127892, consists of 32 experimental conditions, 2 mice per conditions as reported by the authors. Data for each condition
were pooled (Table S1). Merging the current study and Sala Frigerio et al. (2019) wild-type data (Figure S3B) was established by using
the Seurat 3 data integration functions. APP/PS1 and APP/PS1-Apoe™~ data were downloaded from GSE127884. After filtering,
1143 microglia were kept for downstream analyses. For the average heatmap (Figure S7A) from Keren-Shaul et al. (2017) data, their
Table S2 was used to plot the average gene expression per microglial population for the 500 DAM signature genes.

Immunohistochemistry

Animals were anesthetized by intraperitoneal injection of 14% chloral hydrate, perfused transcardially with 4% paraformaldehyde.
Post fixation of brain tissue was done in 4% PFA overnight. Then the brain tissue was further cryo-protected in 30% sucrose in
PBS for 24 h. After freezing the tissue on dry ice using Tissue-Tek O.C.T, 30 um coronal sections were cut by cryostat Leica CM
1900. Free-floating sections were collected in a solution containing 25% glycerol and 25% ethylenglycol in PBS. The sections
were rinsed with 1x PBS containing 0.2% Tween-20 and permeabilized in 0.5% Triton X-100 for 10 to 30 min depending on primary
antibody. Fab fragment goat anti mouse IgG (1:100) (Dianova) was added for 1 h at room temperature to block endogenous mouse
tissue immunoglobulins. After a brief wash the sections were blocked for 1 h at room temperature in a solution containing 2.5% FCS,
2.5% BSA and 2.5% fish gelatin in PBS. Primary antibodies, diluted in 10% blocking solution, were added and incubated overnight at
4°C. On the following day sections were incubated with secondary antibodies, diluted in 10% blocking solution, for 1 h at room tem-
perature. The sections were washed with PBS followed by distilled H,O and mounted using fluorescence mounting medium (Dako)
over superfrost plus slides. For AXL and CLEC7A staining, antigen retrieval protocol using citrate buffer (10 mM, pH 6) was performed
on free-floating sections followed by staining protocol as mentioned above. The immunostaining of PU.1 was done as following. The
free floating sections were permeabilized with 0.5% Triton X-100 for 30 min at room temperature. Then sections were treated with
blocking solution containing 0.3% Triton X-100 for 24 hours at 4C. The primary antibody in blocking solution without Triton X-100 was
incubated for 65 hours at 4C. the sections were incubated with secondary antibody in blocking solution at 4C over night.

RNAscope in Situ Hybridization

RNAscope in situ hybridization assay was applied to detect mRNA of /tgax in the brain cryosections prepared from aged and young
wild-type mice. The assay was performed using a commercially available kit, RNAscope Multiplex Fluorescent Detection Reagents
v2 (Advanced Cell Diagnostics, ACD) and the manufacturer instruction was followed. Briefly, 30 um cryosections were fixed on super-
frost plus slides; they were pretreated with hydrogenproxide for 10 min at room temperature and then with antigen retrieval reagent
(5min boiling) to unmask the target RNA. After applying Protease Ill on the sections for 30 min at 40°C, probe hybridization was done

Neuron 709, 1100-1117.e1-e10, April 7, 2021 €6



http://metascape.org/

¢ CellPress Neuron

by incubating sections in mouse /tgax probe assigned to channel 1 (Cat. 311501), diluted 1:50 in probe diluent, for 2 h at 40°C. Pos-
itive control probes targeting housekeeping genes including Polr2a, Ppib and Ubc. (Advanced Cell Diagnostics, Hayward, CA) and 3-
Plex negative control probes targeting the bacterial DapB gene (Advanced Cell Diagnostics, Hayward, CA) were used to test mRNA
integrity in the tissue. Afterward, signal amplification and detection were performed according to the instruction of the kit. Signal
detection was done using Opal dyes (Opal520-green) diluted 1:3000 in TSA buffer. To visualize microglia, after in situ hybridization,
immunohistochemistry assay was performed using Iba1 antibody (Wako, 1:1000). The nuclei of cells were counterstained with DAPI
(4’,6-diamidino-2-phenylindole) and then the slides were mounted over superfrost plus slides using prolong gold antifade reagent
(Invitrogen).

Bulk RNA Sequencing

The isolated microglia were homogenized in RLT buffer using QIAShredder (QIAGEN) and the total RNA was extracted using RNeasy
Micro Kit (QIAGEN) and cDNA was synthesized using Ovation RNA-Seq System V2 (NUGEN). 1 ng of cDNA was used as input for lon
Xpress Plus Fragment Library Kit (ThermoFisher Scientific) to generate barcoded libraries. Barcoded libraries were then quantified
using gRT-PCR (KAPA Library Quantification Kit). Barcoded libraries were then pooled and clonally amplified on lon Spheres (lon One
Touch 200 Template Kit v2, ThermoFisher Scientific) and were sequenced on an lon Proton sequencer (ThermoFisher Scientific). Raw
reads were sorted based on barcodes and were subjected to quality analysis using FASTQC. The sequences were subsequently
aligned to the genome of Mus musculus (GRCm38/Mm10) using the TMAP aligner with default parameters. The reads mapping to
unique locations were quantified using RefSeq Gene Annotations(v73) into genes. Differential gene expression analysis and hyper-
geometric pathway analysis using KEGG genesets was performed using a commercial platform (Partek). Genes with fold change
greater than 2 and p values less than 0.05 were considered for further hypergeometric pathway enrichment analysis.

Transmission Electron Microscopy

Mice brains were fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer at pH 7.4 after deep
anesthesia (isoflurane) perfusion. Brains were vibratome sectioned and immersion fixed in the same buffer for 24 h at 4°C. After tissue
trimming and washes in 0.1 M sodium cacodylate buffer, postfixation in reduced Osmium (2% Osmium, 2.5% potassium ferrocya-
nide in 0.1 M cacodylate buffer) was followed by en bloc uranyl acetate (1% aqueous uranylacetate) contrasting, graded dehydration
in ethanol and embedding in epon resin (Serva). After ultrathin sectioning the grids (Leica UC7 ultramicrotome) were contrasted by
1% uranyl acetate and lead citrate (Ultrostain, Leica). Images were acquired with a JEOL JEM1400 plus TEM equipped with a Ruby
8Mpx CCD camera. For each analysis, randomly selected regions in three to five different animals were imaged. Data analysis was
carried out using Imaged 1.41.

Correlative Light and Scanning Electron Microscopy

The correlated workflow was adapted from Fang et al. (2018). Mice were perfused and brains fixed for 24 h in 4% paraformaldehyde
and 3% w/v sucrose in 0.1 M PBS (pH 7.4). The brain tissue was sectioned into 100um thick vibrotome sections. After 24 h incubation
in fixative, smaller regions containing the corpus callosum were trimmed to restrict the correlation area and prevent tissue curving
during the en bloc staining. The immunostaining was performed as mentioned before with a slight change. The sections were incu-
bated with Iba1 antibody (Wako, 1:1000) for 48 h and with secondary antibody (Alexa Fluor 488, Invitrogen) overnight. Sections were
stained with DAPI (1:2000 in PBS) for 5 min, washed in PBS and mounted on glass slides using secure-seal spacer (13 mm, 0.12 mm
thickness, Invitrogen). Tile scans of the whole section with a 20x air objective and regions of interest with a 63x oil objective were
acquired on a Leica TCS SP5 confocal microscope. After careful unmounting, sections were post-fixed (2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer) for 24 h. In order to keep a flat orientation corresponding to the confocal imaging plane, the sections
were glued onto of Aclar spears (Science Services) using Cell-Tak adhesive (Corning) (Luckner and Wanner, 2018). We applied a
rOTO (reduced osmium-thiocarbohydrazide-somium) staining procedure adopted from Tapia et al. (2012). Briefly, the tissue was
initially postfixed in 2% osmium tetroxide (EMS), 2% potassium ferricyanide (Sigma) in 0.1 M sodium cacodylate (Science Services)
buffer (pH 7.4). After three washing steps in buffer and water the staining was enhanced by reaction with 1% thiocarbohydrazide
(Sigma) for 45 min at 50°C. The tissue was washed in water and incubated in 2% aqueous osmium tetroxide. All osmium incubation
steps were carried out over 90 min with substitution by fresh reagents after 45 min, respectively. To further intensify the staining, 2%
aqueous uranyl acetate was applied overnight at 4°C and subsequently warmed to 50°C for 2 h. The samples were dehydrated in an
ascending ethanol series and infiltrated with LX112 (LADD). The sample were flat embedded into gelatin capsules (Science Services)
and cured for 48h. For SEM experiments without correlation samples were fixed as mentioned in the TEM protocol and subjected to
the rOTO protocol described above. The block was trimmed by 200 um at a 90° angle on each side using a TRIM90 diamond knife
(Diatome) on an ATUMtome (Powertome, RMC). The front face was carefully trimmed to collect all sections beginning at the very
surface areas that correspond to the confocal images (depth of 15-20 um). Consecutive sections were taken with a 35° ultra-diamond
knife (Diatome) at a nominal cutting thickness of 100nm and collected on freshly plasma-treated (custom-built, based on Pelco eas-
iGlow, adopted from Mark Terasaki) CNT tape (Kubota et al., 2018). Starting from the block face with the complete tissue exposed we
collected 300 ultrathin sections, covering a thickness of 30 um in depth. Tape strips were mounted with adhesive carbon tape (Sci-
ence Services) onto 4-inch silicon wafers (Siegert Wafer) and grounded by additional adhesive carbon tape strips (Science Services).
EM micrographs were acquired on a Crossbeam Gemini 340 SEM (Zeiss) with a four-quadrant backscatter detector at 8 kV. In
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ATLASS5 Array Tomography (Fibics), the whole wafer area was scanned at 2000-4000 nm/pixel to generate an overview map. For
correlation, sections were selected and the entire corpus callosum region (1356 x 491 um?) of 177 sections (one wafer, 17.7 um
in z) scanned at 200 x 200 nm?. The images were aligned by a sequence of automatic and manual processing steps in Fiji TrakEM2
(Cardona et al., 2012). The correlation was achieved by using nuclei and further anatomical landmarks (section border morphology,
myelinated areas). Based on this correlation we selected an area in xy (544 x 324 x 13.9 um®) and the respective sections (corre-
sponding to the ROI in z) for high resolution acquisition at 20 x 20 nm?. After correlation of this dataset we imaged single images
containing IBA1 positive cells at 4 x 4 nm2.

Myelin isolation and purification

Myelin was isolated from 8-week-old C57BL/6 mice brains by sequential centrifugation on discontinuous sucrose gradient according
to a protocol previously described (Norton and Poduslo, 1973) with some modifications. The ultracentrifugation was done using
SW41 Ti rotor. The brain tissues were homogenized with a Dounce homogenizer in a solution containing 10 mM HEPES, 5mM
EDTA, and 0.32 M sucrose. The homogenized tissue was layered on HEPES/EDTA buffer containing 0.85 M sucrose, centrifuged
at 24600 rpm for 30 min with low deceleration and acceleration. The crude myelin fraction was removed from interface, resuspended
in ice-cold distilled water, and centrifuged at 9500 rpm for 15 min. The hypo-osmotic shock was applied to the pellet two more times.
The pellet from the last step was dissolved in HEPES/EDTA buffer containing 0.3 M sucrose, and placed over the 0.85 M sucrose; all
the centrifugation steps and hypo-osmotic shocks were repeated as before. Eventually, the purified myelin pellet was resuspended in
1 mL PBS and stored at —20°C.

Myelin uptake assay

18 mm coverslips were coated with fibronectin in PBS (20 pg/mL) in the 24-well plates for 1 h in the incubator (37C, 5% CO,). After
changing PBS with the culture medium (DMEM plus 10% fetal calf serum, 1% Glutamax, and 0.5% antibiotics) HeLa Cells were
seeded at 4 x 10 cells/mL and cultured with 5% CO, at 37°C for 18-24 h before transfection. 1 ng of expression plasmids were
introduced into HelLa cells by the calcium phosphate precipitation method. The level of gene expression was tested 24-48 h after
incubation. Next, transfected cells were treated with myelin as following. Purified myelin isolated from 2-month-old wild-type mouse
brains was labeled with PKH67 (Sigma), and then washed in PBS by centrifugation at 15000 g. The final pellet was resuspended in
culture medium and sonicated for 20 min in an ultrasound water bath. Transfected HelLa cells were treated with 4 ng PKH76-labeled
myelin and incubated at 37°C in the presence of 5% CO, for 2 to 5 h. The cells were fixed in 4% PFA for 15 min and myelin uptake was
assessed by immunocytochemistry.

Microglia-myelin binding assay

Microglia were isolated from C57BL/6, P6-P8 wild-type mice by MACS Technology. Brain tissue was dissociated using a Neural Tis-
sue Dissociation Kit (Papain) (Miltenyi Biotec). Briefly, brain tissue was removed, cut into small pieces and dissociated by enzymatic
digestion provided in the kit. The tissue suspension was applied to a 40 um cell strainer, and washed twice with DMEM containing
1 mM sodium pyruvate. The final palette was resuspended in 10 volume of DMEM containing 10% FCS, 1 mM sodium pyruvate, 1%
antibiotics (DMEM/FCS) plus 1 volume of CD11b microbeads (Miltenyi Biotec) and incubated at 4°C for 15 min. After washing with
DMEM/FCS, the pellet was resuspended in 500 pL of the same medium, applied in a MACS column in the magnetic field, following
three times wash, CD11b positive cells (microglia) were flushed out of the column, centrifuged at 400 x g for 10 min at 4°C. Isolated
microglia were plated over 12 mm coverslips at 7 x 10* cell/mL, and incubated for 48-72 h. PKH67-labeled myelin was sonicated in
an ultrasound water bath for 20 min. Primary microglia cultures were treated with 4 ng myelin and incubated on the ice for 2-4 h. Pu-
rified myelin was conjugated with Annexin V Alexa Fluor 555 (Thermo Fisher) as following. 4 ng of sonicated myelin was incubated
with different concentration of Annexin V (13.5 M, 18 M and 22.5 M) in the binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM
CaCl2, pH 7.4) for 1 h at room temperature.

Myelin clearance assay

To analyze the rate of clearance of myelin debris, microglia cultures were pretreated with serum free DMEM, supplemented with
2 ng/mL TGF-B2 (Peprotech, 100-35B), 20 ng/mL CSF1 (M-CSF, Peprotech, 315-02) and 1.5 ug/mL cholesterol (Avanti Polar Lipids
(Otto Nordwald), 700000P) (TCC medium). The cells were treated with 10 pg/mL myelin (or HEPES control) in the TCC medium for 2 h.
After treatment, the cells were washed three times, and incubated with the TCC medium for 2 or 24 h. For the experiment with the
inhibitors of lysosomal degradation, 100 nM Bafilomycin (Invivogen) or 10 uM leupeptin (Selleckchem) were administered 30 minutes
before myelin administration and kept in the media until the end of the experiment. After fixation, the myelin in cells was stained using
anti-PLP antibody; the cells were stained using DyLight 694 labeled tomato lectin (Vector Laboratories, DL-1178) and 2 pg/mL
Hoechst 33342. The cells were imaged on a Leica SP5 confocal microscope with a 63x objective. For the quantification, the intensity
of the PLP staining contained within the cell membrane was measured per cell.

Lysolecithin-induced demyelination

Stereotactic injection of lysolecithin in the spinal cord was performed in wt C57BL/6J and Trem2~'~ mice that were 9 to 15 weeks old.
1% lysolecithin was prepared by dissolving L-a-Lysophosphatidylcholine from egg yolk (Sigma, L4129) in PBS, pH 7.4 (GIBCO,
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10010056). 3% Monastral blue was prepared by dissolving Copper(ll) phthalocyanine-tetrasulfonic acid tetrasodium salt (Aldrich,
274011) in millig water, and the solution was sterilized by filtration through a 0.45-um filter and autoclaving. Prior to injection, 1pul
of 3% Monastral blue was mixed with 25ul of 1% lysolecithin. Glass Capillaries for Nanoliter 2010 (World Precision Instruments,
504949 or 4878) were pulled using the P-1000 Next Generation Micropipette Puller (Sutter Instrument). The program had the following
parameters: Heat 530, Pull 0, Vel 60, Time 250, Pressure 500, Ramp 520, Microinjection — BF100.50.10, Tip < 1 um, Taper 6-8 mm. R
~40-80 Meg, Heat = Ramp, FB255B, 2.5mm Box. Before surgery, the animals were anesthetized by intraperitoneal injection of
0.5 mg/kg body weight medetomidine, 5.0 mg/kg midazolam and 0.05 mg/kg fentanyl (MMF). The anesthetized animals were
kept on a heating pad at 37°C, and the anesthetic depth was monitored by checking the reflex between the toes and the corneal
reflex. The surgery and intraspinal injection of lysolecithin was conducted using the digital mouse stereotaxic frame and Nanoliter
2010 Injector with MICRO4 controller (World Precision Instruments) as previously described (Cantuti-Castelvetri et al., 2018). After
the spinal cord was exposed, the capillary was positioned 0.55 mm lateral to the dorsal artery, and lowered 1.15 mm into the tissue. At
each injection site, 1 pl of 1% lysolecithin containing 0.12% monastral blue was injected at a speed of 350 nl/min. 1 minute after the
end of the delivery, the capillary was retracted. After injection, the skin was sutured, and the wound was sutured. After the operation,
the animals were injected with 250 pl of 0.9% NaCl (normal saline solution) to compensate for the loss of blood and with the analgesic
buprenorphine at a dose of 0.1 mg/kg. When MMF was used for anesthesia, 2.5 mg/kg atipamezole, 0.5 mg/kg flumazenil and
1.2 mg/kg naloxone (AFN) was injected IP for the animals to antagonize the anesthesia and awaken the animal. The animals were
injected SC with buprenorphine for two days after surgery.

Gene expression analysis

For the preparation of RNA from cell, primary microglia was treated with myelin or fluoresbright beads. At the end of the treatment, the
cells were collected in RLT buffer and the RNA was isolated with the RNAeasy isolation kit (QIAGEN, 74104). The RNA was retrotran-
scribed to cDNA with the Superscript lIl kit (Thermo Fisher Scientific, 18080051). For the quantitative PCR, the cDNA was quantified
with the Power SYBR green PCR Master mix (4367659 Thermo Fisher Scientific) on a Applied Biosystem 7500 Fast Cycler, according
to the PCR mix data sheet. The relative quantification of each gene was performed with the AACt method: each gene was quantified
and its expression was normalized to the house keeper gene (Cytochrome C1, cyc1). The primers used for the analysis were:

hexosaminidase forward 5'-GCTGCAGAATCCTTTGCTTACGG-3/;
hexosaminidase reverse 5'-GGGTCACGTGAACGGGAGG-3';
N-acetylglucosamine-6-sulfatase forward 5'-GAAAACCAAGGCCCTCATCG-3;
N-acetylglucosamine-6-sulfatase reverse 5-TGTTGTTAACGACGTGGTGG-3';
Galactosidase Beta 1 forward 5‘-CACTGCCTAACGGAGAGACC-3';
Galactosidase Beta 1 reverse 5'-TCCCGAGATGTATCGGAATGG-3';
Cathepsin L forward 5‘-TCGGATTTCACCTCAGTGTCC-3';

cathepsin L reverse 5'-CTTAAAAACTAGTGGGGCTGGC-3'.

Western Blotting

Following separation with SDS-PAGE, the proteins were transferred from the gel onto the nitrocellulose membrane using the mini
Trans-Blot Module. The gel sandwich in blotting cassette was placed in the tank of the module containing transfer buffer (0.25 M
Tris base, 1.92 M glycine, 20% methanol) with 100 V for 1 hour. The membrane was washed in PBST (0.1% Tween 20 in PBS) for
10 min, immersed in 4% skim milk powder in PBST as a blocking solution for 30 min at room temperature and then incubated
with primary antibody in PBST at 4°C overnight. After washing, it was incubated with horse radish peroxidase (HRP)-conjugated sec-
ondary antibody in PBST for one hour at room temperature. Then targeted protein was detected with enhanced chemiluminescence
method using Luminol enhancer and peroxide solutions (Pierce/Thermo Scientific) and was visualized with an Odyssey Fc imager
from LI-COR.

Image processing and analysis

Images were acquired via a Leica TCS SP5 confocal microscope and were processed and analyzed with Imaris (64x version 9.2.0)
and ImagedJ 1.41 image processing software. For quantification of microglia nodules, a cluster of three or more cells that were iden-
tified by their nuclei labeled with DAPI or PU.1 antibody.

QUANTIFICATION AND STATISTICAL ANALYSIS

To compare more than two groups, one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test was applied. A two-
tailed Student’s t test was performed for comparison of two groups. Two-way ANOVA followed by Bonferroni post hoc test was used
for analyzing the interaction of age and brain region or age and genotype. In all tests a p value of < 0.05 was considered as significant.
Statistical analyses were done using GraphPad Prism (GraphPad Software, Inc.). The type of statistical test and the exact p value for
each experiment are included in the figure legends. All cell culture experiments using cell lines and primary cells were done at least
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three times independently to ensure reproducibility. Technical and biological replicates were included. The average of at least 3 tech-
nical replicates was counted as one biological replicate which was then used for statistical analysis and comparison within the bio-
logical replicates. For all mouse experiments, 4 to 5 mice per genotype were analyzed. For histological analysis, 3 to 4 random region
of interest (ROIs) per brain section were taken and three random brain sections per animal were quantified to account for variability
within the biological sample. All values obtained from in vivo experiments were represented as mean + sd of 3 brain sections per
mouse for immunohistochemistry and 2 brain sections per mouse for RNAScope in situ hybridization. The values from in vitro
experiments were reported as mean + sd of the number of independent experiments. No power analyses were used to predetermine
sample sizes. However, sample sizes were chosen based on prior literature using similar experimental paradigms. The value of n per
group and what n represents in each experiment can be found in the figure legends. All data acquisition and analysis for wild-type and
knockout samples were done in a blinded manner and no data were excluded from any analysis. For the scRNA-seq statistical data
analysis, the n represents a sequencing lane, containing then a defined tissue (GM or WM) for a defined mouse (SS2) or a pool of mice
(Drop-seq). Differential expression analysis was performed with DESeq2 (Love et al., 2014) and MAST (Finak et al., 2015) with
adjusted p value below 0.05 considered as significant. For pathway enrichment analysis, Metascape (Zhou et al., 2019) and STRING
(Szklarczyk et al., 2019) were used with default parameters.
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2.2 CD8+ T cells induce interferon-responsive

oligodendrocytes and microglia in white matter aging

Abstract

A hallmark of nervous system aging is a decline of white matter volume and function,
but the underlying mechanisms leading to white matter pathology are unknown. In
the present study, we found age-related alterations of oligodendrocyte cell state with a
reduction in total oligodendrocyte density in aging murine white matter. Using single-
cell RNA-sequencing, we identified interferon (IFN)-responsive oligodendrocytes,
which localize in proximity to CD8+ T cells in aging white matter. Absence of func-
tional lymphocytes decreased the number of IFN-responsive oligodendrocytes and
rescued oligodendrocyte loss, whereas T-cell checkpoint inhibition worsened the aging
response. In addition, we identified a subpopulation of lymphocyte-dependent, IFN-
responsive microglia in the vicinity of the CD8+ T cells in aging white matter. In sum-
mary, we provide evidence that CD8+ T-cell-induced, IFN-responsive oligodendrocytes

and microglia are important modifiers of white matter aging.
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A hallmark of nervous system aging is a decline of white matter volume and
function, but the underlying mechanisms leading to white matter pathology
are unknown. Inthe present study, we found age-related alterations of
oligodendrocyte cell state with areductionin total oligodendrocyte
density in aging murine white matter. Using single-cell RNA-sequencing,
we identified interferon (IFN)-responsive oligodendrocytes, which localize
in proximity to CD8" T cells in aging white matter. Absence of functional
lymphocytes decreased the number of IFN-responsive oligodendrocytes
andrescued oligodendrocyte loss, whereas T-cell checkpoint inhibition
worsened the aging response. In addition, we identified a subpopulation
oflymphocyte-dependent, IFN-responsive microgliain the vicinity of the
CD8" T cellsin aging white matter. In summary, we provide evidence that
CD8'T-cell-induced, IFN-responsive oligodendrocytes and microglia are
important modifiers of white matter aging.

Ageisthe major risk factor for the most prevalent neurodegenerative
diseases'. A better understanding of age-related alterations is there-
fore of overarching importance, but relatively little is known about
the pathology occurring in the white matter, whichis to alarge extent
composed of myelin, a lipid-rich membrane wrapped around axons
by oligodendrocytes?®. Myelination is not limited to early develop-
ment but extends into adult life and contributes to brain plasticity.
Regulated by neuronal stimuli and various environmental factors,
there is a substantial fraction of adult-born oligodendrocytes that
is actively engaged in forming new myelin sheaths, a process that
declinesinaging®>. In humans, white matter volume starts to decline
already in mid-life and these global alterations are often associated

with focal lesions that appear hyperintense on magnetic resonance
images® ™. Focal white matter degeneration is related to an increased
risk of stroke and dementia® and contributes to cognitive decline pos-
sibly by disrupting connective pathways in the brain'°"". In nonhu-
man primates and rodents, ultrastructural analyses of aging white
matter show pathology of myelinated fibers, consisting of focal areas
of degenerated myelin and axonal damage™". We have previously
shown thatsuch age-related myelin pathology resultsinadistinct white
matter-associated microglia state, in which the disease-associated
microglia (DAM) or microglia-neurodegenerative phenotype (MGnD)
programis partially activated to clear myelin debrisin groups of afew
closely connected microglia®'®. Whereas the microglial responses to

'Institute for Stroke and Dementia Research, University Hospital of Munich, Ludwig Maximilian University (LMU) of Munich, Munich, Germany. Znstitute of
Neuronal Cell Biology, Technical University Munich, Munich, Germany. *German Center for Neurodegenerative Diseases, Munich, Germany. “Graduate
School of Systemic Neurosciences, LMU Munich, Munich, Germany. *Munich Cluster of Systems Neurology, Munich, Germany. ®Department of Neurology,
Section of Developmental Neurobiology, University Hospital Wiirzburg, Wiirzburg, Germany. "These authors contributed equally: Tugberk Kaya, Nicola

Mattugini, Lu Liu. ®These authors jointly supervised this work: Ozgun Gokce, Mikael Simons.

mikael.simons@dzne.de

e-mail: oezguen.goekce@med.uni-muenchen.de;

Nature Neuroscience | Volume 25 | November 2022 | 1446-1457

1446


http://www.nature.com/natureneuroscience
https://doi.org/10.1038/s41593-022-01183-6
http://orcid.org/0000-0001-5926-8608
http://orcid.org/0000-0002-0642-1610
http://orcid.org/0000-0001-6927-5772
http://orcid.org/0000-0002-0500-8218
http://orcid.org/0000-0002-7628-0163
http://orcid.org/0000-0003-1194-5256
http://orcid.org/0000-0001-6319-404X
http://orcid.org/0000-0001-5329-192X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41593-022-01183-6&domain=pdf
mailto:oezguen.goekce@med.uni-muenchen.de
mailto:
mikael.simons@dzne.de
mailto:
mikael.simons@dzne.de

Article

https://doi.org/10.1038/s41593-022-01183-6

aging and disease are more intensely studied™""*?, less is known about
aging-related oligodendrocyte reactions related to myelin pathology.
In the present study, we studied aging-induced glial reactivity and
identified IFN-responsive oligodendrocyte and microgliain the white
matter. We observed that CD8" T cells increase in aging white matter
and localize in close proximity to IFN-responsive cells. Genetic abla-
tion of functional lymphocytes by using Ragl”~ mice? or CDS”~ mice?
prevented aging-induced oligodendrocyte loss and IFN-responsive
oligodendrocyte and microgliaformation. Inversely, T-cell-checkpoint
inhibition worsened the aging effect. These perturbation experiments
supportarole of CD8"T cells in driving white matter aging.

Results

Transcriptomic aging responses of oligodendrocytes

To characterize the oligodendrocyte aging effect at single-cell resolu-
tion, we used two different single-cell RNA-sequencing (scRNA-seq)
methods. For plate-based scRNA-seq (Smart-seq2), we dissociated
gray matter from the frontal cortex and white matter tracts from the
corpus callosum as well as the optical tracts, and the medial lemnis-
cus from young (3-month-old) and aged (24-month-old), wild-type
male mice (Fig. 1a). The scRNA-seq experimental details and animal
information are reported according to guidelines?** (Methods and
Supplementary Tables1and 2). Toavoidisolation artifacts, we used our
previously established automated dissociation protocol thatinhibits
ex vivo transcription'. We sorted live nonmyeloid (CD11b~and SYTOX
BLUE") cells (Extended Data Fig. 1a). Each single-cell library passed
through strict quality thresholds filtering out 112 single cells due to
low quality and 2,538 single cells from 8 mice remained (Extended
DataFig.1b). The cell-type composition of these cells was analyzed by
unsupervised Uniform Manifold Approximation and Projection (UMAP)
analysis (Fig. 1b, Extended Data Fig. 1c,d and Supplementary Table 1).
Oligodendrocytes were separated into four different subclusters, of
whichthe most abundant two clusters represent the heterogeneity of
oligodendrocytes previously identified in juvenile and adult mouse
by Marques et al.?®. In our analysis, two additional oligodendrocyte
clusters appeared in aged mice, which were enriched in white matter.
Onewas characterized by a high expression of the serine (or cysteine)
peptidase inhibitor, member 3N (Serpina3n) and the complement
component C4b, previously associated with injury responses” 2, As
this cluster was highly enriched in the aged white matter, we named it
aging-related oligodendrocytes (Fig. 1b,c,e). We uncovered a smaller
IFN-responsive oligodendrocyte subpopulation (IRO), which was
characterized by the expression of genes commonly associated with
an IFN response, such as Statl, Ifi27[2a and major histocompatibility
complex (MHC) class I-related genes (H2-K1 and H2-D1) (Fig. 1b,c,f).
Arelated gene expression profile has been detected in oligodendro-
cyte progenitor cells (OPCs) in the context of multiple sclerosis®**°. To
validate our results, we performed scRNA-seq using the 10x platform
with cells from gray and white matter of 24-month-old mice (8,726
high-quality cells from 8 mice: Fig. 1b and Extended Data Fig. 1e). Tis-
sues were prepared as described for Smart-seq2 and enriched for live
cellsusing flow cytometry (Extended Data Fig.1a). Major cell types were
annotated based on canonical markers upon clustering (Extended Data
Fig.le-g). We againidentified a continuous range of oligodendrocytes
thatreproduced the major oligodendrocyte clusters of the Smart-seq2
scRNA-seq dataset (Fig.1b,g). The higher number of oligodendrocytes
allowed us to resolve Oligol and Oligo2 into five subclusters, but the
identity and ratios of all four major clusters remained similar in both
aged scRNA-seq datasets (Fig. 1g,h and Extended Data Fig.1h). Using 20
independent scRNA-seq experiments, we compared changesinratios
of IROs and age-related oligodendrocytes by using the single-cell dif-
ferential composition analysis (scCODA), which takes account of the
compositionality of the scRNA-seq data and reliably controls for false
discoveries®. Both age-related oligodendrocyte and IRO cluster pro-
portions weressignificantly increased in the aged white matter samples

(Fig.1e,f). Theseincreases were accompanied by a significant decrease
in aged white matter Oligol but not in Oligo2 (Extended Data Fig. 2a).

CDS8'T cellsinduce reactivity and loss of oligodendrocytes

To validate the changes in scRNA-seq cluster ratios and to determine
the localization of the age-related and the IFN-responsive oligoden-
drocytes, we costained anti-adenomatous polyposis coli (APC) clone
CC1(CCI") oligodendrocytes by using antibodies against C4b, Serpi-
na3n, B2M and STAT1. Consistent with the scRNA-seq data, we found
that antibodies against C4b, Serpina3n, B2M and STAT1 labeled oli-
godendrocytes in the white matter, and only rarely in the gray matter
(cortical areas of the brain) of aged (24-month-old) mice (Fig. 2a and
Extended Data Fig. 2b,c). Colabeling against STAT1 and Serpina3ndid
notdetect double-positive cells, in agreement with our scRNA-seq data
that STATI" oligodendrocytes are distinct from Serpina3n‘ oligoden-
drocytes (Extended Data Fig. 2e). Next, we compared the labeling in
young (3-month) and old (24-month) gray and white matter and found
that CC1" oligodendrocytes, alsoimmunoreactive for C4b, Serpina3n,
STAT1orB2M, arerestricted to the aged brains mostly in the white mat-
ter (Fig. 2a and Extended Data Fig. 2b,c). Quantification revealed that
about 3-5% of the CC1" cells within the corpus callosum of 24-month-old
mice were positive for the markers STAT1and B2M. We found that C4b*/
Serpina3n* oligodendrocytes were more abundant (41% of CC1" cells
were Serpina3n‘/CC1"and 30% C4b*/CC1"in 24-month-old white mat-
ter) and also more evenly distributed compared with B2M*/STAT1"
oligodendrocytes (Fig.2aand Extended DataFig. 2d,f). Our subregional
localization analysis revealed that STAT1" oligodendrocytes were local-
ized significantly closer to the medial white matter bordering the lateral
ventricles compared with the frontal white matter (Extended Data
Fig.3a,b). Previous work has identified infiltrating T cells in the aged
brain, close to neurogenic niches and within the optic nerve***. As
Tcellsare amajor source of IFNs, we analyzed T-cell proportionsin the
mouse aging single-cell transcriptomic atlas*®and found that the T cells
significantly increased in 24-month-old mice compared with 18- and
3-month-old mice (Extended Data Fig. 3f). Using immunohistochemis-
try, we analyzed the CD3" T cells in the white and gray matter of the aged
brainand observedthatthe T cells, which were mostly CD8 T cells, were
almost exclusively found in the white matter, where they were enriched
in areas close to the lateral ventricles (Fig. 2b and Extended Data
Figs.2d and 3a,b,d). Next, we studied the spatial relationship between
theIFN-responsive oligodendrocytes (STAT1'CC1") and CD8* T cellsin
aging white matter. Strikingly, STAT1'CCI" cells are more frequently
localized in close proximity to CD8' T and vice versa (<20 pm) (Fig. 2c).
Moreover, STAT1'CCI" oligodendrocytes are found significantly more
oftenin close proximity to CD8" T cells than randomly chosen DAPI*
cells (Fig. 2d), which was not the case for Serpin3n*CC1" oligodendro-
cytes (Extended Data Fig. 3e).

To characterize the CD8" T cells in the aging brain, we analyzed
the mouse aging single-cell transcriptomic atlas®® and the CD8"
T-cell dataset from Groh et al.**. Our analysis, which included sam-
ples from 4 different organs of 21- and 24-month-old mice, showed
that brain-associated CD8" T cells segregated away from CD8*
T cells from the spleen, kidney and lung in the UMAP presentation
(Extended Data Fig. 4a). Genes differentially upregulated in the brain
CD8' T cells were enriched in tissue-resident memory T-cell mark-
ers (Cxcr6, Cd69, Junb, Bhlhe40), checkpoint molecules (PdcdI) and
effector function-associated genes (Gzmb, Ccl4, Ccl5, Ifng), but low in
genes associated with central memory T cells (Sell, Ccr7) compared
with CD8" T cells from the spleen, kidney and lung (Extended Data
Fig.4a-d).

Next, we performed immunofluorescence staining for the
tissue-resident memory T-cell marker, CD69, which showed that
almost allthe CD8'T cells were also positive for CD69 (Extended Data
Fig. 5a). We analyzed the expression of the checkpoint molecules,
programmed cell death protein1(PD-1) and the lymphocyte-activation

Nature Neuroscience | Volume 25 | November 2022 | 1446-1457

1447


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-022-01183-6

Smart-seq2
4 x 24-month-old mice
4 x 3-month-old mice

®

CD11bselection U:U )

G
1 ]

Optic tract

=

" =
Medial lemniscus
_—

%,

'callosum

Grey matter

-

eceeees el oE

|

10X
8 x 24-month-old mice
4 x 24-month RAG1KO old mice

Prefrontal cortex

Smart-seq2

ARO

[4 Oligodendrocytes: GM and WM- 3 & 24 months - Smart-seq2 e
Tissue Serpina3n -
60
O 50
z
o 40
=3
o]
T 304
8
$ 204
10 °
0| = A
0 24 mGM O 3mGM
W 24 mWM W 3mWM
d Oligodendrocytes : GM and WM - 24 months - 10x f
Serpina3n Stat1 -
5|
o 4+
s
€
@
S
©
o
o
-
g h Smart-seq2
[Set 1] Set2 | Set 3 J[ Seta |
Ifi2712a H2-K1 Stat1 B2m
o . 56
H Oligo2 3 6 4
£ 8
g 54 4 8 N
[ 2 2
52 2 ; 2
2
w
o T T T T 0 T T T T 0 T T T T 0 T T T T
3 ¥ O 0O N ¥ O O 3 ¥ O 0O 3 ¥ O 0O
T EE F@FLE FFEEE FFEES
Oligo2 10x
~5 Ifi2712a H2-K1 Stat1 B2m
i
= 3 4
I s s
. i ] = 2 3
b 85 % £33 S2 2
o (4] o 1 1
. 2 . , 81 1
<
« Lipid metabolism « TNF signaling 'Knr't\unitv u% 01— - - — 0= - . . 01— - . — 01= - . :
« Calcium ion binding « Apoptosis ° Antigen NS O O N9 O L0 N O O NO& O O
 Transport processing FFEE FELE FFEL (FEEE

and presentation
via MHC class |

Fig.1|Identification of age-related gene expression signaturesin
oligodendrocytes. a, Experimental design from dissection to cell sorting

and cellloading for the plate-based (Smart-seq2 (SS2)) and 10x pipelines,
respectively. b, UMAP plots of oligodendrocytesin the SS2 and 10x datasets,
colored by identified populations. ¢, UMAP plots of oligodendrocytes in the SS2
dataset, colored by tissue, age and expression of selected marker genes.d, The
10x dataset oligodendrocyte UMAP plots colored by tissue and expression of
selected marker genes. e-f, Boxplots of the age-related oligodendrocytes (ARO)
(e) and interferon-responsive oligodendrocytes (IRO) (f) cluster proportions
persample, respectively. The central line denotes the median, boxes represent
the IQR and whiskers show the distribution except for outliers. Outliers are all

points outside 1.5 the IQR. Each dot represents a sample (n =20 independent
experiments) and significant results (scCODA model) are indicated with red
bars. 24 m, 24-month-old; 3 m, 3-month-old. g, Heatmaps of average expression
of differentially expressed genes, comparing the four oligodendrocyte
populations. Gene sets were identified as differentially expressed markers for
each population using the SS2 dataset. Values are normalized per gene, showing
the gene expression across populations. Each column represents a gene. GO
terms are shown below each set of genes (Supplementary Table 3). TNF, tumor
necrosis factor. h, Violin plots showing selected IRO-enriched marker genes
across SS2 and 10x datasets. a.u., arbitrary units representing the corrected
log(1P) (counts) value.

gene 3 (LAG-3) and found that 40% of CD8" T cells wereimmunolabeled
by antibodies against PD-1and 32% of CD8" T cells by antibodies against
LAG-3 (Extended DataFig. 5b,c).

As checkpoint molecules are known to control the function of
T cells, we treated 18-month-old mice with antibodies against the coin-
hibitory receptors suchas cytotoxic T-lymphocyte-associated protein
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Fig.2|IFN-responsive oligodendrocytes localize to aged white matter close
to CD8' T cells. a, Immunofluorescence staining and quantification of C4b,
Serpina3n, B2m and STAT1in CC1* oligodendrocytes in the white matter of 3-
and 24-month-old mice (C4b*CC1*, 3-month, n =3, 24-month,n=5,"P=0.0357;
Serpina3n*CCl%, 3-month, n = 6,24-month,n =4, "P=0.0095; B2m*CCl",
3-month, n=4,24-month,n=4, P=0.0286; STAT1'CC1*,3-month,n=35,
24-month, n=5,"P=0.0079; data are mean + s.e.m.; Pvalues are from a two-
tailed Mann-Whitney U-test). Scale bar, 20 um; for B2m, 10 pm.

b, Immunofluorescence showing CD3"CD8" T cells (indicated by arrowheads).
Scale bar, 20 pm. Quantification of CD3" T cellsand CD8" T cells in the gray
(GM) and white (WM) matter of 3- and 24-month-old mice (n = 4 mice per group,
3-month WM versus 24-month WM, CD3*, "P=0.0003, CD8*, "P=0.0005;
24-month GM versus 24-month WM, CD3",“"P=0.0050, CD8*,"P=0.0032;
dataare mean + s.e.m.; Pvalues represent a two-sided Student’s t-test). c,
Immunofluorescence of CD8* T cells and STAT1*CC1" oligodendrocytes in

proximity in the white matter of 24-month-old mice. Scale bars, 20 pm. Bar plots
show quantification of STAT1"and STAT1 CC1" proximity to CD8" T cells and vice
versa (3 sections per mouse were selected; a total of 134 CD8" T cells and 272
STATI'CCI' oligodendrocytes from 4 mice were analyzed). d, Quantification of
the percentage of STAT1'CC1" oligodendrocytes found in proximity to random
cells compared with CD8* T cells (n =4 mice per group, "P=0.0052; dataare
mean + s.e.m; Pvalue represents a two-sided paried Student’s ¢-test).

e, Immunofluorescence staining and quantification of CD8" T cells, CD4" T cells,
B2m* and STAT1'CC1" oligodendrocytes in the white matter of mice treated with
anti-PD-1and CTLA-4 (ICB) and isotype control antibodies (CTR) for 6 weeks
starting at an age of 18 months (CD8", n =4, "P=0.0011; CD4*, n = 3; STAT1'CCI",
n=4,"P=0.0244;B2m'CCl*,n =4, P=0.0286; dataare mean * s.e.m.; Pvalues
represent a two-sided Student’s ¢-test (CD8", STAT1'CC1") or two-tailed Mann-
Whitney U-test (CD4", B2m*CC1")). Scale bar, 20 pm. NS, not significant.

4 (CTLA-4) and PD-1to determine the effect on oligodendrocytes.
Immune checkpoint blockage therapy is used to dampen coinhibitory
moleculesto achieve robust anti-tumor immune response”. Treatment
of mice with twice-weekly intraperitoneal injections with anti-PD-1

and anti-CTLA-4 antibodies for 6 weeks resulted inanincreased num-
ber of CD8" T cells, but not CD4" T cells, in the white matter (Fig. 2e).
In addition, the number of STAT1'CC1* and B2M*CC1" oligodendro-
cytes increased within the corpus callosum by checkpoint blockage
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therapy (Fig. 2e). The formation of Serpina3n® oligodendrocytes was
not induced by anti-PD-1/anti-CTLA-4 antibody treatment (Extended
DataFig. 6¢).

To continue exploring the link between T cells and white matter
aging, we performed three independent scRNA-seq experiments
using the 10x platform on 24-month-old Ragl” mice, which lack
functional lymphocytes. The Ragl™”~ dataset integrated well with
our 24-month-old wild-type 10x datasets, showing good batch mix-
ing while still preserving biological variance (Fig. 3a and Extended
Data Fig. 6a-c). The unsupervised clustering of T/natural killer (NK)
cells showed that the number of Cd3d- and Trbc2-expressing T cells
are significantly higher in the white matter of aged wild-type mice
(Fig. 3b,c and Extended Data Fig. 6d). Unsupervised clustering of
oligodendrocytes from the combined datasets showed again the
same transcriptional clusters with StatI and H2-D1 expressing IROs
and Serpina3n expressing age-related oligodendrocytes (Fig. 3d).
The scCODA analysis showed a marked reduction of IROs in Ragl™”~
mice (Fig. 3e). This finding was consistent with our immunolabe-
ling experiments, which showed a reduction of IROs in RagI”™ mice
(Fig. 3f). Together, these data provide evidence that the adaptive
immune system promotes IFN responses in oligodendrocytes in the
aging white matter, but to what extent these changes contribute to
white matter degeneration is unclear.

Next, we used correlated light and electron microscopy to detect
areas of high IBA1" cell density by immunohistochemistry, followed
by scanning electron microscopy to determine the ultrastructure of
myelinated axons. This analysis uncovered focal areas of hypomy-
elination in the corpus callosum of 24-month-old mice close to the
ventricular area (Extended Data Fig. 6e). To quantify the age-related
decay, we determined the number of oligodendrocytes in the aging
brain. First, we analyzed oligodendrocyte proportions by using the
mouse aging single-cell transcriptomic atlas* and found that the oli-
godendrocyte significantly decreased in 24-month-old compared
with 18- and 3-month-old mice (Extended Data Fig. 7d). Next, we used
immunohistochemistry to quantify oligodendrocyte cell numbersin
12-,18- and 24-month-old mice (Fig. 3g). We observed that the density
of CCI" oligodendrocytes declined in the 24-month-old compared with
the 12-month-old white matter, whereas no changes were observed
in the aged gray matter (Fig. 3g). Similar results were obtained when
glutathione S-transferase (GST-m) was used as an additional marker
to stain for mature oligodendrocytes (Extended Data Fig. 7a,b). In
addition, there was adecrease in Olig2* oligodendroglial cells, but not
of Pdgfra® OPCs (Extended Data Fig. 7c). Next, we analyzed oligoden-
drocytesinRagl”~ mice and found no differences in oligodendrocyte
density compared with controls at 6 months in both gray and white
matter (Extended Data Fig. 7e,f). However, when 24-month-old mice
were analyzed, we detected a higher density of oligodendrocytes in
the white matter of 24-month-old Ragl”~ compared with wild-type
control mice (Fig. 3g).

As Ragl™" mice lack various populations of mature adaptive
immune cells, including CD4, CD8, gamma-delta and B cells, we
used mice homozygous for the Cd8a™™*-targeted mutation (CD8™")
that specifically lacks functional CD8" T cells**. When we analyzed
24-month-old CD8™" mice, we found a reduction of the number of
STAT1'CC1" oligodendrocytes compared with control wild-type mice
(Fig. 3h). Next, we determined the density of CC1" oligodendrocytes
and detected higher numbers of oligodendrocytes in 24-month-old
CD8 mice compared with controls (Fig. 3i), confirming that CD8"
Tcellsinduce IFN responses and loss of oligodendrocytes.

CDS8' T cellsinduce IFN-responsive microglia

As previous studies have identified IFN-responsive microgliainvarious
models of neurodegenerative disease and during aging®, we asked
whether the adaptiveimmune system mediates IFN-responsive micro-
glia conversion. Unsupervised clustering of 15,601 microglia from
the aged white and gray matter of Ragl™ and wild-type mice revealed
distinct populations, including previously described homeostatic
microglia, activated microglia, white matter-associated microgliaand,
inaddition, asmaller population of IFN-responsive microglia (Fig. 4a).
The IFN-responsive microgliasubset was significantly enriched in aged
white compared with gray matter and was reduced inaged Ragl™” mice
(Fig.4a,b). INF-responsive microgliaare characterized by the upregula-
tion of IFN-stimulated genes Stat1 and Ifit3 (Fig. 4c,d). Gene ontology
(GO) enrichment analysis showed that IFN-responsive microglia and
oligodendrocytes share a transcriptional signature of IFN-induced
genesincluding Statl, Ifit3, Usp18 and Ifit27[2a (Fig. 4e). GO enrichment
analysis also detected differences with upregulated genesinvolvedin
antigen processing and positive regulation of T-cell-mediated cytotox-
icity for IFN-responsive oligodendrocytes, lymphocyte chemotaxis
and immune responses for IFN-responsive microglia.

To validate the presence of IFN-responsive microglia in the
aged white matter, we costained IBA1* microglia by using antibodies
against STAT1and, in agreement with our scRNA-seq data, we detected
STATI'IBA1" microglia in the white matter of 24-month-old mice
(Fig. 4f). Notably, these cells were almost absent from the white mat-
ter of 3-month-old mice. Next, we studied the spatial relationship
between STAT1'IBA1" microgliaand CD8' T cellsin aging white matter
and found that they were frequently in close proximity (<20 pum) (Fig.
5a). Our analysis showed that STATI'IBA1" microglia are significantly
more often found in close proximity to CD8" T cells than randomly
chosen DAPI’ cells (Fig. 5b). To determine whether the formation of
STAT1'IBA1" microglia depends on the function of adaptive immune
cells, we first analyzed the effect of the treatment of 18-month-old
mice with antibodies against the coinhibitory receptors CTLA-4
and PD-1. The number of STATI'IBA1" microglia increased within the
corpus callosum by checkpoint blockage therapy (Fig. 5c). Next, we
analyzed the number of STAT1'IBA1" microglia in the white matter of
24-month-old RagI”~ mice, whichrevealed areduction of STATI'IBA1

Fig. 3| Absence of functional lymphocytes reduces IFN-responsive
oligodendrocyte numbers and increases oligodendrocyte cell density in the
aged white matter. a, UMAP plot of 44,983 single-cell transcriptomes, colored
by major cell types. b, UMAP of T cells and NK cells, colored by T-cell identity,
genotype and T-cell marker genes. ¢, Bar plot showing the relative distribution
of each genotype-tissue experimental group within the T/NK cell population.

d, UMAP plots of oligodendrocytes in the Ragl”~ and wild-type integrated
dataset, colored by identified clusters, genotype and tissue annotation, as well
as selected marker genes. e, Boxplot of the IRO cluster proportion per sample.
The central line denotes the median, boxes represent the IQR and whiskers show
the distribution except for outliers. Outliers are all points outside 1.5x the IQR.
Each dot represents asample (n = 8independent experiments) and significant
results (scCODA model) areindicated with red bars. f, Inmunofluorescence
staining and quantification of STAT1*CC1* oligodendrocytes in the white matter
of 24-month-old wild-type and 24-month-old Ragl”~ mice (n = 5 mice per group,

'P=0.0466; dataare mean = s.e.m.; Pvalues represent a two-sided Student’s
t-test). Scale bar, 20 pm. g, Immunofluorescence staining and quantification

of CCI' oligodendrocyte density in the gray (GM) and white matter (WM) of 12-,
18-and 24-month-old wild-type and Ragl” mice (GM, n=3,3,5,4;WM,n=3,3,5,
4;12 months versus 24 months, ‘P = 0.0185, 24-month versus 24-month Ragl ™",
“P=0.0083; data are mean +s.e.m.; Pvalues represent two-sided, one-way
ANOVA with post hoc Tukey’s test). Scale bar, 20 um. h, Immunofluorescence
staining and quantification of CC1'STAT1" oligodendrocytes in the white matter
of 24-month-old wild-type and CD8”~ mice (n =4 mice per group, "P=0.0035;
dataare mean + s.e.m.; Pvalue represents a two-sided Student’s ¢-test).

Scale bar, 20 pm. i, Immunofluorescence staining and quantification of CC1*
oligodendrocyte density (red) in the white matter of 24-month-old wild-type
and CD8”"mice (n =4 mice per group, P =0.0176; data are mean +s.e.m.; Pvalue
represents a two-sided Student’s ¢-test). Scale bar, 20 pm.
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microglia number compared with control wild-type mice (Fig. 4f).
Finally, we stained for STATI'IBAL* microglia in aged CD8”" mice.
Again, 24-month-old mice deficient in functional CD8" T cells had
markedly lower numbers of STATI'IBA1* microglia compared with
control wild-type mice (Fig. 5d). Together, these data show that CD8"

T cells not only induce an IFN-responsive oligodendrocyte but also
microglia state in the aged white matter.

As our previous work identified the age-dependent formation of
white matter-associated microglia, engaged in clearing myelin debris'®,
we asked whether these cells are required for lymphocyte-dependent
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IFN responses in aged white matter. This seemed plausible because
white matter-associated microglia are defined by the activation of
genes implicated in phagocytic activity, antigen processing and pres-
entation, and they also express MHC-I (Extended Data Fig. 8a,b) and
areenrichedin Mbp transcripts (Extended DataFig. 8c,d), reminiscent
of microglia containing myelin transcripts previously detected in the
brains of patients with multiple sclerosis™®. As the triggering receptor
expressed on myeloid cell 2 (TREM2) is required for the formation
of white matter-associated microglia'®, we analyzed Trem2”~ mice to
determine possible differences in the formation of IFN-responsive
oligodendrocytes and microglia.

However, when aged Trem2”~ mice were analyzed, we did not
detect any significant differences in the number of STAT1'CC1" oli-
godendrocytes or STATI'IBA1" microglia and also not in the prox-
imity of STAT1'IBA1" microglia to CD8" T cells, even if there was a
lower number of CD8" T cells (Extended Data Fig. 8e-h), pointing to
TREM2-independent mechanisms in the formation of IFN-responsive
oligodendrocytes and microgliain aged white matter. However, aged

Trem2” mice suffer from slightly degenerating white matter and sei-
zures'®, which can cause innate immune reactions®’, making the inter-
pretation of the data more difficult.

IFN-yinjection induces oligodendrocyte loss

Next, we performed experiments to determine the functional conse-
quences of IFN on oligodendrocytes. Previous work has shown that
CD8" cytotoxic T lymphocytes in the aged brain produce IFN-y*. To
assess the impact of IFN-y on oligodendrocytes, we stereotactically
injected 10 ng of IFN-y into the white matter of 4- and 18-month-old
mice, which was sufficient to induce STAT1'CC1" oligodendrocytes
(Extended Data Fig. 9a). Strikingly, when lesions were analyzed 48 h
postinjection in4-and 18-month-old mice, we found that the aged mice
contained more MAC2" phagocytes loaded with myelin debris, dis-
played stronger reduction of CC1* oligodendrocytes and showed more
pronounced demyelination with loss of myelin basic protein (MBP)
and a reduction of neurofilament labeling (Fig. 6a—e and Extended
Data Fig. 9¢). Control vehicle injections in 18-month-old mice did not
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atwo-sided paired Student’s ¢-test). ¢, Immunofluorescence staining and
quantification of STATI'IBA1" microglia in the white matter of mice treated with
anti-PD-1and CTLA-4 (ICB) and isotype control antibodies (CTR) for 6 weeks
starting at the age of 18 months (n = 3 mice per group, P=0.0125; dataare

mean + s.e.m.; Pvalue represents a two-sided Student’s t-test). Scale bar, 20 pm.
d, Immunofluorescence staining and quantification of STAT1'IBA1 microgliain
the white matter of 24-month-old wild-type and 24-month-old CD8”" mice (n=4
mice per group, P=0.0223; data are mean +s.e.m.; Pvalue represents a two-
sided Student’s t-test).

induce such lesions (Fig. 6f-h and Extended Data Fig. 9b). Previous
studies have shown that IFN-y can induce oligodendrocyte cell death
invitroandinvivo***2, To directly determine the response of IFN-y on
oligodendrocytes, we treated primary cultures of mouse oligoden-
drocytes with IFN-y. We used IFN-y in concentrations that triggered
STAT1 expression, to determine whether the induction was sufficient
toinduce cell death. Immunofluorescence analysis indicated that the
STAT1' oligodendrocyte state did not affect cell viability in culture at this
concentration (Fig. 6i). AsIFN-yisanimportantactivator of microglia,
we asked whether the cytotoxic effects of IFN-y toward oligodendro-
cytes is mediated by microglia. Indeed, when oligodendrocytes were
cocultured with microglia, a marked reduction of oligodendrocyte
cell number was observed in the presence. but not in the absence, of
IFN-y (Fig. 6j). Thus, microglia can induce IFN-y-mediated oligoden-
drocyte injury in vitro; however, other cells and mechanisms, such as
direct CD8" T-lymphocyte-mediated cytotoxicity, might contribute to
oligodendrocyte reactions during aging in vivo.

Discussion

White matter aging causes myelin degeneration, but how oligoden-
drocytes respond to aging is poorly defined. In the present study,
we found that aging was associated with distinct oligodendrocyte
responses, shown by the generation of a subpopulations of STAT1'/
B2M*and Serpina3n‘/C4b* oligodendrocytes and a reduction of oli-
godendrocyte density in aged white matter. We provided evidence

that adaptiveimmune cells contributed to the cellular alterations that
were associated with white matter aging. In both RagI” and CD8"/~
aged mice, thenumber of STAT1" oligodendrocytes decreased and the
total density of oligodendrocytesincreased to asimilar extent, provid-
ing evidence that functional CD8" T cells are an important modifier
of white matter aging. In addition, we identified a subpopulation of
lymphocyte-dependent IFN-responsive microgliainaging white matter.
Theseresults show that adaptive immunity drives IFN-responsive cell
states in aging white matter, but the exactlink of CD8" T cells, microglia
and oligodendrocytes remains to be established. Previous work has
shown that CD8" T cells invading the aging brain exhibit high levels
of IFN-y, which drive IFN signaling within the neurogenic niche of the
subventricular zone®. CD8" T-cell-derived IFN-y may also induce IFN
responsesinoligodendrocytes and microglia, but the contribution of
other IFNs cannot be excluded®. One possible scenario is the secre-
tion of IFN-y by CD8" T cells, which, in turn, polarizes microglia into
aninjurious phenotype. It is interesting to compare our results with
aprevious study using a viral model of encephalitis in mice, in which
CDS8'" T-cell-derived IFN-y triggers acute loss of axosomatic connec-
tions**. In this model, phagocytes activated by neurons, which have
been stimulated by CD8" T-cell-derived IFN-y triggers synapse loss**.
Accordingly, itis conceivable that IFN-responsive oligodendrocytes
actively recruit proinflammatory microglia as effector cells in aged
white matter. Alternatively, CD8" T-lymphocyte cytotoxicity occurs
in a cognate T-cell receptor- and granzyme B-dependent manner, as
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shown for axons in the optic nerve*. In this context, the age-related
induction of Serpina3n*oligodendrocytes is of interest, because Ser-
pina3nisaninhibitor of granzyme B that can dampen axon and myelin
damage in autoimmune conditions*. Several studies have identified
distinct populations of clonally expanded CD8' T cells expressing the
checkpointinhibitor PD-1in aged mice and humans®*¢, We found that
treatment of mice with antibodies against the checkpoint receptors,
CTLA-4 and PD-1, resulted in anincrease in the number of CD8" T cells
andIFN-responsive oligodendrocytes and microglia. These data could
possibly explain why immune checkpoint inhibition in cancer causes
behavioral and cognitive changes in some patients”.

The temporal sequence and causality of pathological processes
contributing to white matter aging need to be established. As the deep
white matter areas lie at the ends of the arterial circulation, they are
particularly susceptible to decreases in blood flow and oxygenation,
possibly contributing to increased vulnerability of aged white matter
to hypoperfusion and aging-induced leaky blood-brain barrier*s*.
Progressive vascular damage, induced by injury to myelinated fibers,
may promote theinfiltration of CD8" T cells, thereby triggering harm-
ful immune reactivity toward microglia and oligodendrocytes. A key
question that remains to be established is how CD8" T cells enter the
brain and whether antigen recognition is necessary for this process.
The clonal expansion of CD8" T cells in aging provides evidence that
they actively recognize antigen(s)***. It is unclear why CD8" T cells
migrate specifically to the central nervous system white matter. It is
possible that they are attracted by myelin self-antigens, reminiscent of
the T cells found in multiple sclerosis. The long-lived myelin proteins
and lipids may accumulate oxidation and posttranslational modifica-
tions during aging that lead to their recognition as neoantigens when
presented to T cells. Proof of principle that oligodendrocyte pathology
can trigger adaptive autoimmune responses against myelin has been
provided in a model of oligodendrocyte ablation®. However, passive
mechanisms such as age-related changes in the migration of CD8" T
across aleaky blood-brainbarrier, dural sinuses or choroid plexus are
also conceivable. In addition, it remains to be clarified whether CD8"
T cells produce IFN-y in the aging white matter, as has been shown for
the stem cell niches of aging mice®.

Previous work has shown that oligodendrocytes are particularly
sensitive to IFN-y, because it can trigger oligodendroglial cell death
and demyelination*®~*2, Strikingly, we find that this effect is highly
pronounced in the aged brain, in which IFN-y potently induces loss of
oligodendrocytes and demyelinating injury. Possibly, the aging brainis
primed toward IFN-y due to age-associated, chronic, low-grade inflam-
mation, so-called ‘inflammaging™'. Notably, OPCs respond to IFN-y by
inducing the antigen presentation pathway to activate T cells, which
in turn cankill the OPCs as their target cells?®*°. Immune responses in
the aging brain are not limited to oligodendrocyte-lineage cells and
myelinated axons. Previous work has shown T-cell infiltration in the
aged brain, where the T cells impair the function of neuronal stem
cells within the neurogenic niche®?>%, Intriguingly, proliferation of
neural stem cells was inhibited by IFN-y, which was secreted from CD8"
T cells®. This mechanism is likely to be of functional relevance for the
oligodendroglial lineage, because aging is not only associated with
myelin degeneration but also withinsufficient myelin renewal, aresult
of reduced capacity of OPCs to proliferate and differentiate®*'***,
Indeed, we found that myelin degeneration was not associated with
anincrease in OPC numbers in the aging brain.

Asagingisthebiggest factor for the most prevalent neurodegen-
erative diseases, it will be interesting to understand how the cellular
alterations that occur in the white matter intermix with the pathology
of these disorders. White matter changes and myelin alterations have
beendetected in Alzheimer’s disease and its mouse models'®**’, which
may contribute to disease pathology, including TREM2-dependent
DAM signaling’®”; however, TREM2-independent glial responses have
also been described”S. As our previous work identified TREM2- and

age-dependent, white matter-associated microglial responses, we
analyzed the TREM2 dependence of IFN-responsive microglia but
foundinstead arole of CD8'T cells.

Our dataemphasize the contribution of CD8" T cells in triggering
IFN-responsive cell statesin the aging white matter, butitis likely that
additional mechanisms contribute. In particular, prolonged exposure
ofnucleicacids to pattern-recognition, immune-sensing receptors can
lead toinappropriate type lIFN release™. Itis interesting that Aicardi-
Goutieressyndrome, aprototype of aninherited disease with abnormal
nucleicacid sensingand IFN induction, is associated with white matter
pathology™. Likewise, deletion of ubiquitin-specific protease 18, a
protein that negatively regulates STAT1signaling, causes fatal activa-
tion of white matter microglia and myelin pathology®®'. Due to the
extensive crosstalk betweentypelandtype 2 IFN signaling pathways,
future studies need to address their specific contribution within the
different cell types during white matter aging.

Although the exact communicationacross CD8" T cells, microglia
and oligodendrocytes and the link to IFN signaling remain to be estab-
lished, these results support the hypothesis that cytotoxic CD8" T cells
contribute to age-associated white matter decay.
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Methods

Animals

The mouselines used inthe present study are the following: wild-type
C57BL/6) mice were from Janvier Labs; Trem2” mice®? on the C57BL/6)
background were kindly provided by C. Haass, Laboratory of Neurode-
generative Disease Research, German Center for Neurodegenerative
Diseases (DZNE), Munich; Ragl™”~ (B6.129S7-Ragltm1Mom/J)** and
Cd8” mice (B6.129S2-Cd8atm1Mak/J)** and wild-type controls were on
the C57BL/6) background. Experiments were performed with young,
adultand aged mice (aged 3, 12,18 and 24 months) as indicated in the
figures and legends. Only aged mice that were on inspection healthy
were used for experiments. Animals were randomly assigned to the dif-
ferent groups. Treatment with antibodies against PD-1and CTLA-4 and
their respective isotype controls was performed in 18-month-old mice;
mice were injected intraperitoneally with a mix of both antibodies of
concentration10 mg kg™ (PD-1) and 20 mg kg™ (CTLA-4) twice aweek
for 6 weeks in total. All animal experiments were reviewed and over-
seenby theinstitutional animal use and care committee of the DZNE in
Munich and the University Hospitalin Wiirzburg. All animals were free
from the most common mouse viral pathogens, ectoparasites, endo-
parasites and mouse bacterial pathogens harbored in research animals.
Thebattery of screened infective agents met the standard health profile
established in the animal facility in the DZNE animal housing facility.
The mice werekeptingroupsin Greenline [VC GM500 plastic cages and
were housed in a temperature-controlled environment (21 +2 °C) on
al2hlight:dark cycle with standard chow and water freely available.
Water was provided inawater bottle, which was changed weekly. Cages
were changed every week.

Mice perfusion and cell isolation for Smart-seq2

Four young (3-month-old) and four old (24-month-old) male
C57BL/6) mice were deeply anesthetized and perfused with cold
phosphate-buffered saline (PBS; Sigma-Aldrich, catalog no. D8537).
Each brain was carefully removed and individually microdissected
under a dissection microscope; gray matter was isolated from the
frontal cortex and white matter was carefully isolated from the optic
tract, medial lemniscus and corpus callosum (attached gray matter
and choroid plexus were removed). We used our previously established
isolation protocol® using gentleMACS with the Neural Tissue Dissocia-
tion Kit (Papain; Miltenyi Biotec) and a final concentration of 45 mM
actinomycinD (Act-D, Sigma-Aldrich, catalog no. A1410). Subsequently,
cells were blocked with mouse FcR-blocking reagent (CD16/CD32 Mon-
oclonal Antibody, eBioscience, catalog no. 14-0161-82,1100), stained
with antibodies against CD11b (PE/Cy7, M1/70, eBioscience, catalog no.
48-0451-82,1:200) and afterward washed with PBS. Before sorting, the
cellsuspensions were stained by the live/dead marker SYTOX Blue (final
concentration1pM). Viable (SYTOX Blue-negative) nonmyeloid single
cells (CD11b™ cells) were sorted by flow cytometry (Sony, catalog no.
SH800). Single cells were sorted into 96-well plates filled with 4 ml of
lysis buffer containing 0.05% Triton X-100 (Sigma-Aldrich) and ERCC
(External RNA Controls Consortium) RNA spike-in Mix (Ambion, Life
Technologies; 1:24,000,000 dilution), 2.5 mMoligo(dT), 2.5 mM dNTP
and 2 U ml™ of recombinant RNase inhibitor (Clontech), then spun
downand frozen at -80 °C. Plates were thawed and libraries prepared
asdescribed below.

Library preparation for Smart-seq2

The 96-well plates containing the sorted single cells were first
thawed and then incubated for 3 min at 72 °C and thereafter imme-
diately placed on ice. To perform reverse transcription (RT) we
added to each well a mix of 0.59 pul of H,0, 0.5 pl of SMARTScribe
Reverse Transcriptase (Clontech), 2 pl of 5x First Strand buffer,
0.25 pl of Recombinant RNase Inhibitor (Clontech), 2 pl of Betaine
(5M Sigma), 0.5 pl of dithiothreitol (100 mM), 0.06 pl of MgCl, (1M,
Sigma-Aldrich) and 0.1 pl of template-switching oligos (TSOs) (100 pM,

AAGCAGTGGTATCAACGCAGAGTACrGrG + G). Next, RT reaction mixes
were incubated at 42 °C for 90 min, followed by 70 °C for 5 minand 10
cycles of 50 °C for 2 min and 42 °C for 2 min, finally ending with 70 °C
for 5 min for enzyme inactivation. Preamplification of complemen-
tary DNA was performed by adding 12.5 pl of KAPA HiFi Hotstart 2x
(KAPA Biosystems), 2.138 pl of H,0, 0.25 pl of ISPCR primers (10 pM,
5-AAGCAGTGGTATCAACGCAGAGT-3’) and 0.1125 pl of lambda exonu-
clease under the following conditions: 37 °C for 30 min, 95 °C for 3 min,
23 cyclesof 98 °Cfor20s, 67 °Cfor15sand 72 °C for 4 min, and afinal
extensionat 72 °Cfor 5 min. Libraries were then cleaned using AMPure
bead (Beckman-Coulter) clean-up at a 0.7:1 beads:PCR product ratio.
Libraries were assessed using Bio-analyzer (Agilent, catalog no. 2100),
using the High Sensitivity DNA analysis kit, and also fluorometrically
using Qubit’s DNA HS assay kits and aQubit 4.0 Fluorometer (Invitrogen,
Life Technologies) to measure the DNA concentrations. Further selec-
tion of samples was performed via quantitative PCR assay against ubiq-
uitintranscript Ubb77 (primer15-GGAGAGTCCATCGTGGTTATTT-3’;
primer 25’-ACCTCTAGGGTGATGGTCTT-3’; probe 5’-/5Cy5/TGCAGAT
CTTCGTGAAGACCTGAC/31AbRQSp/-3’) measured on a LightCycler
480 Instrument Il (Roche). Samples were normalized to 160 pg pl™
Sequencing libraries were constructed using in-house-produced
TnS transposase33. Libraries were barcoded and pooled then under-
went three rounds of AMPure bead (Beckman-Coulter) clean-up at a
0.8:1ratio beads:library. Libraries were sequenced 2x 150 reads bp
paired-end on Illumina HiSeq4000 toadepth of 3 x 105-4 x 105 reads
per sample.

Processing, quality control and analyses of Smart-seq2
scRNA-seqdata

BCL files were demultiplexed with the bcl2fastq software from Illumina.
After quality control with FastQC, reads were aligned using rnaSTAR®*
tothe GRCm38 (mm10) genome with ERCC syntheticRNA added. Read
counts were collected using the parameter ‘quantMode GeneCounts’
of rnaSTAR and the unstranded values. Quantitative criteriawere used
to filter out low-quality cells as shown in Extended Data Fig. 1b. We
observed the distribution of all samples for each quality metrics and
defined thresholds toremove outliers or samples with abnormal values.
Inthe same order asin Extended Data Fig. 1b, we considered the number
of reads per sample (>20,000 and <4 x 10°), the number of genes per
sample (=1,000 and <6,500), the average sequence read length after
trimming (>180 and <200), the mismatch rate during alignment (>0.15
and <0.5), the percentage of uniquely mapped reads (=68 and <100),
the percentage of multimapped reads (>2.3 and <7.7), the percentage
of reads considered too short (=0 and <17), the percentage of ERCCs
(=0 and <0.011) and the percentage of mitochondrial genes (>0 and
<0.006). From 2,650 single cells, 2,538 passed quality control. From
that point, Seurat v.3.2.3R package was utilized®. Gene expressions
were normalized using the SCTransform function (3,000 variable
features) within Seurat. The first eight PCs were selected based on the
elbow plot and heatmap of PC embeddings and used for downstream
analysis steps. Cell-type clusters were identified using the Louvain algo-
rithm and annotated by canonical cell-type markers (Extended Data
Fig.1c,d). Oligodendrocytes (2,413 single cells) were extracted and ana-
lyzed separately. After processing with SCTransform (2,000 variable
features), the first 10 PCs were considered for downstream analyses.
Unbiased clustering was performed using the Louvain algorithm that
led to the identification of the four aforementioned oligodendrocyte
populations. Gene sets of clusters 1, 2, 3 and 4 were defined by using
the FindMarkers function with a threshold of avg_log,(fold-change)
(avg_log,(FC)) >1(Fig.1g). GO analyses were performed with the DAVID
annotation tool°®, STRING® and Metascape®.

Mice perfusion and cell isolation for 10x genomic experiments
For 10x genomic experiments, mice were deeply anesthetized
and perfused with cold PBS. Each brain was removed, individually
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microdissected under adissection microscope and dissociated in the
same way as described above (10x mice informationis provided in Sup-
plementary Table 2). To collect enough cells for loading on to the 10x
Genomics Chromium chip, two gray matter/white matter tissue sam-
ples were combined into one sample. After tissue dissociation, SYTOX
Blue-negative cells were sorted into a2-ml Eppendorftube with 1 ml of
RPMI + 5% fetal bovine serum (FBS). Sorted cells were centrifuged at
300gfor10 minat4 °C.Cell pellets were resuspendedin 0.04% bovine
serum albumin (BSA) + PBS catching medium at a concentration of
700-900 cells per pl.

Library preparation for 10x genomic experiments

Single-cell suspensions were loaded on to the Chromium Single Cell
Controller using the Chromium Single Cell 3’ Library & Gel Bead Kit
v.3.1(10x Genomics) chemistry following the manufacturer’sinstruc-
tions. Sample processing and library preparation were performed
according to the manufacturer’s instructions using AMPure beads
(Beckman-Coulter). Libraries were sequenced on the DNBSEQ Sequenc-
ing System (BGl group).

Preprocessing and analyses of 10x data

Fastq files were processed with Cell Ranger v.3.0.2 (wild-type aging),
4.0.0 (RaglKO 1st batch) and 6.1.2 (RaglKO 2nd batch). From that point,
the Seuratv.3.2.3R package® was used for downstream analyses. Unless
stated otherwise, all gene expression matrices were filtered with the
parameters ‘min.cells=3’,‘min.genes=200’ and ‘mitochondrial percent-
age>0.10" (Extended Data Fig. 6¢), removing cells with <200 genes and
mitochondrial gene percentage >10% and keeping genes with expres-
sionin atleast 3 cells. Further sets of filters are explained in detail for
eachsample.

Wild-type aging datasets. The two batches of libraries (Supplemen-
tary Table 2) were processed separately. For the first batch, expression
matrices were filtered by number of unique molecular modifiers
(UMIs) (<30,000) and genes (<6,000). Processed data were normal-
ized with the SCTransform function (variable.features.rv.th=1.4)
and the top 9 PCs were selected for downstream analyses on inspec-
tion. Major cell types were identified using Louvain clustering and
canonical cell-marker expression. Oligodendrocytes were extracted
to be analyzed separately. The oligodendrocyte subset dataset was
processed with SCTransform (variable.features.rv.th=1.5), principal
component analysis (ten PCs) and Louvain clustering as explained
earlier. In addition, Gm42418 and AY036118 genes were removed
from the expression matrix because they indicate ribosomal RNA
contamination®.

The samples in the second batch were analyzed similarly; by
extractingthe oligodendrocytes after processing the libraries by qual-
ity control (QC) filtering, normalization, dimensionality reduction,
clustering and cell-type annotation. QC filtering was done by num-
ber of UMIs (<50,000) and genes (<8,000). The filtered expression
matrix was normalized by SCTransform (variable.features.rv.th=1.4
and regression by ‘mitochondrial percentage’). The top 30 PCs were
picked for downstream analyses. The oligodendrocyte subset dataset
was again put through the same processing steps: SCTransform (top
750 variable genes) normalization, preceding downstream analyses
conducted with the top 10 PCs.

To avoid batch-specific effects while still preserving biological
variability, the sequenced libraries (four sequencing runs from eight
animals) were integrated using the Seurat 3 CCA integration work-
flow’®. Both the dataset with all cell types and the oligodendrocyte
subset dataset were integrated using the integration steps tailored
for SCTransform-normalized datasets. For the dataset with all cell
types, the first 30 PCs were selected for the downstream analyses.
Major cell types were identified using Louvain clustering and canonical
cell-marker expression (Extended Data Fig. 1e,f).

For the oligodendrocyte dataset integration, the top 750 most
variable genes and the top 20 PCs were selected for the “anchoring’.
After the integration, the top 10 PCs were used for downstream steps
and unbiased clustering with a resolution of 0.5 identified the afore-
mentioned 7 oligodendrocyte populations.

Rag1KO datasets. Samples from the two batches were analyzed sepa-
rately, similar to the steps described for the wild-type aging datasets.
For the first batch, expression matrices were filtered by number of
UMIs (<20,000). Processed data were normalized using the SCTrans-
form function (variable.features.rv.th=1.4 and regression by ‘mito-
chondrial percentage’). Thetop 30 PCs were selected for downstream
analyses and major cell types were identified using Louvain cluster-
ing and canonical cell-marker expression. A small cluster with high
microglial-marker gene expression was removed. Oligodendrocytes
were extracted and analyzed separately before integration. Gm42418
and AY036118 genes were removed from the expression matrix to
prevent technical artifacts. In addition, a small cluster with high
microglial-marker gene expression were removed. The same nor-
malization parameters were applied: variable.features.rv.th=1.4 and
regression by ‘mitochondrial percentage’. The second batch of samples
(bothall celltypes and oligodendrocyte subsets) were analyzed in the
same way with the exception of filtering parameters (number of UMIs
<25,000 and genes <8,000).

Integration of wild-type and Rag1KO datasets. The Seurat v.3 RPCA
integration method was used to analyze wild-type and RaglKO samples
together. Previously described four batches of oligodendrocytes sub-
sets (eight sequencing runsintotal, four per genotype) were integrated
(Fig.3d and Extended Data Fig. 6¢). The 500 most variable genes from
eachbatchandthetop 20 PCs were usedinthe ‘anchoring’ (k.anchor=3)
of the Seurat objects. Postintegration, the top 15 PCs were selected
for downstream analyses. Unbiased clustering identified the same
oligodendrocyte populations as previously described.

To analyze wild-type and RaglKO microglia, our previously
described microglia dataset'® was integrated together with the micro-
gliafromour RaglKO libraries. Four batches of microgliasubsets (eight
sequencing runs in total, four per genotype) were integrated (Fig. 4a
and Extended Data Fig. 6c). The 750 most variable genes from each
batch and thetop 15 PCs were used in the ‘anchoring’ (k.anchor=4, max.
features=100) of the Seurat objects. Postintegration, the top 15 PCs
were selected for downstream analyses. Unbiased clustering identi-
fied the same microglial populations in Safaiyan et al."® with addition
to IFN-responsive microglia.

Datasets generated in the present study and external datasets (12
sequencingruns, 4 from Safaiyan etal.'®, 8 from the present study) were
integrated using RPCA (Fig. 3a). The 3,000 most variable genes and
default parameters for other functions were used in the ‘anchoring’.
The first 30 PCs were selected for clustering analysis and major cell
types were identified using canonical marker genes.

Integration of CD8 T-cell datasets. Processed gene expression matri-
ces and metadata of brain (FACS), kidney (droplet), lung (droplet) and
spleen (droplet) datasets from the mouse aging single-cell transcrip-
tomicatlas® were downloaded. After filtering based on gene expression
andage, only CD8'T cells from 21-and 24-month-old samples were kept.
The processed gene expression matrix and metadata were provided on
request by the authors for the Groh et al. dataset®. These five datasets
were integrated with the RPCA workflow for log(normalized datasets);
the 500 most variable genes and the top 10 PCs were used in the anchor-
ing steps. The integrated dataset was scaled with default parameters
and the top ten PCs were used to calculate the UMAP.

Alldifferential gene expression analyses were conducted using the
FindMarkers function with Wilcoxon’s rank-sum test. The scCODAv.0.1.6
package was used for compositional analysis of the single-cell data. The
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false discoveryrate (FDR) value was set to 0.4 tobe able to detect subtle
yet biologically relevant changes, as described by the authors in their
documentation. In all boxplots, the central line denotes the median,
boxes represent theinterquartile range (IQR) and whiskers show the dis-
tribution except for outliers. Outliers are all points outside 1.5% the IQR.

Immunohistochemistry

Animals were anesthetized by 10 mg ml™ of ketamine and 1 mg ml™ of
xylazine solution intraperitoneally and perfused transcardially with
4% paraformaldehyde (PFA). Postfixation of brain tissue was done in
4% PFA overnight. Then the brain tissue was further cryoprotected in
30% sucrose in PBS for 24 h. After freezing the tissue on dry ice using
Tissue-Tek O.C.T, 30-um coronal sections were cut using a cryostat Leica
CM1900. Free-floating sections were collected in asolution containing
25% glycerol and 25% ethylene glycol in PBS. The sections were rinsed
with1x PBS containing 0.2% Tween-20 and permeabilized in 0.5% Triton
X-100 for 30 min. Fab fragment goat anti-mouse immunoglobulin G
(1:100, Dianova) was added for1 hat room temperature to block endog-
enous mouse tissue immunoglobulins. After a brief wash the sections
wereblocked for1hatroom temperaturein asolution containing 2.5%
fetal calf serum, 2.5% BSA and 2.5% fish gelatin in PBS. Primary antibod-
ies, dilutedin10% blocking solution, were incubated overnight at 4 °C.
Onthefollowing day, sections were incubated with secondary antibod-
ies, diluted in 10% blocking solution, for 2 hatroom temperature. The
sections were washed with PBS followed by DAPIincubation in 1x PBS
for 10 min and mounted. The following antibodies were used: mouse
anti-APC (Millipore, catalog no. OP80-100UG, 1:100), rabbit anti-B2m
(abcam, catalog no.ab75853-100ul,1:100), rabbit anti-STAT1 (Cell Sign-
aling Technology, catalog no. 14994S, 1:250), rat anti-CD8 (Promega,
catalogno.100702,1:100), rabbit anti-Ibal (Wako, catalog no.234 004,
1:250), goat anti-Serpina3n (Bio-Techne, catalog no. AF4709,1:100), rat
anti-C4b (Thermo Fisher Scientific, catalog no. MA1-40047,1:25), rab-
bit anti-Olig2 (Millipore, catalog no. AB9610, 1:250), mouse anti-Gstp
(BD, catalog no. 610719, 1:250), rat anti-Mac2 (BioLegend, catalog no.
125402,1:250), chicken anti-MBP (Thermo Fisher Scientific, catalog no.
PA1-10008, 1:1,000), chicken anti-neurofilament heavy polypeptide
(abcam, catalog no.ab4680,1:400), anti-PDGF-Ralpha (R&D Systems,
catalogno.1:100), goat anti-CD69 (R&D Systems,1:100), goat anti-PD-1
(R&D Systems,1:100), rabbit anti-LAG-3 antibody (Abcam, 1:100),
AF1062FM green fluorescent myelin stain (Thermo Fisher Scientific,
catalog no.F34651,1:400), anti-mouse 555 (Thermo Fisher Scientific,
catalogno.A-21422,1:500), anti-mouse 647 (Thermo Fisher Scientific,
catalogno. A-21235,1:500), anti-mouse 488 (Thermo Fisher Scientific,
catalog no. A-21202,1:500), anti-rabbit 555 (Thermo Fisher Scientific,
catalogno.A-21428,1:500), anti-rabbit 488 (Thermo Fisher Scientific,
catalog no. A-11008,1:500), anti-rat 555 (Thermo Fisher Scientific,
catalog no. A-21434,1:5600), anti-goat 555 (Thermo Fisher Scientific,
catalog no. A-32116,1:500), donkey anti-rat 488 (Thermo Fisher Scien-
tific,1:500), donkey anti-goat 555 (Thermo Fisher Scientific,1:500) and
donkey anti-rabbit 647 (Thermo Fisher Scientific, 1:500). For CC1,B2m,
Gstp, OLIG2, STAT1and Serpina3n staining, antigen retrieval protocol
using citrate buffer (10 mM, pH 6) was performed on free-floating
sections, followed by a staining protocol as mentioned above. For
CD8, STAT1 and CC1/IBA1 combined staining, the sections were per-
meabilized with 0.5% Triton X-100 for 30 min at room temperature
and blocked in 5% goat serum, and primary antibodies, diluted in 10%
blocking solution, were added and incubated overnight at 4 °C with
0.5% Triton X-100 for 30 min at room temperature and blocked in 5%
goatserum; secondary antibodies include goat anti-rabbit IgG antibody
(H+L), biotinylated (Vector Laboratories, 1:200), goat anti-rat 488 and
goat anti-mouse 647 (Invitrogen, 1:500) for 1 h at room temperature.
Sections were then washed with PBS and incubated with streptavidin
555 (Invitrogen, 1:500). To determine the proximity of CD8" T cells to
STAT1'CCI" oligodendrocytes (IROs), CD8" T cells (or random DAPI*
cells) were selected manually, fromwhich acircle witha 20-pm radius

was drawn from the center of the cell viaImageJ automatically. We then
quantified the percentage of STAT1'CC1" oligodendrocytes located
within that circle. Conversely, we proceeded similarly but took oligo-
dendrocytes as areference and quantified the T cells within a circle
with a20-pmradius. The same quantification method was applied to
determine the proximity of CD8" T cells to STATI'IBA1" microglia (IRM).
Imageswere acquired viaa Leica TCS SP5 confocal microscope or with
an LSM900 Zeiss microscope and were processed and analyzed with
Image) 1.41image-processing software.

Correlated light and electron microscopy

Mice were perfused by 4% PFA (electron microscope (EM) grade,
Science Services) in PBS (pH 7.4), the brain dissected and vibratome
sectioned coronally at 100-um thickness. Every second section was
subjected to immunohistochemistry, whereas the remaining sec-
tions were postfixed with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer (Science Services) for potential EM. The method of immuno-
histochemistry for Ibal staining was described as above. Sections
were assessed by fluorescence imaging for sites of Ibal enrichmentin
the corpus callosum, indicative of microglial nodules. The adjacent
EM section was selected and subjected to a standard rOTO contrast-
ing procedure. After postfixation in 2% osmium tetroxide (Electron
Microscope Services), 1.5% potassium ferricyanide (Sigma-Aldrich)
in 0.1 M sodium cacodylate, staining was enhanced by reaction with
1% thiocarbohydrazide (Sigma-Aldrich) for 45 min at 40 °C. The tissue
was washed in water and incubated in 2% aqueous osmium tetroxide,
washed and further contrasted by overnightincubationin1%aqueous
uranylacetateat4 °Cand 2 hat 50 °C.Samples were dehydratedinan
ascending ethanol series and infiltration with LX112 (LADD). We serially
sectioned the tissue at 200-nm thickness on to carbon nanotube (CNT)
tape (Science Services) on an ATUMtome (Powertome, RMC) using a
35° ultra-diamond knife (Diatome). CNT tape stripes were assembled
ontoadhesive carbontape (Science Services) attached to4-inchsilicon
wafers (Siegert Wafer) and grounded by adhesive carbon tape strips
(Science Services). EM micrographs were acquired on a Crossbeam
Gemini 340 SEM (Zeiss) with a four-quadrant backscatter detector at
8 kV.Overviewscans were takenat 200-nm lateral and higher resolution
scans at 20-nm lateral resolution. Serial section data were aligned by
asequence of automatic and manual processing steps in Fiji TrakEM2
(ref.”) and relevant regions selected.

Subregional localization analysis

To compare the difference between frontal white matter and medial
white matter, coronal sections with corpus callosum were divided into
two groups following the Allen Mouse Brain Atlas: the white matter in
the front of the brain, which does not contain lateral ventricles, was
defined as ‘frontal white matter’ and white matter from sections that
have lateral ventricles is defined as ‘medial white matter’. For each quan-
tification, two brain sections were selected from each group of three to
four mice. For statistical analysis the paired Student’s t-test was used.

RNAscope insitu hybridization

RNAscopeinsituhybridization assay was applied to detect Mbp mRNA
in the brain cryosections prepared from aged wild-type mice as per-
formed previously'. The assay was performed using a commercially
available RNAscope Multiplex Fluorescent Detection Reagent v.2
(Advanced Cell Diagnostics) kit and the manufacturer’s instructions
were followed. Briefly, 30-pm cryosections were fixed on superfrost
plus slides; they were pretreated with hydrogen peroxide for 10 min
atroomtemperature and then with antigen retrieval reagent (5 min of
boiling) to unmask the target RNA. After applying Protease Ill on the
sections for 30 minat40 °C, probe hybridization was done by incubat-
ing sections in mouse Mbp probe assigned to channel 3, diluted 1:50
inprobediluent, for 2 hat40 °C. Afterwards, signal amplificationand
detection were performed according to the kit’s instruction. Signal
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detection was done using Opal dyes (Opal520-green) diluted 1:3,000in
tyramide signal amplification (TSA) buffer. To visualize microglia, after
insitu hybridization, animmunohistochemistry assay was performed
using Ibal antibody (Wako, 1:1,000). After washing with 1x PBS, sections
wereincubated for 30 s with 1x TrueBlack to remove autofluorescence
background. The nuclei of cells were counterstained with DAPI and
mounted. Images were acquired via a Leica TCS SP5 confocal micro-
scope or with an LSM900 Zeiss microscope and were processed and
analyzed with ImageJ 1.41image-processing software.

Cell culture

OPCs were prepared from P8 C57BL/6) mouse brains by immuno-
panning’. Briefly, brains were dissociated to single-cell suspension,
which was passed through two negative-selection plates coated with
BSL1to remove microglia. The remaining cell suspension was then
incubated in a positive-selection plate coated with anti-CD140a anti-
bodies. The attached cells were collected by accutase and cultured on
poly(L-lysine)-coated coverslips in proliferation medium containing
Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific,
catalog no. 41965), Sato Supplement, B-27 Supplement, GlutaMAX,
Trace Elements B, penicillin-streptomycin, sodium pyruvate, insulin,
N-acetyl-L-cysteine, D-biotin, forskolin, ciliary neurotrophic factor
(CNTF), platelet-derived growth factor (PDGF) and neurotrophin-3 (NT-
3). Primary microglia cultures were prepared from p11 C57BL/6) mouse
brains. The brains were homogenized to a single-cell suspension using
theneural tissue dissociation kit (Miltenyi Biotech, catalog no.130-092-
628) and by filtering the homogenate through a 70-pum cell strainer to
remove tissue debris. Then, the cells were incubated with magnetic
beads against CD11b and the solution was passed through a magnetic
column. Microglia were flushed and plated in DMEM supplemented
with10% bovine calf serum, 10 ng ml™ of monocytic colony-stimulating
factor, 1% penicillin-streptomycin and 1% glutamate for 4-7 d before
using them for experiments. For the coculture experiments, OPCs
were cultured in differentiation medium containing DMEM (Thermo
Fisher Scientific), Sato Supplement, B-27 Supplement, GlutaMAX,
Trace Elements B, penicillin-streptomycin, sodium pyruvate, insu-
lin, N-acetyl-l-cysteine, D-biotin, forskolin, CNTF and NT-3. After 1.5d,
when OPCs had differentiated into oligodendrocytes, microglia were
collected after scraping, counted and plated with oligodendrocytes.
After 6 h,IFN-y (Millipore, catalog no.IFO0S) in 5 mM phosphate buffer,
pH 8.0 containing 0.1% BSA was diluted 1:5,000 in the coculture to a
final concentration of 0.1 ng pl™. For the control, phosphate buffer
containing BSA was diluted in the same way. After 2 d, the coculture
was fixed and analyzed by immunocytochemistry. Briefly, the cells
were permeabilized with 0.1% Triton X-100 for 1 min and blocked in 10%
blocking solution for 1 h. The cells were then incubated with primary
antibodies overnightat4 °C, washed twicein PBSandincubated for1hat
roomtemperature with secondary antibodies. Oligodendrocytes were
stained for O1 (mouse hybridoma, 1:5), microglia for IBA1 (Wako, catalog
no.234004,1:250) and nuclei were stained with DAPI. After mounting,
the cellswereimaged on aLeica DMI6000 widefield microscope (x20,
0.4 numerical aperture, air objective) and analyzed using Fiji.

Stereotacticinjectioninthe corpus callosum

Asolution of 10 ng pl™ of IFN-y was prepared by mixing IFN-y with sterile
1xPBS. Monastral blue (Sigma-Aldrich, catalog no.274011; autoclaved
and sterile filtered) was added to a final concentration of 0.03% just
before injection to identify the lesion area during tissue processing.
Mice were anesthetized with anintraperitoneal injection of MMF solu-
tion (0.5 mg medetomidin per kg (body weight), 5 mg midazolam per
kg (body weight) and 0.05 mg fentanyl per kg (body weight)). Then
the head was shaved and the eyes were protected with bepanthene
cream (Bayer, catalog no.1578847). Asmall incision was performedin
the skin to expose the skull. The mouse was positioned into a stereo-
tacticinjection apparatus and a small hole was drilled at the injection

coordinates: X, £0.55 mm; ¥, -1.22 mm (from the bregma). The glass
capillary containing the IFN-y solution or the control solution (PBS)
was then lowered to Zof -1.25 mm from bregma, and 1 pl was injected
atarate of 100 nl min™. Then, 3 min after the delivery of the solution,
the capillary was slowly retracted. The mouse was then injected with
0.05 mg of buprenorphin per kg (body weight) and the skin wound was
sutured. Anesthesia was terminated by the injection of the antagonist
solution, containing 2.5 mg kg’ of atipamezol, 1.2 mg kg of naloxone
and 0.5 mg kg™ of flumazenil. After 48 h, the animals were perfused
transcardially with 4% PFA. Postfixation of brain tissue was done in 4%
PFA overnight. Thenthe brain tissue was further cryoprotectedin 30%
sucrose and PBS for 24 h. The brain lesions were sectioned and stained
using the same method as used in Immunohistochemistry.

Statistical analysis

For immunohistochemistry analysis three to six sections from each
animal were analyzed. Data are shown as mean + s.e.m. No statistical
methods were used to predetermine sample sizes, but our sample
sizes are similar to those generally employed in the field'*°. Each dot
represents one animal. Normal distribution of the samples was tested
using the Shapiro-Wilk test. For statistical analysis, paired or unpaired
Student’s t-test, or the Mann-Whitney U-test, was used to compare two
groups. Two-sided, one-way analysis of variance (ANOVA) followed by
post hoc Tukey’s test was used for multiple comparisons. Test were
chosen according to their distribution. In all tests a P value <0.05 was
considered significant with 'P< 0.05, "P < 0.01 and "P < 0.001. Statis-
tical analyses were done using GraphPad Prism (GraphPad Software,
Inc.). Data acquisition and analysis were performed in ablinded man-
ner. No animals were excluded from the analyses.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The datasets we used (scRNA-seq) are deposited at the Gene Expres-
sion Omnibus (National Center for Biotechnology Information)
under accession no. GSE202579. External datasets used in the present
study include data from accession nos. GSE166548, GSE138891 and
GSE132042.Source data are provided with this paper.

Code availability
The R code used for the analyses can be found at the github
web-page: https://github.com/ISD-SystemsNeuroscience/
Aging_Oligos_Microglia.

References

62. Turnbull, I. R. et al. Cutting edge: TREM-2 attenuates macrophage
activation. J. Immunol. 177, 3520-3524 (2006).

63. Liu, L. et al. Dissociation of microdissected mouse brain tissue for
artifact free single-cell RNA sequencing. STAR Protoc. 2, 100590
(2021).

64. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 29, 15-21 (2013).

65. Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R.
Integrating single-cell transcriptomic data across different
conditions, technologies, and species. Nat. Biotechnol. 36,
411-420 (2018).

66. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and
integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 4, 44-57 (2009).

67. Szklarczyk, D. et al. STRING v11: protein-protein association
networks with increased coverage, supporting functional
discovery in genome-wide experimental datasets. Nucleic Acids
Res. 47, D607-D613 (2019).

Nature Neuroscience


http://www.nature.com/natureneuroscience
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202579
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166548
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138891
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132042
https://github.com/ISD-SystemsNeuroscience/Aging_Oligos_Microglia
https://github.com/ISD-SystemsNeuroscience/Aging_Oligos_Microglia

Article

https://doi.org/10.1038/s41593-022-01183-6

68. Zhou, Y. et al. Metascape provides a biologist-oriented resource
for the analysis of systems-level datasets. Nat. Commun. 10, 1523
(2019).

69. Akama-Garren, E. H. et al. Follicular T cells are clonally and
transcriptionally distinct in B cell-driven mouse autoimmune
disease. Nat. Commun. 12, 6687 (2021).

70. Stuart, T. et al. Comprehensive integration of single-cell data. Cell
177,1888-1902.18212019).

71.  Schindelin, J. et al. Fiji: an open-source platform for
biological-image analysis. Nat. Methods 9, 676-682
(2012).

72. Emery, B. & Dugas, J. C. Purification of oligodendrocyte lineage
cells from mouse cortices by immunopanning. Cold Spring Harb.
Protoc. 2013, 854-868 (2013).

Acknowledgements

The work was supported by grants from the German Research
Foundation (DFG, grant no. SI/746 15-1to M.S.), TRR 128-2 (to M.S.),
project no. 408885537-TRR 274 and SyNergy Excellence Cluster,
EXC2145, project no. ID390857198 (to M.S. and O.G.), the Human
Frontier Science Program (to M.S.), the ERC-ADG (grant no. 101019594
to M.S.), and the Dr. Miriam and Sheldon G. Adelson Medical Research
Foundation (to M.S.), Chan-Zuckerberg Initiative grant (to M.S. and
0.G.), the China Scholarship Council (CSC) fellowship program

(to L.L. and H.J.) and Else Kroner-Fresenius-Stiftung grant (to O.G.).

For the single-cell and sorting studies, we thank the ‘Flow Cytometric
Cell Sorter Sony SH800 Core Unit’ run by the Department of

Vascular Biology at the Institute for Stroke and Dementia Research
and SyNergy EXC2145 for their support. The funders had no role in
study design, data collection and analysis, decision to publish or
preparation of the manuscript. We thank C. Haass for providing TREM2
knockout (KO) mice.

Author contributions

M. Simons and O.G. conceived and supervised the project. K., N.M., L.L.,
SB.-G.,H.J. SK., OG., JW., L.C. and M. Schifferer performed experiments
and analyzed the data. M. Simons and O.G. analyzed the data or
supervised data acquisition. A.L. and J.G. provided essential reagents. M.
Simons and O.G. wrote the manuscript with input from all authors.

Funding

Open access funding provided by Deutsches Zentrum
fir Neurodegenerative Erkrankungen e.V. (DZNE) in der
Helmholtz-Gemeinschaft.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41593-022-01183-6.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41593-022-01183-6.

Correspondence and requests for materials should be addressed to
Ozgun Gokce or Mikael Simons.

Peer review information Nature Neuroscience thanks Goncalo
Castelo-Branco, Akiko Nishiyama, and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Neuroscience


http://www.nature.com/natureneuroscience
https://doi.org/10.1038/s41593-022-01183-6
https://doi.org/10.1038/s41593-022-01183-6
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41593-022-01183-6

# Genes Sequence Length

7000

832

®GM owWM

a b #Reads
L o Singe Cols
&)
@
B o
o e e oo ton Aok o o o
FSC-A P FSC-A
0® 10°
o S wd Co1be
£ 3 . ¢
m o E w0ty
G > 5+
S = v
2 [a)
10° = 1°
o w woc tou o wox s 1ou
FSC-A FSC-A
0.003M
c
Ky Immune Cells
OPCs ®»
/i ¢
Oligodendrocytes
Astrocytes
o1
e 02
03
NSCs/NBs ° o4
UMAP
e

Oligodendrocytes

Astrocytes

o

p%h

. NSCs/NBs
oo

o

Mural Cells ’.\

Microglia
9 .

Neutrophils
ad

o

UMAP #VM
9 Tissue Mbp
e ) :
s o
(5rs . ¢
@ " eom Qﬁ, .
- °wM
Aldoc Pdgfra
‘ 4 ‘
5
Pl Fiel
o | &l

UMAP

Extended Data Fig. 1| See next page for caption.

Y1
® Y2
Y3
* Y4

Neutrophils

Immune Cells

&
Oligos
NSCs/NBs

Mural/Epen.

Microglia}

Immune Cells

Astrocytes}

Mismatch Rate % Uniquely Mapped % Multimapped % Too short 9% ERCCs 9% Mitochondrial

0.08

133 0.000003 0

Aldoc

% Expressed
0

® 25

@ =
°

Average
Expression

20
15
1.0
05
0.0

-05

Aldoc Ccl5 Hexb Vtn Sox4 Mbp Lyz2 S100a9

Ptgds (SS2) $100b (SS2)

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-022-01183-6

Extended Data Fig. 1| Sorting strategy and quality control of scRNA-seq
data. a, Sorting strategy for the SS2 libraries. Flow cytometry gating of CD11b
negative cells to enrich for oligodendrocytes and astrocytes. b, Parallel
coordinates trace for Smart-seq2 dataset quality metrics. Distribution of 9
quantitative quality control metrics reported by fastqc or from early gene
expression matrix analysis. Each line, continuously going through all metrics is
asample (single cell). Light grey samples were discarded based on windows of
inclusion (depicted in fuchsia for each metric). Selected samples for the grey
matter are inblue, white matter are in orange. From left to right, the metrics are:
number of reads, number of genes, average length of sequence after trimming,
mismatch rate during alignment, % of uniquely mapped reads, % of multimapped
reads, % of reads considered too short, % of ERCCs, % of mitochondrial genes.

2538 single-cells passed the quality-control thresholds. ¢, UMAP plots of 2538
single-cell transcriptomes. Cell type clusters and samples from different animals
are colour coded. O1-2-3-4 and Y1-2-3-4 correspond to samples from 24-month
old and 3-month old animals, respectively. d, UMAP plots of selected cell
type-specific marker genes in the SS2 dataset; Mbp (Oligodendrocyte), Aldoc
(Astrocyte), Pdgfra (OPC), Ccl5 (Immune cells). e, UMAP plot of 8726 single-cell
transcriptomes in the 10x dataset. Different cell type clusters are color coded.f,
Dot plot showing cell-type marker gene expression by clusters. g, UMAP plots of
tissue annotation and cell-type specific marker genes in the 10x dataset. h, UMAP
plots of the oligodendrocyte populations depicting the expression of Oligol and
Oligo2 marker genes (Ptgds and S100b, respectively), in the SS2 and 10x dataset.
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expression of C4b, B2m, Serpina3n and STAT1 (green) in CC1" oligodendrocytes
(red) in the grey matter of 3- and 24- month old mice. Scale bar for C4b, Serpina3n
and STAT120 pm, for B2m 10 pm. ¢, Quantification of CC1* oligodendrocytes
expressing C4b, B2m, Serpina3n and STAT1 at 3-and 24-month old micein the
grey matter (C4b*CC1,3M,n=3,24 M, n=5;Serpina3n'CC1",3M,n=6,24 M,
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Extended Data Fig. 4| Comparison of transcriptome prolife of CD8 + Tcells
within the brain compared to other organs. a, UMAP plots of 9732 CD8' T cells
isolated from published aged mouse scRNA-seq datasets; Brain CD8" T cells (3

independent experiments taken from the Groh et al** and the Tabula Muris Senis
datasets™), Kidney, Lung and spleen CD8* T cells (2-4 independent experiments

taken from the Tabula Muris Senis 21- and 24-months old datasets), colored

by tissue annotation and the expression of selected marker genes. bc, Violin
plots of up-regulated (b) and down-regulated (c) genes in the brain compared to
kidney, lung and spleen. d, Violin plots of differentially expressed cytokine and
cytokinereceptor genesin the brain.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-022-01183-6

CD8 DAPI CD69 DAPI
=
<
N
b
CD8 DAPI K] DAPI
=
<
~
c
CD8 DAPI LAG3 DAPI
=
<
N

Extended DataFig.5|CDS8 + T cells within the aged white matter express
tissue-resident memory and checkpoint markers. a, Representative confocal
images of aged white matter stained for CD8 (green) with CD69 (red). Scale bar,
20 pm. Quantification of the percentage of CD8*and CD69 T cells in the aged
white matter (three sections per mouse; 256 CD8" T cells were analyzed from 4
mice; dataare meansts.e.m). b, Representative confocal images of aged white
matter stained for CD8 (green) with PD-1(white). Scale bar, 20 pm. Quantification
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Extended DataFig. 6| T cell characterization and evidence of focal areas of
hypomyelination in the aged white matter. a, UMAP plot of 44938 single-
cell transcriptomes. Sequencing runs are color-coded. b, UMAP plots selected
cell-type specific marker genes. ¢, Violin plots of gene count and mitochondrial
gene percentage per cell in each sample. d, Boxplot of the T cells (Fig. 3a,b)
proportion per sample (n = 8 independent experiments), respectively. The
central line denotes the median, boxes represent the interquartile range (IQR),
and whiskers show the distribution except for outliers. Outliers are all points
outside 1.5 times of the IQR. Each dot represents a sample and significant results

vibratome brain section from 24-month old wild type mice stained for Ibal (red)
and DAPI (blue). Scale bar 100 pm. Correlative Light and Electron Microscopy
ofthe corpus callosumin the aged mice with two boxed regions labeled as1and
2.Scanning electron micrograph of the same region on the adjacent vibratome
section showing normal myelination next to areas with hypomyelination. Scale
bar 50 pum. Boxed regions of thinner myelin with myelin fragments (1) and normal
myelin (2) are shown at higher resolution. The experiment was repeated three
times independently with similar results.
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Extended Data Fig. 7 | Evidence of oligodendrocyte loss in the aged white
matter. a, Immunofluorescence showing OLIG2" oligodendrocytes lineage
cells (yellow) and oligodendrocytes GSTm* (magenta) and in the grey and
white matter of 12-, 18-, 24-month old mice. Scale bar 20 pum. b, Quantification
OLIG2" and GSTmt" cells in the grey and white matter of 12-,18-, 24-month old
mice (for all the graphsinb, n=4,4,3 mice per group; Olig2* cellsinWM, 12 M
versus 24 M, *P=0.0493,12 M versus 18 M, *P = 0.0123; GSTmt" cellsin WM, 12 M
versus 24 M, *P=0.0481,12 M versus 18 M, *P = 0.0180; data are meants.e.m.;
Pvalues represent two sided one-way ANOVA with post hoc Tukey test). ¢,
Immunofluorescence showing and PDGFRa" cells (magenta) in the white matter
of 4-,12-,24-month old mice. Scale bar 20 pm. Quantification PDGFRa"* OPCs
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(magenta) in the white matter of 4-,12-, 24-month old mice (PDGFRa", n = 3,4,3;
dataare mean +s.e.m.; Pvalue represents two sided, one-way ANOVA with post
hoc Tukey test).d, Oligodendrocytes proportion per sample (n =14 independent
experiments) in the Tabula Muris Senis dataset. The central line denotes the
median, boxes represent the interquartile range (IQR), and whiskers show the
distribution except for outliers. Outliers are all points outside 1.5 times of the
IQR. e-f, Immunofluorescence showing CC1* oligodendrocytes (red) in the grey
matter and white matter of 6-month old wild type and Ragl”~ mice. Scale bar,
20 pm. Quantification of CC1* oligodendrocytes in the grey matter and white
matter of 6-month old wild type and Ragl” mice (n = 3,4 mice per group,
meants.e.m.).
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Extended Data Fig. 8| TREM2-independent formation of interferon-
responsive oligodendrocytes and microglia in the aged white matter. a,
Immunofluorescence staining and b, quantification of MHC1'IBA1" microglia
inthe white matter of 3-month old and 24-month old mice. Arrow marks MHC1*
nodules (n =3 mice per group, **P=0.0012; data are meansts.e.m; Pvalue
represents a two-sided Student’s t-test). Arrows mark double positive microglia
nodulces. ¢, Immunofluorescence combined with RNAscope of MBP mRNA
(green) within IBA1* microglia nodule (red). Clipped 3D images show MBP mRNA
inamicroglia nodule. Arrow mark MBP mRNA inside microglia. Scale bar, 20 pum,
3Drendering 10 um. d, Quantification of percentage of IBA1' single microglia
and IBA1" nodule with MBP mRNA inside (n = 3 mice per group, *P = 0.0160; data
are meansts.e.m; Pvalues represent a two-sided Student’s t-test). Quantification
of percentage of IBA1" volume occupied by MBP mRNA (single microglia,
n=26cells, IBA1' nodules, n = 30; ***P=0.0004; data are meanszts.e.m.; Pvalue
represents two-tailed Mann-Whitney test). e, Immunofluorescence staining
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and quantification of CD8" T (red) cells in the white matter of 18-month old wild
typeand Trem2”" (n =4 mice per group, *P=0.0252; data are meansz+s.e.m; P
value represents a two-sided Student’s t-test). Arrows indicate CD8" T cells. Scale
bar 20 pm. f, Immunofluorescence staining and quantification of STAT1'CC1"
oligodendrocytes in the white matter of 18-month old wild type and 18-month
old Trem2”~ mice (n =4 mice per group; data are means+s.e.m; Pvalue represents
atwo-sided Student’s t-test). Scale bar, 20 pm. g, Inmunofluorescence staining
and quantification of STAT1'IBA1" microglia in the white matter of 18-month

old wild type and 18-month old Trem2”~ mice (n =3 mice per group; dataare
meanszs.e.m; Pvalue represents a two-sided Student’s t-test). Scale bar, 20 pm.
h, Immunofluorescence staining of CD8' T cells and STAT1'IBA1" microgliain the
white matter of 18-month old wild type and 18-month old Trem2” mice. Scale
bars, 20 pm. Quantification of STAT1'IBA1" microgliaand CD8' T cells proximity
(<20 pm) in 18-month old wild type and Trem2”" mice (WT,n=3; Trem2”",n=4
mice; dataare means +s.e.m. Pvalue represents a two-sided Student’s t-test).
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Extended Data Fig. 9 | Characterization of IFN-y-mediated lesionsin the
white matter of young and old mice. a, Representative confocal images
of IFN-y-mediated lesions in young and old mice and of the vehicle control
stained for STAT1 (white) and DAPI (nuclei, blue). b, The datashownin Fig. 5
for IFN-y-mediated lesions in 18-months old mice is shown here in comparison
to vehicle control injections in 18-months old mice. Representative confocal
images and quantifications of IFN-y-mediated lesions in old mice and of the

old IFNg
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vehicle control showing MBP. The intensity of the staining for MBP was used to
quantify the extent of demyelination (n =3 mice per group, **P = 0.0040; data are
meanszs.e.m.; Pvalue represents a two-sided Student’s t-test). ¢, Representative
confocalimages of IFN-y-mediated lesions in old mice showing MAC2* cells

(red) with myelin (green) stained by FluoroMyelin. All scale bars, 20 pm. The
experiments were repeated three times independently with similar results.
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Data collection 1. Confocal images: all images of mouse brain sections were acquired using a Leica TCS SP5 or Zeiss LSM900 confocal microscope and were
processed with Imaris (64x version 9.2.0) and ImageJ 1.41 image processing softwares. A Leica DMI6000 widefield microscope was used for
cell culture experiments

2. Single-cell RNA-seq data collection for the Smart-seq2 dataset: BCL files were demultiplexed with the bcl2fastq software from lllumina.
After quality-control with FastQC, reads were aligned using rnaSTAR to the GRCm38 (mm10) genome with ERCC synthetic RNA added. Read
counts were collected using the parameter “quantMode GeneCounts” of rnaSTAR and using the unstranded values.

Data analysis 1. Confocal images: all the image analysis and image processing were done using Imaris (64x version 9.2.0) and Image) 1.41 or Fiji image
processing softwares.

2. Single-cell RNA-seq data analysis software and packages: BiocManager: 1.30.10, Cell Ranger: 3.0.2 (wild-type aging), 4.0.0 (Rag1KO 1st
Batch) and 6.1.2 (Rag1KO 2nd Batch), Seurat: 3.2.3, SeuratObject: 4.0.2, gplots: 3.1.1, ggplot2: 3.3.2, magrittr: 2.0.2, reticulate: 1.16,
RColorBrewer: 1.1-2, tidyverse: 1.3.0, scCODA: 0.1.6, pandas: 1.3.5, tensorflow: 2.5.2, sci-kit learn: 1.0.2, matplotlib: 3.5.1, seaborn: 0.11.2,
Metascape: 3.5, DAVID 2021, STRING: 11.0-11.5

4. Statistical analyses were done using GraphPad Prism (GraphPad Software, Inc.).
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets we use (scRNA-seq) are deposited at GEO (NCBI) under accession number GSE202579. Datasets re-analyzed in this study include data from
GSE166548, GSE138891 and GSE132042. The rest of the data included in this study are available within the paper as data source files in the supplementary
information.
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Sample size No power analyses were used to predetermine sample sizes. However, sample sizes were chosen based on prior literature using similar
experimental paradigms (for example doi:10.1016/j.celrep.2019.03.099; do0i:10.1016/j.immuni.2017.08.008; doi:10.1016/j.cell.2017.05.018;
doi:10.1016/j.neuron.2021.01.027

Data exclusions  No data were excluded from analysis.

Replication For all mouse experiments, 3-6 mice per genotype were analyzed. For histological analysis, 3-6 random region of interest (ROls) per each brain
section were taken and three random brain sections per animal were quantified to account for variability within the biological sample.
Replicaion was succesful for all conditions reported.

Randomization  The allocation of samples including brain sections was random.

Blinding All data acquisition and analysis fwere done in a blinded manner. The experimentor was unblinded when preparing samples from IFNg
because of the obvious differences in the phenotype.
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Antibodies

Antibodies used 1.mouse anti APC (1:100) Millipore cat OP80-100UG
2.rabbit anti B2m (1:100) Abcam cat ab75853
3.rabbit anti STAT1 (1:250) Cell Signalling cat 14994S
4.rat anti CD8a (1:100) BioLegend cat 100702
5.rabbit anti Ibal (1:500) Wako cat 234 004
6.goat anti Serpina3n (1:100) Bio-techne cat AF4709
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Validation

7.rat anti C4b (1:25) Thermo fisher scientific cat MA1-40047

8.rabbit anti Olig2 (1:250) Millipore cat AB9610

9.mouse anti-Gstp (1:250) BD cat 610719

10.rabbit anti CD3e (1:200) Novus Biologicals cat NB600-1441

11.rat anti MHC class | (ER-HR52) (1:100) Santa Cruz cat sc-59199

12.goat anti-Rabbit 1gG Antibody (H+L) Biotinylated (1:200) Vector cat BA-1000-1.5
13. Mouse anti galactocerebroside (O1) (1:5) raised in mouse hybridoma.
14.rat anti Mac2 (1:250) Biolegend cat 125402

15.chicken anti MBP (1:1000) thermo fisher scientific cat PA1-10008
16.chicken anti-Neurofilament heavy polypeptide(1:400) abcam cat ab4680
17. goat anti PDGFR alpha (1:100) R&D Systems cat AF1062

18. goat anti CD69 (1:100) R&D Systems cat AF2386

19. goat anti PD-1 (1:100) R&D Systems cat AF1021

20. rabbit anti-LAG-3 antibody (1:100) Abcam cat ab209238

21.CD16/CD32 Monoclonal Antibody (1:100) eBioscience cat 14-0161-82
22.CD11b (PE/Cy7, M1/70, 1:200) eBioscience Cat:48-0451-82

anti mouse 555 thermo fisher scientific (1:500) cat A-21422

anti mouse 647 thermo fisher scientific (1:500) cat A-21235

anti mouse 488 thermo fisher scientific (1:500) cat A-21202

anti rabbit 555 thermo fisher scientific ( 1:500) cat A-21428

anti rabbit 488 thermo fisher scientific (1:500) cat A-11008

anti rat 555 thermo fisher scientific (1:500) cat A-21434

anti goat 555 thermo fisher scientific (1:500) cat A-32116

anti rat 488 thermo fisher scientific (1:500) cat A-11006

anti chicken 488 thermo fisher scientific (1:500) cat A-11039

anti chicken 555 thermo fisher scientific (1:500)cat A-32932

Streptavidin, Alexa Fluor ™ 555 conjugate thermo fisher scientific (1:500) cat S32355
AF1062FM green fluorescent myelin stain (thermo fisher scientific F34651,1:400)
Donkey anti-Rat 488 thermo fisher scientific (1:500) cat A-21432

Donkey anti-Goat 555 thermo fisher scientific (1:500) cat A32816

Donkey anti-Rabbit 647 thermo fisher scientific (1:500) cat A-31573

Rat anti PD-1 bxcell cat BEO146

Rat isotype control bxcell cat BEOO89
Hamster anti CTLA-4 bxcell cat BP0131
Hamster isotype control bxcell cat BPOO87

All the primary antibodies were validated by extensive previous studies and by the manufacturers.

1. https://www.merckmillipore.com/DE/de/product/Anti-APC-Ab-7-Mouse-mAb-CC-1,EMD_BIO-OP80?ReferrerURL=https%3A%2F%
2Fwww.google.com%2F

2.https://www.abcam.com/beta-2-microglobulin-antibody-ep2978y-ab75853.html

3. https://www.cellsignal.com/products/primary-antibodies/stat1-d1k9y-rabbit-mab/14994 ?site-search-
type=Products&N=4294956287&Ntt=+14994s&fromPage=plp&_requestid=2125717
4.https://www.biolegend.com/en-ie/products/purified-anti-mouse-cd8a-antibody-157

5. https://labchem-wako.fujifilm.com/europe/product/detail/W01W0101-1974.html

6. https://www.rndsystems.com/products/mouse-serpin-a3n-antibody_af4709

7. https://www.thermofisher.com/antibody/product/Complement-C4-Antibody-clone-16D2-Monoclonal/MA1-40047

8. https://www.merckmillipore.com/DE/de/product/Anti-Olig-2-Antibody, MM_NF-AB9610?ReferrerURL=https%3A%2F%
2Fwww.google.com%2F

9. https://www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-
mouse-anti-gst.610719

10.https://www.novusbio.com/products/cd3-antibody-sp7_nb600-1441
11.https://www.scbt.com/p/mhc-class-i-antibody-er-hr52?requestFrom=search
12.https://vectorlabs.com/biotinylated-goat-anti-rabbit-igg-antibody.html

14. https://www.biolegend.com/en-us/products/purified-anti-mouse-human-mac-2-galectin-3-antibody-4935
15.https://www.thermofisher.com/antibody/product/MBP-Antibody-Polyclonal/PA1-10008
16.https://www.abcam.com/neurofilament-heavy-polypeptide-antibody-ab4680.html
17.https://www.rndsystems.com/products/mouse-pdgf-ralpha-antibody_af1062
18.https://www.rndsystems.com/products/mouse-cd69-antibody_af2386
19.https://www.rndsystems.com/products/mouse-pd-1-antibody_af1021
20.https://www.abcam.com/lag-3-antibody-epr20294-77-ab209238.html
21.https://www.thermofisher.com/antibody/product/CD16-CD32-Antibody-clone-93-Monoclonal/14-0161-82
22.https://www.thermofisher.com/antibody/product/CD11b-Antibody-clone-M1-70-Monoclonal/25-0112-82

Secondary

https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21422
https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21235
https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
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Polyclonal/A-21202

https://www.thermofisher.com/antibody/secondary/query/goat+anti-rabbit/filter/species/Rabbit?
gclid=EAlalQobChMIzYLDI8MLOAIVZEaRBR1esQ3fEAAYASAAEgKjAPD_BwER&ef id=EAlalQobChMIzYLDI8MLIAIVzZEaRBR1esQ3fEAAYAS
AAEgKj4PD_BWE:G:s&s_kwcid=AL!3652131393949267183!b!lg!!%2Bthermo0%20%2Banti%20%
2Brabbit&cid=bid_pca_aus_r01_co_cp1359_pjt0000_bid00000_Ose_gaw_bt_pur_con
https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11008
https://www.thermofisher.com/antibody/product/Goat-anti-Rat-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21434
https://www.thermofisher.com/antibody/product/Rabbit-anti-Goat-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21431
https://www.thermofisher.com/antibody/product/Goat-anti-Rat-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11006
https://www.thermofisher.com/order/catalog/product/S21381#/521381
https://www.thermofisher.com/antibody/product/Goat-anti-Chicken-lgY-H-L-Secondary-Antibody-Polyclonal/A-11039
https://www.thermofisher.com/antibody/product/Goat-anti-Chicken-lgY-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A32932
https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21432
https://www.thermofisher.com/antibody/product/Donkey-anti-Rat-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21208
https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-31573

in vivo treatment

https://bxcell.com/product/invivomab-anti-m-pd-1/
https://bxcell.com/product/rat-igg2a-isotype-control/
https://bxcell.com/product/m-cd152-m-ctla-4-2/
https://bxcell.com/product/invivoplus-polyclonal-syrian-hamster-igg/

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Mouse: C57BL/6J Janvier Labs, CSD animal facility, University Hospital animal facility. Age 3,12,18,24 months,male

Mouse: Trem2 KO Prof. Christian Haass (Laboratory of Neurodegenerative Disease Research, DZNE, Munich), Turnbull et al., 2006.
Age 18 months,male
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Methodology

Sample preparation

Four young (3-month-old), and four old (24-month-old) male C57BL/6 mice were deeply anesthetized and perfused with cold
PBS (Sigma, D8537). Each brain was carefully removed and individually micro-dissected under a dissection microscope; grey
matter was isolated from the frontal cortex and white matter was carefully isolated from the optic tract, medial lemniscus
and corpus callosum (attached grey matter and choroid plexus were removed). We used our previous established isolation
protocol37 using gentleMACS™ with the Neural Tissue Dissociation Kit (Papain) (Miltenyi Biotec) and a final concentration of
45 mM actinomycin D (Act-D, Sigma, No.A1410). Subsequently, cells were blocked with mouse FcR-blocking reagent (CD16/
CD32 Monoclonal Antibody, eBioscience cat:14-0161-82, 1:100), stained with antibodies against CD11b (PE/Cy7, M1/70,
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eBioscience, Cat:48-0451-82,1:200) and afterwards washed with PBS. Before sorting, the cell suspensions were stained by
the live/dead marker SYTOX Blue (Thermo Fisher, s34857, final concentration 1uM).

Instrument Sony SH800S Cell Sorter
Software The SH800S software for the data collection. FlowJo was used for the flow cytometry data analysis.
Cell population abundance During single-cell library preparation we have confirmed the quality of the single-cells via gPCR assay (more details in

methods section).

Gating strategy CNS cells were gated for singlets by using FSC-A and FSC-H, followed by gating for living cell ( SYTOX Blue negative population,
fixable viability dye), then CD11b- cells were sorted.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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3. DISCUSSION

The immune and nervous systems, despite their distinct functionalities, exhibit strik-
ing parallels. Both systems are intricately designed to perform complex tasks, including
continuous environmental surveillance, signal transmission, and dynamic adjustments
to preserve homeostasis (Rustenhoven & Kipnis, 2022). Reflecting the interdisciplinary
nature of contemporary science, these systems engage in multilingual communication,

both intra-systemically and inter-systemically.

A quintessential illustration of immunological communication involves the secretion
of cytokines from one cell, which subsequently influences another cell in a paracrine
manner to direct its function and coordinate a specific response. Analogously, in the
neurological context, neurotransmitters released from presynaptic terminals interact
with corresponding receptors or ligand-binding domains in the postsynaptic density of

another neuron, thereby modulating their firing activity.

Intriguingly, neurons in the central nervous system (CNS) and peripheral nervous sys-
tem (PNS) express cytokine receptors, enabling a variety of responses to cytokines
originating from immune cells. In a reciprocal manner, immune cells express receptors
for neurotransmitters and neuropeptides—neuron-derived signaling molecules—and

immune responses can be altered by neuronal signaling (Habibi et al., 2009).

This understanding is continually evolving, with recent findings indicating that neu-
rons can express cytokines, such as interleukin 13 (IL-13), at presynaptic vesicles and
corresponding cytokine receptors at the postsynaptic density. This suggests a form of
neuronal communication that utilizes "immunological molecules”, even in the absence

of actual immune cells (S. Li et al., 2023).



White-Matter Associated Microglia

Moreover, neurons can employ communication strategies used by the immune system
to regulate neuronal connectivity. This includes the expression of major histocompati-
bility complex (MHCI) and complement proteins Ci1q and C3b, which facilitate direct
neuronal pruningy or synapse elimination via microglial engulfment (C. Wang et al.,
2020). Similarly, immune cells—like B cells—can produce the neurotransmitter gam-
ma-aminobutyric acid (GABA), which can stimulate the differentiation of anti-
inflammatory macrophages. This underscores an immune-immune interaction medi-

ated by traditionally neuron-derived signals (Zhang et al., 2021).

In summary, a myriad of interactions underpin the intricate communication between

the nervous and immune systems.

3.1 White-Matter Associated Microglia

In manuscript 2.1, we discovered a new microglial state, termed White Matter Associ-
ated Microglia (WAMs), which are characterized by the activation of genes involved in
phagocytic activity and lipid metabolism (Frigerio et al., 2019; Hammond et al., 2019).
The formation of WAMs is age-dependent and requires the presence of the triggering
receptor expressed on myeloid cells 2 (TREM2). Interestingly, WAMs form even in the
absence of Apolipoprotein E (APOE) during normal aging, indicating a distinct path-

way for their formation.

WAMs localize in nodules within the white matter, where they are engaged in the
clearance of myelin debris. This led us to question why microglia states are specifically
altered in white matter. The extent of myelin sheath degeneration and/or the nature of
the lipid-rich membrane may be responsible for TREM2-dependent microglial re-
sponses in white matter. This hypothesis is supported by our observations in a mouse
model for Pelizaeus-Merzbacher disease, where microglia nodules containing myelin

debris were formed in white matter but not in gray matter (Q. Li et al., 2019).
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TREM2, a V-type immunoglobulin (Ig) domain-containing receptor, binds to a variety
of different ligands, including various apolipoprotein and anionic lipid species (Ulrich
et al., 2017). While TREM2 can function as a receptor for myelin debris uptake
(Cantoni et al., 2015), our results indicate that TREM2 is not essential for myelin phag-
ocytosis. Instead, we propose that TREM2 mediates the genetic response required to

degrade and metabolize lipid-rich myelin debris once internalization has occurred.

Loss of TREM2 function results in a disease known as polycystic lipomembranous os-
teodysplasia with sclerosing leukoencephalopathy (PLOSL or Nasu-Hakola disease),
characterized by progressive presenile dementia and bone cysts (Bianchin et al., 2010).
This disease is associated with the accumulation of lipomembranous structures in var-
ious tissues, suggesting an inability to initiate metabolic pathways required for degra-

dation of lipid-rich membrane structures.

In the context of Alzheimer's disease (AD), rare variants in the TREM2 gene have been
shown to increase an individual’s risk of developing the disease (Guerreiro et al., 2013).
Several studies have shown that TREM2 is required to induce the disease-associated
microglia (DAM) program in models of AD (Frigerio et al., 2019; Keren-Shaul et al.,
2017). DAMs increase with progression of amyloid deposition and accumulate close to

amyloid plaques, where they are involved in AP phagocytosis and plaque compaction.

In aging, microglial activation appears to be dominated by the WAM state, whereas it
is shifted toward DAMs in AD. Interestingly, the proportion of DAMs showed a de-
crease between 12 and 21 months, possibly because of microglial cell death in the DAM
populations and repopulation with homeostatic microglia or DAMs returning to the

homeostatic state.

One distinguishing feature of DAM and WAM responses appears to be their differen-
tial dependence on APOE. In the absence of APOE, fewer microglia with the WAM

gene signature are generated in AD mouse models, whereas microglia with features of
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WAM are detected in similar numbers in aged white matter of Apoe-/- and wild-type
mice. This suggests that the activity of APOE depends on the brain environment (Y.

Chen et al., 2021).

We propose that WAMs represent a protective metabolic response required to clear
the increasing amounts of myelin debris that accumulate during aging. However,
harmful functions, such as immune reactivity, cannot be excluded. We speculate that
attrition of WAM function could contribute to the development of neurodegenerative
disease by accumulation of toxic protein or lipid species in the brain. If this is the case,
then enhancing the formation of WAMs could be used therapeutically to combat the
age-associated decline of white matter function and possibly also dementia resulting
from white matter involvement. Future research should explore whether WAMs also
exist in humans, as transcriptional signatures differ between mouse and human micro-

glia (Masuda et al., 2019).

3.2 IFN-Responsive Glia

The degeneration of myelin in white matter is a known consequence of aging, yet the
response of oligodendrocytes to this process is not well understood. Our recent inves-
tigation has provided new insights, revealing unique oligodendrocyte reactions to ag-
ing, as evidenced by the emergence of STAT1+/B2M+ and Serpina3n+/C4b+ oligoden-
drocyte subgroups and a decline in the overall density of oligodendrocytes in aged
white matter. Furthermore, our findings suggest that adaptive immune cells play a role

in these cellular transformations associated with white matter aging.

In both Ragi-/- and CD8-/- aged mice, we noted a reduction in the number of
STAT1+ oligodendrocytes and a comparable increase in the total oligodendrocyte den-
sity. This evidence suggests that operational CD8+ T cells significantly influence the

aging process of white matter (Dulken et al., 2019). We also discovered a subset of
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lymphocyte-dependent IFN-responsive microglia in aging white matter. These findings
suggest that adaptive immunity propels IFN-responsive cellular states in aging white
matter, but the precise interplay between CD8+ T cells, microglia, and oligodendro-

cytes is yet to be determined.

Previous studies have demonstrated that CD8+ T cells infiltrating the aging brain ex-
hibit elevated levels of IFN-y, which stimulate IFN signaling within the neurogenic
niche of the subventricular zone (Dulken et al., 2019). It is possible that IFN-y pro-
duced by CD8+ T cells also triggers IFN responses in oligodendrocytes and microglia,
but the involvement of other IFNs cannot be dismissed (Baruch et al., 2014). One po-
tential scenario is that CD8+ T cells secrete IFN-y, which subsequently polarizes mi-
croglia into a harmful phenotype. This is reminiscent of a previous study using a viral
model of encephalitis in mice, where CD8+ T-cell-derived IFN-y triggered acute loss of

axosomatic connections (Liberto et al., 2018).

When mice were treated with antibodies against the checkpoint receptors, CTLA-4
and PD-1, we observed an increase in the number of CD8+ T cells and IFN-responsive
oligodendrocytes and microglia. This could potentially explain why immune check-

point inhibition in cancer causes behavioral and cognitive changes in some patients.

Our research extends beyond mere observational correlation of CD8+ T cells in close
proximity to IFN-responsive oligodendrocytes and microglia. Through rigorous exper-
imentation involving Ragi-/- and CD8-/- aged mice, as well as the application of
checkpoint inhibitor drugs, we have established a causal relationship between white
matter loss and the influence exerted by the adaptive immune system. However, the
chronological sequence and causality of pathological processes contributing to white
matter aging need to be established. Progressive vascular damage, induced by injury to

myelinated fibers, may promote the infiltration of CD8+ T cells, thereby triggering
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harmful immune reactivity toward microglia and oligodendrocytes (Montagne et al.,
2015). A key question that remains to be established is how CD8+ T cells enter the

brain and whether antigen recognition is necessary for this process.

Previous work has shown that oligodendrocytes are particularly sensitive to IFN-y, as it
can trigger oligodendroglial cell death and demyelination (Horwitz et al., 1997). Strik-
ingly, we find that this effect is highly pronounced in the aged brain, in which IFN-y
potently induces loss of oligodendrocytes and demyelinating injury. Possibly, the aging
brain is primed toward IFN-y due to age-associated, chronic, low-grade inflammation,
so-called ‘inflammaging’ (Mundt et al., 2019).Our data emphasize the contribution of
CD8+ T cells in triggering IFN-responsive cell states in the aging white matter, but it is
likely that additional mechanisms contribute. In particular, prolonged exposure of
nucleic acids to pattern-recognition, immune-sensing receptors can lead to inappro-
priate type I IFN release (Crow & Manel, 2015). It is interesting that Aicardi-Goutieres
syndrome, a prototype of an inherited disease with abnormal nucleic acid sensing and

IFN induction, is associated with white matter pathology.

In the context of aging, the IFN pathway's outcomes present a fascinating scenario,
suggesting that what appears to be a pathological response may actually be a maladap-
tive initiation of a pathway that is otherwise crucial for neurological rewiring. While
neuronal atrophy is undoubtedly harmful in older individuals, it is important to recog-
nize that programmed neuronal atrophy plays a beneficial role in learning and plastici-
ty among younger subjects by eliminating axonal connections and neuronal clusters

that have become functionally redundant.

In the specific instance of the mouse whisker-plucking model of neuronal atrophy,
where neuronal clusters that respond to a particular whisker are eradicated following
an extended lack of stimuli from that whisker, the activation of type 1 IFN within mi-
croglia is an essential process (Escoubas et al., 2023). This activation of type 1 [FN may
serve as a central signaling mechanism, facilitating the restructuring of neuronal and

glial formations to form more advantageous networks. However, it is worth noting that
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an excessive activation of type 1 IFN signaling can lead to severe encephalopathy in
Aicardi-Goutieres syndrome, and other prevalent neurodegenerative diseases have

been linked to improper type 1 IFN responses within glia (Roy et al., 2020).

Within the aging framework, two potential pathways might erroneously instigate this
remodeling, culminating in cognitive impairment. The first, referred to as the 'inflam-
mation-first' model, involves an excessive accumulation of TRM CD8+ T cells in the
aged brain, reflecting analogous effects in other tissues. This accumulation may reach a
critical threshold, at which point IFNy production initiates the remodeling process.
The second pathway, termed the 'neuron-first model," posits that an extended lack of
stimulation in selected brain regions might wrongly activate the type of remodeling
seen in whisker-removed neuronal bundles. In this scenario, type 1 IFN would initiate
the remodeling events and enhance the antigen-presentation abilities of microglia,

leading to the accumulation of TRM CD8+ T cells and the production of IFNy.

While this model remains speculative, it aligns with the established protective effects
of cognitive engagement during aging. This alignment raises the intriguing possibility
of a synergistic approach between cognitive engagement and anti-inflammatory treat-

ments as preventive measures against cognitive decline in the aging population.
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Figure 6: The IFN-CD8 axis.

Our discoveries in Manuscript 2.2 (Kaya et al., 2022) elucidate a novel mechanism as-
sociating TRM CD8+ T cells with neurodegeneration during aging (Figure 5) and un-
derscore the potential for numerous therapeutic interventions. The immunological
compartment, unlike the neuronal one, is replete with a wealth of validated biologics
and small molecule drugs that target various facets of CD8+ T cell biology. Immediate
targets, such as the IFN pathway, can be directly interfered with through Janus kinase
inhibitors. Additionally, the broad blockade of CD8+ T cell activation can be achieved
with a range of therapeutics currently in use for autoimmune and inflammatory condi-
tions. Although the exact communication across CD8+ T cells, microglia and oli-
godendrocytes and the link to IFN signaling remain to be established, these results
support the hypothesis that cytotoxic CD8+ T cells contribute to age-associated white

matter decay (Goldmann et al., 2015).
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3.3 CD8+ T cells in Neurodegeneration

There has been a growing body of work drawing the connection between CD8+ T cells
and neurodegeneration in the context of different conditions such as AD (X. Chen et
al., 2023) and ALS (Campisi et al., 2022). Several months after the publication of Manu-
script 2.2, a study investigating the role of immunity in response to taupathy came out.
Our work focused on normal aging and the cellular responses related to aging, but
Chen et al. instead focused on Alzheimer’s disease and the role of T-cells in AD pa-

tients and models.

Alzheimer's disease is marked by the accumulation of amyloid-f (AB) protein and tau
protein in the brain. However, brain atrophy is more closely associated with tau accu-
mulation than with AP deposition (Giannakopoulos et al., 2003). The researchers used
mice models with either AB deposition or tauopathy to investigate whether tau trig-

gers a specific cellular response that leads to atrophy.

Previous studies have indicated an inflammatory immune response in mouse models
of neurodegeneration (Keren-Shaul et al., 2017) and in humans with Alzheimer's dis-
ease (Campisi et al., 2022). Chen et al. focused on immune cells as potential drivers of
tau-specific neurodegeneration. They isolated immune cells from the brains of mice
with AP deposition and tauopathy and used single-cell RNA sequencing to identify cell
types based on gene expression. The analysis revealed 12 immune-cell populations in
both models, with a significantly higher number of T cells in the brains of tauopathy

mice.

The researchers validated these findings by examining brain tissue from mice and hu-
mans who had died from Alzheimer's disease. They found that T cells had accumulated
in areas of the brain associated with learning, memory, and tau accumulation, suggest-
ing that T cells respond to tau and may contribute to neuronal damage and cognitive

defects associated with Alzheimer's.
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T cells are activated when their receptor binds to an antigen presented by another cell.
The researchers found that many microglia in tauopathy mice had adopted a disease-
associated state (Keren-Shaul et al., 2017) or activated immune response-triggering
signaling pathways (Kaya et al., 2022). These microglia expressed MHC II molecules,
essential for antigen presentation, and were in close proximity to CD8+ T cells in brain
slices from tauopathy mice. In vitro experiments showed that culturing microglia and

T cells together with a foreign antigen resulted in T-cell proliferation.

Based on these findings, Chen et al. hypothesized that microglia and T cells work to-
gether to drive brain atrophy in response to tau. They tested this hypothesis by admin-
istering a drug or an antibody to tauopathy mice that resulted in the death of microglia
or T cells, respectively. Both treatments led to a significant decrease in brain atrophy
and reduced signs of tau's harmful effects when given during neurodegeneration de-
velopment. Furthermore, T-cell depletion led to near-normal performance in various
memory and learning tests. The interaction between T cells and microglia was further
supported by the observation that depletion of microglia reduced T-cell numbers in
the brain, and T-cell depletion reverted microglia to a state more like that seen in dis-

ease-free brains.

The researchers injected tauopathy mice with an anti-PD-1 antibody, used in cancer
immunotherapy, which triggers a chain reaction resulting in T-cell activation. Short-
term anti-PD-1 treatment increased the proportion of regulatory T cells, which can
inhibit activated T cells, and long-term anti-PD-1 treatment reduced neurodegenera-

tion and tau accumulation, as shown in other studies8,9.

Overall, both the approach and the outcomes from Chen et al.'s research align with
our results, offering invaluable insight into the interaction between CD8+ T cells and

neurodegeneration.
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3.4 Antigen Recognition and Presentation

There are still critical questions that are left unanswered. For instance, what is the ex-
act mechanism of antigen presentation in the brain? Normally, the process of antigen
presentation and T-cell activation takes place in lymph nodes, and it involves special-
ized antigen-presenting cells. Ours and results from other studies suggest a role for
microglia - a cell type that is not as effective as some other cell types as an antigen-
presenting cell (Mundt et al., 2019). It's possible that a specific group or condition of
microglia possess strong antigen-presentation capabilities. Another possibility is that
specialized immune cells known as macrophages, located at the border of the brain,
could assist in presenting antigens. A third alternative could be that other types of cells

are responsible for presenting antigens to regulatory and CD8+ T cells.

Another vital question is; Which antigens are being recognized by T cells during the
process of aging and neurodegeneration? T cells possess the unique ability to recog-
nize specific antigens via their T-cell receptors (TCRs). This recognition is facilitated
by a complex genetic recombination process during T cell development, leading to a
diverse array of TCRs. The diversity of these TCRs enables T cells to recognize a broad
range of antigens. Upon recognizing a specific antigen, T cells undergo clonal expan-
sion, thereby increasing the number of T cells capable of identifying that particular
antigen. This clonal expansion is a crucial element of adaptive immunity, facilitating a

rapid and specific immune response against a specific pathogen (Buggert et al., 2023).

TCR sequences can serve as molecular 'barcodes' for T cells. Advanced sequencing
technologies, such as next-generation sequencing (NGS), can provide a comprehensive
view of the TCR repertoire, enabling the identification and tracking of specific T cell
clones. Interestingly, research has shown that some T cell clones from Alzheimer's
Disease (AD) patients react to antigens derived from the Epstein-Barr Virus (EBV)

(Gate et al., 2020; Piehl et al., 2022). This observation is significant as it suggests a po-
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tential role of EBV, or cross-reactive antigens, in the pathogenesis of AD. However,
EBV is a ubiquitous infection, making it challenging to definitively establish its role in

neurodegeneration.

Epidemiological studies have strongly highlighted a link between EBV and neuro-
degeneration, particularly in the case of multiple sclerosis (MS). One large-scale study
involving over ten million US army personnel showed that individuals who became
EBV positive had a 32-fold increase in the risk of MS diagnosis compared to those who
remained EBV negative (Soldan & Lieberman, 2023). Another study established a sig-
nificant correlation between multiple viral exposures, including EBV, and an increased

risk of various neurodegenerative diseases (Levine et al., 2023).

Despite these correlations, understanding the exact mechanisms by which EBV or sim-
ilar infections contribute to the development of neurodegenerative diseases remains a
complex task. This complexity is due to inconsistencies in the detection of antigens,
viruses, or neoantigens in brains affected by neurodegeneration or MS lesions. Fur-
thermore, these foreign entities activate specific T-cell clones, which may also recog-

nize brain-specific antigens, adding another layer of complexity to the issue.

3.5 New Horizons

As new technologies arise, we are able to resolve information from distinct modalities
within a cell type of interest. On top of the transcriptomics data using scRNA-seq plat-
forms, we, now, have the capability of extracting information from many other
branches of biological information. For instance, an integrated platform of multi-
OMICS and machine learning could be utilized. The platform described in (Vazquez-
Lombardi et al., 2022) provides a good foundation to build upon and improve. The
method in question provides a novel approach to understanding the complex relation-

ship between T cell biology and neurodegeneration. It combines the power of machine
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learning with multi-OMICs data to predict specific T cell clones associated with neu-

rodegeneration and their corresponding targets.

The process begins with the use of a CRISPR/Casg-mediated immune cell reprogram-
ming platform. This platform employs oligonucleotides with degenerate codons to
generate site-directed mutagenesis libraries in mammalian cells. Essentially, this strat-
egy reprograms the immune cells, which is a crucial step in controlling and engineer-
ing immunity. This reprogramming allows for the creation of a diverse array of T cell

clones, which can then be studied in relation to neurodegenerative processes.

Building on this foundation, a directed evolution platform is used to amplify the T cell
clones linked to neurodegeneration. This amplification process allows for the valida-

tion and expansion of targets, providing a richer, more detailed dataset for analysis.

The data collected from these processes is then processed through robust machine
learning models. These models are capable of handling the complex, multi-
dimensional data and can identify patterns and relationships that may not be immedi-
ately apparent to human researchers. This allows for a comprehensive understanding

of both mouse and human T cell clones and their connection to neurodegeneration.

The proposed platform presents an innovative approach to understanding neuro-
degeneration through the lens of T cell biology. The T cell receptor (TCR) can serve as
a unique identifier for T cell clones, given the low probability of identical V(D)] rear-
rangements in individual T cells undergoing VD] recombination. This means that an
increase in specific TCR frequency could be indicative of antigen-specific immune re-

sponses.

To facilitate extensive analysis, both bulk and single-cell sequencing strategies could
be employed to delineate the TCR repertoire. Machine learning can then be used to
identify complex patterns in TCR sequencing data, which would help assess the diver-
sity of the adaptive immune system and model TCR sequence determinants of antigen

specificity. Deep unsupervised clustering techniques could further improve the classi-
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fication of antigen-specific TCRs and extraction of these from noisy single-cell RNA-

Seq data.

One of the potential applications of machine learning in this context is the estimation
of the likelihood of a T cell clone targeting diseased CNS tissue. Furthermore, machine
learning approaches can be applied to multi-omics training data, including single-cell
TCR repertoire and transcriptome sequencing. This could help identify clonal and
transcriptional phenotypes potentially associated with neurodegeneration and func-

tional decline.

Published TCR repertoires could be used to guide the selection of clones already corre-
lated with CNS, which would allow for the pre-training of machine learning models
from the start of the project. This multi-omics trained machine learning model could
then identify TCR repertoires targeting the CNS, potentially paving the way for novel

drug targets and pharmacological interventions.

The ultimate goal of this approach could be the machine learning-guided discovery of
a novel TCR-based biomarker for neurodegeneration in mice. Such a biomarker could
serve as a diagnostic tool, refine disease definitions, improve patient stratification, and

enhance diagnostic accuracy, thereby setting the stage for future biomarker validation.

Spatial transcriptomics is a revolutionary technique that has seen rapid improvement
lately and could be used to understand the spatial distribution and subtype of T-cells
within the brain. This could be achieved by using the multiplexed error-robust fluores-
cence in situ hybridization (MERFISH) technique in conjunction with single-nuclear
RNA sequencing (snRNA-seq). MERFISH is a powerful tool that can simultaneously
measure hundreds to thousands of transcripts with subcellular resolution, offering a

detailed view of cellular activity.
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The potential of MERFISH in investigating T-cells and their impact within the brain
has been demonstrated in a study published by our lab (Androvic et al., 2023). This
study not only identified T-cell types but also interferon-responsive (IR) glial states,
which have been implicated in CNS pathology. Importantly, the study showcased the
co-localization of IR glia with T-cells in the brain, highlighting the potential of MER-

FISH in characterizing T-cells and their impact on the CNS.

Building on this groundwork, there is an opportunity to deepen our understanding of
cell state identities to potentially suppress the transcriptional signatures of the identi-
fied IR glia states. This could provide further insights into the role of T-cells and IR glia

in the brain, and their implications for neurodegenerative diseases.

3.6 Other Publications

I have also contributed to research articles not included in this dissertation, focusing
on a distinct subject: the mechanisms of SARS-CoV-2 cell entry (Cantuti-Castelvetri et
al., 2020; Jocher et al., 2022). As the severity of the pandemic escalated in early 2020,
there was an urgent need for the scientific community to respond quickly. More re-
search was required to understand precisely how the virus functioned. Fortunately, my
specific skillset allowed me to make valuable contributions to this essential area of

research.

A related coronavirus, SARS-CoV caused a smaller outbreak in 2003, possibly due to its
infection mainly in the lower respiratory system, unlike SARS-CoV-2, which spreads
quickly through the throat. Both viruses use the same cellular receptor, ACE2. Our
hypothesis was that SARS-CoV-2's enhanced spreading may be due to a specific cleav-
age site in its spike protein, absent in SARS-CoV, and found in other viruses like Ebola
and HIV. This site increases pathogenicity by priming fusion activity and might create
additional binding sites. The cleavage of this site exposes a sequence that can bind to

and activate neuropilin (NRP1and NRP2) receptors at the cell surface.
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Other Publications

My specific contribution to the study was the acquisition and the analysis of published
scRNA-seq datasets. First, I analyzed whether NRP1 expression was linked to virus
RNA detection in single-cell transcriptomes using published data from infected human
bronchial cells and cells from severely affected COVID-19 patients (Liao et al., 2020).
We found that NRP1, FURIN, and TMPRSSuiA were more prevalent in SARS-CoV-2-
infected cells compared to noninfected ones, with increased protein expression after
infection. Additionally, RNA expression of NRP1 and its homolog NRP2 was higher in
SARS-CoV-2-positive cells compared to adjacent cells in the samples from severely
affected COVID-19 patients. Next, I analyzed the expression patterns of ACE2, NRP4,
and NRP2 in published datasets of human lung tissue (Han et al., 2020) and olfactory
epithelium (Durante et al., 2020), since the presence of virus receptors and entry cofac-
tors on host cells' surface influences infectivity. While ACE2 was found at minimal
levels, both NRP1 and NRP2 were extensively expressed in nearly all pulmonary and
olfactory cells, with endothelial cells showing the highest expression levels. Through
comprehensive experiments and analyses, we showed NRP1 potentiates SARS-CoV-2

infectivity (Cantuti-Castelvetri et al., 2020).

[ participated in another study focused on SARS-CoV-2 cell entry (Jocher et al., 2022),
where my role mirrored my contributions to the Science paper mentioned earlier. Spe-
cifically, I analyzed publicly available scRNA-seq datasets, examining the expression
patterns of ADAM1o, ADAM17, and other proposed cell entry factors. Overall, I have
utilized my expertise in acquiring and handling scRNA-seq datasets to contribute to

these significant studies.
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