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The noblest pleasure is the joy of understanding.
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A B S T R A C T

Over the last decade, emerging single-cell technologies triggered a
revolution in our perception of biological systems. While new library
generation methods flourished and precipitated a deeper understand-
ing of the mechanisms of life, novel computational analyses saw the
light, permeabilising even further the boundaries of the field.

Systemic approaches, by the large scope and complexity that they
aim to cover, particularly benefited from this leap. Unravelling the
heterogeneity of cells identities is key to understanding their states
dynamic and how they influence each others with regards to the host
phenotype.

In this cumulative thesis, we present two articles that highlight
ageing immune mechanisms as fertile soil for the emergence of neu-
rodegeneration. We demonstrated the critical influence of the cell
location on the gene expression and cellular state, especially in the
white-matter, a lipid-rich region of the parenchyma that is particu-
larly susceptible to ageing and neurodegeneration.

The first article focuses on a microglial population found in the
ageing white matter: the white matter associated microglia (WAM).
We show that WAM formation is dependent on TREM2 but not APOE.
WAMs present pathways significantly enriched in lipid processing
and antigen presentation. They cluster in nodules and are engaged in
clearing the myelin degradation accumulating in ageing.

The second article complements the WAM study by exploring fur-
ther the antigen presentation mechanisms. It also focuses on the ques-
tion of white-matter volume loss more directly. We show that CD8 T
cells, by crossing the blood-brain barrier, and entering the immuno-
logically priviledged central nervous system, play a role in oligoden-
drocyte degeneration, notably by secretion of interferon-γ, that we
confirm to be detrimental specifically in the aged brain.

Overall, we deliver new arguments to enrich the dichotomic de-
bate on the good and bad role of microglia in ageing and disease. Fur-
thermore, we illustrate the current trajectory of single-cell-enriched
research at the interface of the neuroscience and immunology fields.
We provide revolutionary insights revealing the importance of the lo-
cation, signalling and environmental context of a cell in the shaping
of its identity and the functions that it carries. Identifying further the
mechanisms of ageing draws an optimistic horizon for the future of
medical treatment and life improvement in ageing and disease.

vii





Life is pretty simple: You do some stuff. Most fails. Some works.
You do more of what works. If it works big, others quickly copy it.
Then you do something else. The trick is the doing something else.

— Leonardo da Vinci
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Part I

I N T R O D U C T I O N

In the last decade, while continuously improving on the
technical and methodological aspects, single-cell technolo-
gies became more accessible. Over the years, this democrati-
sation provided an unprecedented level of details on the
mechanisms of ageing and disease. Nowadays, identifying
a new and rare population of cells is accessible through
commercially available kits. The considerable amount of
scientific publications challenges our definitions of cell
types and cell states. We are the actors of an ongoing revo-
lution that, more than ever, pushes the boundaries of our
understanding of life.

But in my opinion, all things in nature occur mathematically.

— Rene Decartes





1A G E D W H I T E - M AT T E R M I C R O G L I A

1.1 ageing as driver of neurodegeneration

Ageing is the imprint of time on the living. Because of its inherent
nature, what seems to be a triviality needs genuine consideration:
ageing is the most prominent risk factor for most neurodegenerative
pathologies (Zenin et al., 2019). The institutionalisation of ageing in
our contemporary societies might easily lead to forego ageing as a
subject of study in the context of research on prominent diseases such
as Alzheimer’s disease (AD), strongly led by flagship molecules1 that 1Tau and Aβ are the

leading hypotheses in the
field

might shadow other research hypotheses.

Figure 1: The incidence of the most prevalent chronic diseases – reproduced
from Zenin et al., 2019

Figure 1, page 3, from Zenin et al. (2019), depicts the incidence
rate of the most prevalent chronic diseases along the age of the in-
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4 aged white-matter microglia

dividuals. In this graph, neuropathologies such as AD are grouped
under the term “dementia” (in grey), while the regular course of
life, disease-free, is indicated as “healthspan” (in brown). Contrary
to most diseases, dementia emerges at two different pace, centered
around what appears to be an age threshold in that population from
the UK. While the evolution of the incidence rate of dementia be-
gins as the slowest compared to the other pathologies, it suddenly
presents the fastest acceleration from around 65 years old on. By the
time the individuals pass 70 years old, the final incidence of dementia
quickly joined the pool of the other most prevalent chronic patholo-
gies related to ageing. In the particular age class of 65 years old, some-
thing must be happening in the brain, a change, that will lead to this
very acute acceleration of the incidence of dementia.

Ageing appears as a major risk factor for dementia. It is the stage
onto which dementia can emerge. Understanding the characteristics
of that stage (cellular and molecular ageing processes) is a necessary
step to understand why dementia is more prompt to settle in age-
ing. Acknowledging this fundamental drive, we can approach neu-
ropathologies through the prism of the ageing phenotype, and place
ageing at the center of our attention.

1.2 the ageing white-matter

The phenotype of the ageing brain can be grouped into two compo-
nents, acting at different scales: structural and molecular changes.

As illustrated in figure 2, page 5, the structural phenotype of the
ageing brain is a general atrophy (Blinkouskaya et al., 2021): ventri-
cles are enlarged, gyrification is lost, the cortex thinnens, and the
white-matter is degraded.

Among the characteristics of ageing, we focused on the white mat-
ter degradation and volume reduction. This phenomenon begins al-
ready at around 50 years old in humans (Ge et al., 2002). While the
white-matter volume increases slightly between 20 and 40 years old, it
only decreases afterwards. This loss progresses in a quadratic manner,
to occupy down to 30% of the brain volume by 90 years of age, while
it culminated at a maximum average of 40% at around 40 years old
(Ge et al., 2002). The pace at which the white-matter volume decreases
can even be used to predict the prevalence of cognitive impairment
and dementia (Jack et al., 2005).

Conclusions from ageing studies, coupled to Alzheimer’s disease
risk marker genes, point to immunity changes in ageing. The involve-
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Figure 2: Cerebral atrophy in the ageing brain – reproduced from Blink-
ouskaya et al., 2021

ment of the immune cells such as microglia became clearer as the
field progressed (Hammond et al., 2019).

1.3 microglia in the ageing brain

Microglia are the brain immune cells. They have multiple roles in
both health and disease, as they embrace a large diversity of functions
along the life of the individual. They embrace functions of phagocy-
tosis, surveillance, and they are also involved in mechanisms of learn-
ing and development (Tremblay et al., 2011).

They are different from most brain cells as they originate from the
yolk sac and migrate during development (Kierdorf et al., 2013). In
ageing, they are particularly impacted as they get activated, change
their morphology from a ramified into an ameboid form and produce
several pro-inflammatory cytokines.

The emergence of revolutionary methods of characterisation of sin-
gle cells have paved the way towards a field-wise race to characterise
the diversity of states and the differentiation paths that microglial
cells can adopt.
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1.4 cell-fate and cell diversity

In 1957, in his publication “The Strategy of Genes” (Waddington,
1957), the British biologist Conrad Waddington described a cell fate
commitment landscape, that we only begin to delineate through the
lens of high resolution methods that are the single-cell omics tech-
nologies.

Figure 3: Part of an Epigenetic Landscape – reproduced from Waddington,
1957

Waddington described the ability of single-cells to commit into dis-
tinct differentiation and developmental pathways. This differentiation
is driven by genes (transcription factors, epigenetic factors, etc.) that,
underneath the landcsape, are pulling the valley and pushing the
mountains. In this landscape illustrated in figure 3, page 6, cells fol-
low the valley and, like water streams, follow the waterbed, commit-
ing to a singular path when differentiation forks present themselves.
Thanks to single-cell -omics technologies, this visual metaphor can
nowadays be challenged with extensive details.

1.5 single-cell transcriptomics

Among the single-cell technologies, our main interest here is single-
cell transcriptomics (scRNA-seq). scRNA-seq is a method of capture
and quantification of the transcriptomic diversity of single cell pop-
ulations. It presents an instant picture of the transcriptomic land-
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scape of samples of interest. This technology was enabled by a se-
ries of improvements and innovations that overcame the challenge of
single-cell library amplification and multiplexing (Kolodziejczyk et
al., 2015).

The ability to study the diversity of the genetic program at the
single-cell level is a revolution in contrast to previous bulk approaches.
It allows the study of biology at the cellular level, governed by com-
plex gene regulatory networks, that can now be studied in all its di-
versity. As genes act as a regulatory unit to define a single cell identity,
having finally access to the diversity of identities makes it possible to
also study cellular interactions and formation of rare populations.

1.6 pathological states : dam , arm , mgnd microglia

The possibility to perform in silico sorting, unlocked a series of mile-
stone findings that turned obsolete the previous M1 (“bad microglia”)
/ M2 (“good microglia”) classification of microglia (Orihuela, McPher-
son, and Harry, 2016).

The application of scRNA-seq in the study of microglia is marked
by the publications of the disease associated microglia (DAM) (Keren-
Shaul et al., 2017), activated response micoglia (ARM) (Frigerio et al.,
2019), and microglia associated to neurodegeneration (MgND) (Krase-
mann et al., 2017). These microglial populations were identified in
pathological mice models where they identified a continuous state of
reactivity of the microglia to its environment. DAM, ARM, MgND
were however characterised in the very specific biological context
of Alzheimer’s disease mouse models; summarising only partially
the hallmarks of the disease. Each population presented overlapping
gene signatures and functions such as debris clearance. The forma-
tion of these population was dependent on the triggering receptor
expressed on myeloid cells 2 (TREM2), and the Apolipoprotein E
(APOE), whose variants are important risk factors for the emergence
of Alzheimers’s disease.

TREM2 is a receptor that is expressed on macrophages and mi-
croglia, and that binds to anionic molecules such as DNA, gylcopro-
teins, phospholipids, and in Alzheimer’s disease (AD), the amyloid-
beta peptide. The activation of this receptor leads to the activation
of the microglia and the production of pro-inflammatory cytokines.
APOE is a protein that is the principal carrier of cholesterol in the
brain and is of importance in AD as it is involved in the clearance
of amyloid-beta peptide. The APOE-ϵ4 allele is associated with an
increased risk of Alzheimer’s disease.
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1.7 studying aged white-matter via scrna-seq

Considering all these elements, we first seeked to explore the mi-
croglial diversity of response in ageing. Most specifically, the mi-
croglial reactivity towards the decaying myelin in the white-matter. In
short, we found that microglia form nodules and are responsible for
clearing the accumulating degenerated myelin. We then characterised
the gene signature of this special population and found enrichment
in the pathways related to phagocytosis and lipid metabolism, but
also antigen presentation. This first study was critical to understand
the microglial response to degenerated myelin in ageing. However it
did not address the white matter volume loss characteristic of age-
ing. For this, we then focused on oligodendrocytes and T cells, and
found both a population of interferon response oligodendrocytes and
interferon response microglia in proximity of CD8 T cells. Combined
together these studies provide strong material on the critical role of
the immune system in ageing and on ageing as a fertile soil for the
emergence of neuropathologies.

At the end of the discussion, as an outlook, we will also see that
this access to such fine resolution changed the perception of cell states
and led to a reorganisation of the field, mostly by challenging our
definitions of cell states as we discovered a continuous diversity that
contrasted with our regular dichotomous cell-type classification.
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In a few words, this thesis presents single cell studies that aims
to understand the interaction between ageing and the role of the im-
mune system. With single-cell transcriptomics approach, we can im-
pute the current states of individual cells, identify populations that
react specifically to the ageing condition, and further study their di-
verse reactions to ageing. This cumulative thesis is organised as fol-
low:

First, we present the starting point of my research, where the
WAM microglial population is introduced. Chapter 3, page 13

We characterise the transcriptomic signature of a population of mi-
croglia that develops specifically with ageing and is located in the
white matter. From a technical perspective, this study highlights the
importance of associating the location of cells in the analytical pro-
cess, especially with migrating immune cells such as microglia. In
terms of biological knowledge, we identify a new process, and its
associated gene signature, by which microglia respond to myelin de-
generation during ageing in the white-matter.

Then, we adress more directly the question of the white-matter
volume loss in ageing. After the microglia study, we focus mainly Chapter 4, page 45

on oligodendrocytes, objects of the myelin disruption in ageing. In
this publication, we describe a population of interferon responsive
oligodendrocytes that interact with CD8 T-cells during ageing. This
work puts in relation the CNS specific immunity with the immunity
of the rest of the body. We also complement the WAM study with the
characterisation of an interferon reactive microglial population.

Finally, we discuss these results and put these findings in per-
spective to the current knowledge and understanding of the ageing
biology. The discussion also extends to a more field-wise reflection of Chapter 5, page 67

the impact of my work. This is mostly possible because the first article
was published 2 years before the completion of this thesis, therefore
providing some time to monitor the reception of our publication by
the research field.
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Part II

R E S U LT S

After establishing a semi-automated low-volume Smart-
seq2 scRNA-seq pipeline in the lab, I optimised the mi-
croglial tissue dissociation and library preparation to gen-
erate the foundational data and the analytical framework
that led to the publication of two major articles, but also
many more collaborative projects. The final pipeline pro-
vided us with a unique approach on the aged and dis-
eased brain.

Computer Science is no more about computers than astronomy
is about telescopes.

— EW Dijkstra





3W H I T E M AT T E R A G I N G D R I V E S
M I C R O G L I A L D I V E R S I T Y

This article was published in Neuron on 18 February, 2021.

In this article, we aimed to study the microglial response to white
matter degeneration. By separating the white- from the gray-matter
during the dissociation, we identified a microglial signature that was
specific to the white-matter in ageing. We called this population the
white matter-associated microglia (WAMs). WAMs presented a signa-
ture enriched in immune presentation, phagocytosis and lipid metabolism
and shared only a partial signature with the disease-associated mi-
croglia (DAM). We further investigated the role of the trigerring re-
ceptor expresse on myeloid cells 2 (Trem2) in the apparition of the
WAM population and found that Trem2 was necessary for WAMs to
develop. However, unlike the DAM, we found WAMs in apolipopro-
tein E (Apoe) knock-out (KO) mice, showing an independence of
WAMs towards Apoe. By reanalysing published data of ageing and
Alzheimer’s model, we found that the WAM population appeared be-
fore the DAM, in an ageing dependent manner. Moreover, by using
electronic microscopy correlated with light microscopy (CLEM), we
found that WAMs are clearing myelin debris and formed clusters of
nodules.

Individual contributions: M. Simons and O.G. conceived and su-
pervised the project. S.S., S.B.-G., T.K., M. Schifferer, L.L., N.K., O.G.,
H.J., F.U., L.C.-C., M.J.R., R.P., G.G., M.B., D.F., and X.X. performed
experiments and analyzed the data. S.B.-G. and T.K. developed soft-
ware and curated and visualized the scRNA-seq data. O.G., M.R., and
M. Simons analyzed the data or supervised data acquisition. M. Si-
mons and O.G. wrote the manuscript with input from all authors.

In more details, as a co-first author, I established and optimised
the single-cell library generation pipeline and the bionformatics data
analysis pipeline that were used to generate the fundamental single-
cell data in this publication. For the library generation, I contributed
to the development of our protocol that includes actinomycin-D to
prevent handling artefacts during the library generation. I performed
the transcriptomics library generation and analyses to confirm our
findings. I guided and assisted the isolation of the microglia via flow
cytometry and I processed and analysed the single-cell data and cat-
egorised the different states of microglia, realising that one state was

13
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white-matter specific, I identified the WAM ageing signature; thereby
providing immunocytochemistry with specific markers. I provided
continuous assistance to writing the manuscript.



Article

White matter aging drives microglial diversity

Graphical Abstract

Highlights

d scRNA-seq identifies age-dependent white matter-

associated microglia (WAMs)

d WAMs form nodules that are engaged in clearing

degenerated myelin

d WAM formation depends on TREM2 but not on APOE

signaling

d In mouse models of Alzheimer’s disease, the WAM response

occurs before DAM

Authors

Shima Safaiyan, Simon Besson-Girard,

Tu�gberk Kaya, ..., Matthias Brendel,

Ozgun Gokce, Mikael Simons

Correspondence
oezguen.goekce@med.uni-muenchen.de
(O.G.),
msimons@gwdg.de (M.S.)

In Brief

Safaiyan et al. identify white matter-

associated microglia (WAMs), which form

in a TREM2-dependent but APOE-

independent manner in aging white

matter, where they form nodules that are

engaged in phagocytosing damaged

myelin. Thus, WAMs represents a

response required to clear degenerated

myelin that accumulates during white

matter aging and disease.

Safaiyan et al., 2021, Neuron 109, 1100–1117
April 7, 2021 ª 2021 Elsevier Inc.
https://doi.org/10.1016/j.neuron.2021.01.027 ll



Article

White matter aging drives microglial diversity
Shima Safaiyan,1,2,9 Simon Besson-Girard,3,9 Tu�gberk Kaya,1,2,3 Ludovico Cantuti-Castelvetri,1,2 Lu Liu,3 Hao Ji,3

Martina Schifferer,2 Garyfallia Gouna,1,2 Fumere Usifo,3 Nirmal Kannaiyan,4 Dirk Fitzner,5 Xianyuan Xiang,6

Moritz J. Rossner,4 Matthias Brendel,7,8 Ozgun Gokce,3,8,10,* and Mikael Simons1,2,8,10,11,*
1Institute of Neuronal Cell Biology, Technical University Munich, 80802 Munich, Germany
2German Center for Neurodegenerative Diseases (DZNE), 81377 Munich, Germany
3Institute for Stroke and Dementia Research, University Hospital of Munich, LMU Munich, 81377 Munich, Germany
4Department of Psychiatry, Ludwig-Maximilians-Universit€at, 80336 Munich, Germany
5Department of Neurology, University of Göttingen, 37075 Göttingen, Germany
6Metabolic Biochemistry, Biomedical Center (BMC), Faculty of Medicine, Ludwig-Maximilians-Universit€at Munich, 81377 Munich, Germany
7Department of Nuclear Medicine, University Hospital of Munich, LMU Munich, 81377 Munich, Germany
8Munich Cluster of Systems Neurology (SyNergy), 81377 Munich, Germany
9These authors contributed equally
10Senior author
11Lead contact

*Correspondence: oezguen.goekce@med.uni-muenchen.de (O.G.), msimons@gwdg.de (M.S.)

https://doi.org/10.1016/j.neuron.2021.01.027

SUMMARY

Aging results in gray and white matter degeneration, but the specific microglial responses are unknown. Us-
ing single-cell RNA sequencing fromwhite and graymatter separately, we identifiedwhite matter-associated
microglia (WAMs), which share parts of the disease-associatedmicroglia (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 whichmicroglia with theWAMgene 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

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; F€uger 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, whichwas 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 onmicroglia, we also isolatedmicroglia from a

transgenic Alzheimer’s disease (AD) mouse model that ex-

presses five human familial AD gene mutations (53FAD) (Oakley

et al., 2006). Because activation of the DAM gene expression

profile depends on TREM2 signaling (Keren-Shaul et al., 2017),

we included aged Trem2 knockout mice (Trem2�/�) 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

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

S1I and 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 (STARmethods; 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

(Csfr1r, 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 II-related genes (H2-D1 and H2-K1). Activated microglia

are marked by upregulation of genes encoding many metabolic

genes,mostly ribosomal subunits andmitochondrial 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 fromWAMs 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 17mice 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 WAMs, validating allocation of

WAMs to aged white matter (Figures 2E–2G). The activated
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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

WAMs (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 isolatedmicroglia andothermyeloid cells from the corpus cal-

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 in immune cell function were among themost 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

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 (STARmethods). GeneOntology 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.
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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 toWAMs (Figure 3A). Already at 3months 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 usedcold-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 theWAMgene 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 (Rpl37 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 reactivemicroglia 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 LGALS3 (Galec-

tin-3) and RNA in situ probes against Itgax (Figure 4; Figures S4A

andS4B). Consistentwith the scRNA-seqdata,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 Itgax, 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-seqdata,we found that these cellswere almost ab-

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 whitematter, 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 inmyelin 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+ cellswith internalizedMBP+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

fromdegeneratedmyelin 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 containedMBP+ 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

LGALS3 in 2-month-old PMDmice. 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.

(I) KEGG pathway enrichment for activated and WAM upregulated differential expression analysis (DEGs).
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white matter. Because our scRNA-seq data indicated a function

of TREM2 in this process, we used antibodies and in situ probes

to visualize microglia in Trem2�/� mice. Consistent with our

scRNA-seq data, we failed to detect CLEC7A, AXL, Itgax, or

LGALS3 (Galectin-3) in the corpus callosum of aged Trem2�/�

mice (Figure 5A). Next we determined the number of homeostat-

ic microglia using antibodies against TMEM119 and P2RY12 and

found that the number of TMEM119+IBA1+ or P2RY12+IBA1+

decreasedwith age in thewhitematter of wild-typemice (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

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 WTmice and from 3-, 6-, 12-, and 21-month-old WTmice 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 activatedmarkersRpl37 andRpl41 (center), and theWAMmarkers Fth1 andCd63 (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.
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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 Itgax (red) co-localization with IBA1+ microglia (green) in 24-month-old mice using immunohistochemistry

and RNAScope in situ hybridization. Scale bars, 100 mm (overview) and 20 mm (magnification). Also shown is quantification of CLEC7A, AXL, Galectin-3, and Itgax

expression in 2-, 6-, 12-, 18-, and 24-month-oldmice inWM (corpus callosum; n = 4–5mice per group,mean ± SD, one-way ANOVA followed byBonferroni’s post

hoc test; AXL, ****p < 0.0001; Galectin-3, ****p < 0.0001; CLEC7A, **p = 0.0013; Itgax, **p = 0.0039).

(legend continued on next page)
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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 S4I). 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 S4I) 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.

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 qRT-PCR to examinewhether 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 fewmonocyte-derivedmacrophages 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 Itgax in WM (corpus

callosum) and GM (cortical layers I–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 WTmice. Scale bars, 50 mm

(overview) and 15 mm (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 3 100 3 100 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 3 20 3 100 nm) showing degenerated myelin around microglia nodules (orange arrows) and intracellular

myelin fragments (blue arrows). Scale bars, 100 mm (overview, immunohistochemistry [IHC]), 100 mm (correlative light and electron microscopy [CLEM] overlay),

and 10 mm (high-magnification IHC and SEM).

(E) Confocal image of co-localization ofMBP (green) with IBA1+microglia (red) in nodules in the corpus callosum of a 24-month-oldWTmouse. Clipped 3D images

showMBP+ myelin particles (green) in a microglia nodule from different angles. Scale bars, 10 mm. The bar plot shows the fraction of IBA1+ single cells and IBA1+

cells in nodules with internalizedmyelin fragments in 2- and 24-month-oldWTmalemice (n = 5mice per group, each fraction represents themean value of 5mice,

2 brain sections were analyzed per mouse).
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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 = 4mice 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 mm (overview) and 20 mm (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 = 0.0003; 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 comparedwith age-matched Trem2�/�mice. Scale bars,

50 mm (overview) and 20 mm (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 Axl, 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 53FAD 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

(AppNL-G-F) 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

agedmice. 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

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 AppNL-G-F 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 activatedmicroglia 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 whethermicroglia form nodules in whitematter

of mouse models of AD. We co-stained 6-month-old AppNL-G-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 53FAD 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 53FAD mice, only a relatively

small number of microglia nodules were detected (Figures S7E

and S7F). When AppNL-G-F mice were crossed with Trem2�/�

(F) Representative transmission electronmicroscopy (TEM) image of the corpus callosum in 18-month-old Trem2�/� and control mice, showingmyelinated axons

andmyelin fragments (arrows). Scale bar, 0.2 mm. 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 3 10 3 100 nm) reveal intracellular electron-dense inclusions (black arrows). Scale bars, 50 mm

(overview, IHC), 20 mm (CLEM overlay), and 10 mm (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 ofmicroglia co-labeledwith IBA1 (green) and CD68 (red), showingmicroglia with irregular processes in Trem2�/� andmicroglia 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 mm (overview) and 5 mm (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 malemice (n = 4

mice per group, mean ± SD, two-way ANOVA followed by Bonferroni’s post hoc test; GM versusWM: 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 mm. 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 mm2; 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-labeledmicroglia (red) isolated from Trem2�/� andWTmice. Scale

bar, 25 mm. 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 mm. 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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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 (Ab) pathology. To distinguish DAM

clustering around amyloid plaques from microglia nodules in

Figure 7. Microglia with a WAM-like signature co-exist with DAMs in AD models
(A) Heatmap of microglia from 53FAD 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 AppNL-G-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 AppNL-G-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.
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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 inmultiple 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 Abca1

are genes that were elevated in WAMs, whereas Serinc3, Lyz2,

andClec7a 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 S7I). 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%

CLEC7A+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

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 WAMs, which are age dependent,

require TREM2 for their formation, and are defined by activation

of genes implicated in phagocytic activity and lipid metabolism.

WAMs 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

et al., 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 graymatter. WAMandDAMstates 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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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

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, andGalectin-3 co-localized with IBA1+microglia (green) in the corpus callosum in 21-month-oldApoe�/� and control mice.

Scale bar, 20 mm. Also shown is quantification of the percentage of IBA1+ microglia expressing CLEC7A, AXL, and Galectin-3 in 21-month-old Apoe�/� 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 mm (overview), 8 mm (magnification), and 5 mm (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).
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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 Ab 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 lipidmetabolism 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 ADmouse 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-

vating downstream signaling (Atagi et al., 2015; Bailey et al.,

2015; Yeh et al., 2016). Because APOE is critical for Ab deposi-

tion and its subsequent fibrillization into amyloid deposits, amy-

loid-dependent indirect effects onmicroglia 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 whitematter 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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STAR+METHODS

KEY RESOURCES TABLE

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#MCA839G; 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

coupled12)

Biolegend Cat#848002; RRID: AB_2650634

Rat anti-CD45 (eFluor 450, 30-F11) Thermofisher Scientific Cat#48-0451-82; RRID: AB_1518806

Rat anti-CD11b (PE/Cy7, M1/70) Thermofisher Scientific Cat#25-0112-82; RRID: AB_469588

Mouse anti-PU.1 Santa Cruz Cat#sc-390405; RRID: N/A

Mouse anti-beta-Amyloid (NAB228) Santa Cruz Cat#sc-32277; RRID: AB_626670

Goat anti-Cathepsin L R&D Systems Cat#AF1515; RRID: AB_2087690

Rabbit anti-MIF Prof. J€urgen Bernhagen (Laboratory

of Vascular Biology, ISD, Munich).

Leng et al., 2003

Biological samples

Mouse brain sections: 21 months old ApoE KO Dr. Dirk Fitzner (Department of

Neurology, University of Göttingen)

N/A

Mouse brain sections: 2 and 6 months old 5xFAD Dr. Sabine Tahirovich (Laboratory

of ex vivo models, DZNE, Munich

N/A

Mouse brain sections: 6 months old App NL-G-F Knock-in Dr. Sabine Tahirovich (Laboratory

of ex vivo models, DZNE, Munich)

N/A

Mouse brain sections: 18 months old App NL-G-F; Trem2�/� Prof. Christian Haass (Laboratory

of Neurodegenerative Disease

Research, DZNE, Munich)

N/A

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 Miltenyi Biotec Cat#130-093-634

Actinomycin D Sigma-Aldrich No. A1410; CAS: 50-76-0

Fc-blocking reagent (CD16/CD32 Monoclonal Antibody (93) Thermofisher Scientific Cat#14-0161-82; RRID: AB_467133

Aminoactinomycin D (7AAD) Thermofisher Scientific Cat# A1310

Prolong gold antifade reagent Invitrogen Cat#P36934

L-a-Lysophosphatidylcholine from egg yolk (L-a-lysolecithin) Sigma-Aldrich Cat#L4129; CAS: 9008-30-4

Bafilomycin InvivoGen Cat#tlrl-baf1

Leupeptin Hemisulfate Selleckchem Cat#S7380; CAS: 103476-89-7

Recombinant ribonuclease inhibitor Takara Clontech Cat#2313B

Triton X-100 Sigma-Aldrich Cat#93443

SMARTScribe Reverse Transcriptase Takara Clontech Cat#639538

Betaine solution 5 M, PCR Reagent Sigma-Aldrich Cat#B0300

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

UltraPure Dithiothreitol Thermofisher Scientific Cat#15508013

Magnesium chloride solution for molecular biology,

1.00 M ± 0.01 M

Sigma-Aldrich Cat#M1028

Lambda Exonuclease New England Biolabs Cat#M0262L

AMPure XP Beads Beckman-Coulter Cat#A63881

Myelin Removal Beads II Miltenyi Biotec Cat#130-096-731

Critical commercial assays

PKH67 Green Fluorescent Cell Linker Kit for General

Cell Membrane Labeling,

Sigma-Aldrich Cat#PKH67GL-1KT

RNAscope multiplex fluorescent reagent kit v2 assay Advanced Cell Diagnostics Cat#323100-USM

Neural Tissue Dissociation Kit (P) Miltenyi Biotec 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 30 GEM, Library &

Gel Bead Kit v3.1

10x Genomics Cat#1000121

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�/� Prof. Christian Haass (Laboratory

of Neurodegenerative Disease

Research, DZNE, Munich),

Turnbull et al., 2006

Mouse: B6.129P2-Apoetm1Unc/J (ApoE KO) The Jackson Laboratory Stock#002052

Mouse: B6SJL-Tg (APPSwFILon,

PSEN1*M146L*L286V)6799Vas/Mmjax (5xFAD)

The Jackson Laboratory 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

of Neurodegenerative Disease

Research, DZNE, Munich)

N/A

Mouse: B6.129P-Cx3cr1tm1Litt/J The JacksonLaboratory Stock#005582

Oligonucleotides

qPCR: hexosaminidase (Forward):

GCTGCAGAATCCTTTGCTTACGG

This manuscript N/A

qPCR: hexosaminidase (Reverse):

GGGTCACGTGAACGGGAGG

This manuscript N/A

qPCR: N-acetylglucosamine-6-sulfatase (Forward):

GAAAACCAAGGCCCTCATCG

This manuscript N/A

qPCR: N-acetylglucosamine-6-sulfatase (Reverse):

TGTTGTTAACGACGTGGTGG

This manuscript N/A

qPCR: Galactosidase Beta 1 (Forward):

CACTGCCTAACGGAGAGACC

This manuscript N/A

qPCR: Galactosidase Beta 1 (Reverse):

TCCCGAGATGTATCGGAATGG

This manuscript N/A

qPCR: Cathepsin L (Forward):

TCGGATTTCACCTCAGTGTCC

This manuscript N/A

qPCR: cathepsin L (Reverse):

CTTAAAAACTAGTGGGGCTGGC

This manuscript N/A

ERCC RNA Ambion – Fisher Scientific Cat#4456740

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

oligo-dT primer (with tag): AAGCAGTGGTATCAACG

CAGAGTACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN

Eurogentec DNA Wobble 200 nmol

dNTP Mix Thermofisher Scientific Cat# R0192

Template-switching oligos (TSO): AAGCAGTGGTAT

CAACGCAGAGTACrGrG+G

Eurogentec DNA LNA 200 nmol

ISPCR primers: 50 AAGCAGTGGTATCAACGCAGAGT-3 Eurogentec DNA Base 200 nmol scale

qPCR: Ubb77 (Primer1): 50-GGAGAGTCCATCGTGGTTATTT-30 This manuscript N/A

qPCR: Ubb77 (Primer2): 50-ACCTCTAGGGTGATGGTCTT-30 This manuscript N/A

qPCR: Ubb77 (Probe): 50-/5Cy5/TGCAGATCTTCGTG

AAGACCTGAC/3IAbRQSp/-30
This manuscript N/A

Recombinant DNA

Plasmid: Tim4 (Myc-DDK-tagged) OriGene Technologies Cat#MR222206; NM_178759

Plasmid: Tim1 (Havcr1) (Myc-DDK-tagged) OriGene Technologies Cat#MR227388; NM_134248

Plasmid: Fcgr1 (Myc-DDK-tagged) OriGene Technologies Cat#MR225268; NM_010186

Plasmid: Olr1 (Myc-DDK-tagged) OriGene Technologies Cat#MR226641; NM_138648

Plasmid: Msr1 (Myc-DDK-tagged) OriGene Technologies Cat#MR205384; NM_031195

Plasmid: Siglech (Myc-DDK-tagged) OriGene Technologies Cat#MR204374; NM_178706

Plasmid: Cd33 (Myc-DDK-tagged) OriGene Technologies Cat#MR219960; NM_021293

Plasmid: Cd68 (Myc-DDK-tagged) OriGene Technologies Cat#MR204757; NM_BC021637

Plasmid: Sirpa (Myc-DDK-tagged) OriGene Technologies Cat#MR226909; NM_007547

Plasmid: Cd209a (Myc-DDK-tagged) OriGene Technologies Cat#MR225861; NM_133238

Plasmid: Cd300a (Myc-DDK-tagged) OriGene Technologies Cat#MR224901; NM_170758

Plasmid: Axl (Myc-DDK-tagged) OriGene Technologies Cat# MR211073; NM_009465

Plasmid: Jmjd6 (Myc-DDK-tagged) OriGene Technologies Cat#MR206341; NM_033398

Plasmid: Itgam (CR3) Addgene Cat#8631; RRID:Addgene_8631

Plasmid: Itgav (C-treminal His tag) Addgene Cat#27290; RRID:Addgene_27290

Plasmid: Cd36 (EGFP) Addgene Cat#21853; RRID: Addgene_21853

Plasmid: Dectin1A (Clec7a, tdTomato tag) Addgene Cat#58089; RRID: Addgene_58089

Plasmid: Human Mertk (C-Flag tag) Sino Biological Cat., HG10298-CF; NM_006343.2

Plasmid: Trem2-DAP12 (with a HA-tag at N terminus) Prof. Christian Haass (Laboratory

of Neurodegenerative Disease

Research, DZNE, Munich)

N/A

Software and algorithms

ImageJ https://imagej.net/Welcome RRID:SCR_003070

Graphpad Prism https://www.graphpad.com:443/ RRID:SCR_002798

Imaris Bitplane RRID:SCR_007370

rnaSTAR Dobin et al., 2013 https://github.com/alexdobin/STAR

FastQC Simon Andrews https://github.com/s-andrews/FastQC

Cutadapt Marcel Martin https://github.com/marcelm/cutadapt/

Trimgalore Felix Krueger https://github.com/FelixKrueger/

TrimGalore

Seurat Butler et al., 2018 https://github.com/satijalab/seurat

DESeq2 Love et al., 2014 https://github.com/mikelove/DESeq2

MAST Finak et al., 2015 https://github.com/RGLab/MAST/

Slingshot Street et al., 2018 https://github.com/kstreet13/slingshot

10x Genomics Cell Ranger Zheng et al., 2017 https://support.10xgenomics.com/

single-cell-gene-expression/software/

pipelines/latest/what-is-cell-ranger

Metascape Zhou et al., 2019 http://metascape.org/

STRING Szklarczyk et al., 2019 https://string-db.org

(Continued on next page)
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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, themice were provided by Prof. Christian Haass, Laboratory

of Neurodegenerative Disease Research, DZNE, Munich), ApoE KO mice (B6.129P2-Apoetm1Unc/J, Jackson Laboratory, Stock No.

002052, the brain sectionswere provided byDr. Dirk Fitzner, Department of Neurology, University of Göttingen); 5xFADmice (B6SJL-

Tg (APPSwFILon, PSEN1*M146L*L286V) 6799 Vas/Mmjax, Jackson Laboratory, stock No. 034840-JAX, the brain sections were pro-

vided by Dr. Sabine Tahirovic, Laboratory of ex vivo models, DZNE, Munich); APP NL-G-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 NL-G-F Trem2�/�mice (the brain sections were provided by Prof. Christian Haass, Laboratory of Neuro-

degenerative Disease Research, DZNE,Munich); CX3CR1GFP (B6.129P-Cx3cr1tm1Litt/J, 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 KOmice were kept under the same condition in the animal facility of Max Planck Insti-

tute of Experimental Medicine in Göttingen. 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

microscopywere performed on adultmice at the age of 2, 6, 12, 18, 20 and 24months. The exact age ofmice 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-typemice 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. Formaintenance, these cells were re-suspended in the freezingmedia containing 50%FCSand 10%DMSOat concentration of

53 106 to 13 107 cells/mL. Aliquots in 1.5mL 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

Continued
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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
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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 mM into the dissociation solution and enzyme mix to prevent

ex-vivo transcription. The dissociated cell suspension was passed through a 70 mm 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 CX3CR1GFP/+ 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 mL 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 mM oligo-dT, 2.5 mM dNTP and 2 U/mL 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 mL H2O, 0.5 mL SMARTScribe Reverse

Transcriptase (Clontech), 2 mL 5x First Strand buffer, 0.25 mL Recombinant RNase Inhibitor (Clontech), 2 mL Betaine (5 M Sigma),

0.5 mL DTT (100 mM) 0.06 mL MgCl2 (1 M Sigma), 0.1 mL Template-switching oligos (TSO) (100 mM 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 2min, 42�C 2min; finally ending with 70�C for 5 min for enzyme inactivation. Pre-amplification of cDNA was performed by add-

ing 12.5 mL KAPA HiFi Hotstart 2x (KAPA Biosystems), 2.138 mL H2O, 0.25 mL ISPCR primers (10 mM, 50 AAGCAGTGGTATCAACG

CAGAGT-3), 0.1125 mL Lambda Exonuclease under the following conditions: 37�C for 30 min, 95�C for 3 min, 23 cycles of (98�C for

20 s, 67�C for 15 s, 72�C for 4min), and a final extension at 72�C for 5min. 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 qPCR assay against ubiquitin tran-

scripts Ubb77 (primer 1 50-GGAGAGTCCATCGTGGTTATTT-30 primer 2 50-ACCTCTAGGGTGATGGTCTT-30, probe 50-/5Cy5/TGCA

GATCTTCGTGAAGACCTGAC/3IAbRQSp/-30) measured on a LightCycler 480 Instrument II (Roche). Samples were normalized to

160 pg/mL. 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 Illumina HiSeq4000 to a depth of 3x105–6x105

reads/sample.

Processing and analyses of Smart-seq2 data
BCL files were demultiplexed with the bcl2fastq software from Illumina. After quality-control with FastQC, reads were aligned using

rnaSTAR (Dobin et al., 2013) to theGRCm38 (mm10) genomewith 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

UMAP 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 S1I 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 FindAllMarkers. 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 theWAM 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 dissectionmicroscope individually micro-dissected and dissociated same as described above.
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After dissociation, myelin debris were removed using Myelin Removal Beads II (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 30 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 fileswere processedwith Cell Ranger v4 and aligned to themm10 (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 AppNL-G-F data were downloaded from GSE127892 and analyzed separately. After filtering, 4856 and 5093 microglia were

included in the downstream analyses for AppNL-G-F 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 mm 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 H2O and mounted using fluorescence mounting medium (Dako)

over superfrost plus slides. For AXL and CLEC7A staining, antigen retrieval protocol using citrate buffer (10mM, 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-100was

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 Itgax 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 (AdvancedCell Diagnostics, ACD) and themanufacturer instructionwas followed. Briefly, 30 mmcryosections 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 III on the sections for 30 min at 40�C, probe hybridization was done
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by incubating sections in mouse Itgax 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 andUbc. (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 RNAwas extracted using RNeasy

Micro Kit (QIAGEN) and cDNA was synthesized using Ovation RNA-Seq System V2 (NuGEN). 1 mg of cDNA was used as input for Ion

Xpress Plus Fragment Library Kit (ThermoFisher Scientific) to generate barcoded libraries. Barcoded libraries were then quantified

using qRT-PCR (KAPA Library Quantification Kit). Barcoded libraries were then pooled and clonally amplified on Ion Spheres (IonOne

Touch 200 Template Kit v2, ThermoFisher Scientific) andwere sequenced on an Ion 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 ImageJ 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 0.1MPBS (pH 7.4). The brain tissue was sectioned into 100mm 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 mm 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 mm). Consecutive sectionswere takenwith 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 fromMark Terasaki) CNT tape (Kubota et al., 2018). Starting from the block face with the complete tissue exposedwe

collected 300 ultrathin sections, covering a thickness of 30 mm 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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ATLAS5 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 3 491 mm2) of 177 sections (one wafer, 17.7 mm

in z) scanned at 2003 200 nm2. 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 3 324 3 13.9 mm3) and the respective sections (corre-

sponding to the ROI in z) for high resolution acquisition at 20 3 20 nm2. After correlation of this dataset we imaged single images

containing IBA1 positive cells at 4 3 4 nm2.

Myelin isolation and purification
Myelin was isolated from 8-week-old C57BL/6mice 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 twomore 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 shockswere repeated as before. Eventually, the purifiedmyelin 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 mg/mL) in the 24-well plates for 1 h in the incubator (37C, 5% CO2). 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 3 104 cells/mL and cultured with 5% CO2 at 37
�C for 18-24 h before transfection. 1 mg of expression plasmids were

introduced into HeLa 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 HeLa cells were treated with 4 mg PKH76-labeled

myelin and incubated at 37�C in the presence of 5%CO2 for 2 to 5 h. The cells were fixed in 4%PFA for 15min andmyelin 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 mm 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 mL 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 73 104 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 mg 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 mg 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 mg/mL cholesterol (Avanti Polar Lipids

(Otto Nordwald), 700000P) (TCCmedium). The cells were treated with 10 mg/mLmyelin (or HEPES control) in the TCCmedium 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 nMBafilomycin (Invivogen) or 10 mM leupeptin (Selleckchem) were administered 30minutes

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 mg/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(II) phthalocyanine-tetrasulfonic acid tetrasodium salt (Aldrich,

274011) in milliq water, and the solution was sterilized by filtration through a 0.45-mm filter and autoclaving. Prior to injection, 1ml

of 3% Monastral blue was mixed with 25ml of 1% lysolecithin. Glass Capillaries for Nanoliter 2010 (World Precision Instruments,

504949 or 4878) were pulled using the P-1000NextGenerationMicropipette 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 mm, 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 cordwas exposed, the capillary was positioned 0.55mm lateral to the dorsal artery, and lowered 1.15mm into the tissue. At

each injection site, 1 ml 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 ml of 0.9%NaCl (normal saline solution) to compensate for the loss of blood andwith 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, primarymicroglia was treatedwithmyelin 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 III kit (Thermo Fisher Scientific, 18080051). For the quantitative PCR, the cDNA was quantified

with the Power SYBR green PCRMaster mix (4367659 Thermo Fisher Scientific) on a Applied Biosystem 7500 Fast Cycler, according

to the PCRmix data sheet. The relative quantification of each gene was performed with the DDCt 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-30;
hexosaminidase reverse 5‘-GGGTCACGTGAACGGGAGG-30;
N-acetylglucosamine-6-sulfatase forward 5‘-GAAAACCAAGGCCCTCATCG-30;
N-acetylglucosamine-6-sulfatase reverse 5‘-TGTTGTTAACGACGTGGTGG-30;
Galactosidase Beta 1 forward 5‘-CACTGCCTAACGGAGAGACC-30;
Galactosidase Beta 1 reverse 5‘-TCCCGAGATGTATCGGAATGG-30;
Cathepsin L forward 5‘-TCGGATTTCACCTCAGTGTCC-30;
cathepsin L reverse 5‘-CTTAAAAACTAGTGGGGCTGGC-30.

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 ImageJ 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 5mice 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 andwhat 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 (GMorWM) for a definedmouse (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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4C D 8 + T C E L L S I N D U C E
I N T E R F E R O N - R E S P O N S I V E
O L I G O D E N D R O C Y T E S A N D
M I C R O G L I A I N W H I T E M AT T E R
A G I N G

This article was published in Nature Neuroscience on 24 October, 2022.

In this article, we continued the study of white-matter aging, espe-
cially we wanted to adress the white-matter loss observed in aging for
which mechanisms were still unknown. We focused mainly on oligo-
dendrocytes which generate the myelin that wraps around axons. We
used two methods of single-cell transcriptomics that converged to the
same result. We identified a population of oligodendrocytes that pre-
sented genes typical of a response to interferon (IFN). We named this
population IFN-responsive oligodendrocytes (IRO). We then demon-
strated that they are localised in proximity to CD8 T cells. We further
tested the hypothesis that IRO were induced by T cells by using three
methods. First, a Rag1-KO aged mouse line was used, affecting all
lymphocytes (CD4 and CD8 T cells, B cells). We saw a reduction of
the amount of IRO and a rescue of the oligodendrocyte loss. Second,
a treatment with checkpoint inhibitors increased the number of CD8

T cells present in the white-matter while the number of oligodendro-
cytes increased. Finally, using mouse line with non-functional CD8

T cells reduced the oligodendrocyte response to interferon and in-
creased their number, thereby demonstrating the role of CD8 T cells
in inducing an interferon response and loss of white-matter volume.
We then focused on microglia, and identified a population that was
also responsive to interferon, that we called IRM. These IRM were
also present in proximity of CD8 T cells and gene enrichment analysis
were significant for antigen presentation and upregulation of T-cell-
mediated toxicity pathways. Altogether, this study provided evidence
that CD8 T cells induce an interferon response in microglia and oligo-
dendrocytes that contributes to white-matter loss in aging.

Individual contributions: M. Simons and O.G. conceived and su-
pervised the project. T.K., N.M., L.L., S.B.-G., H.J., S.K., O.G., J.W.,
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.
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In more details, I developped and maintained the infrastructure
(storage and process) necessary for the laboratory to generate the
single-cell and computational data. I established and optimised the
single-cell library generation pipeline and the bionformatics data anal-
ysis pipeline that were used to generate the single-cell data in this
publication. For the library generation, I contributed to the develop-
ment of our protocol that includes actinomycin-D to prevent handling
artefacts during the library generation. I performed the oligodendro-
cytes transcriptomics library processing and analysis. I provided con-
tinuous assistance to writing the manuscript.
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CD8+ T cells induce interferon-responsive 
oligodendrocytes and microglia in white 
matter aging

Tuğberk Kaya    1,2,3,4,7, Nicola Mattugini2,3,7, Lu Liu1,7, Hao Ji1, 
Ludovico Cantuti-Castelvetri    2,3, Jianping Wu    2,3,4, Martina Schifferer    3,5, 
Janos Groh    6, Rudolf Martini6, Simon Besson-Girard    1,4, Seiji Kaji2,3, 
Arthur Liesz1, Ozgun Gokce    1,5,8   and Mikael Simons    1,2,3,5,8 

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 identi!ed 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 
and rescued oligodendrocyte loss, whereas T-cell checkpoint inhibition 
worsened the aging response. In addition, we identi!ed a subpopulation 
of lymphocyte-dependent, IFN-responsive microglia in the vicinity of the 
CD8+ T cells in aging white matter. In summary, we provide evidence that 
CD8+ T-cell-induced, IFN-responsive oligodendrocytes and microglia are 
important modi!ers of white matter aging.

Age is the major risk factor for the most prevalent neurodegenerative 
diseases1. 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, which is to a large extent 
composed of myelin, a lipid-rich membrane wrapped around axons 
by oligodendrocytes2. 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 
declines in aging3–5. 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 
images6–9. Focal white matter degeneration is related to an increased 
risk of stroke and dementia6 and contributes to cognitive decline pos-
sibly by disrupting connective pathways in the brain10–12. 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 damage13,14. We have previously 
shown that such age-related myelin pathology results in a distinct white 
matter-associated microglia state, in which the disease-associated 
microglia (DAM) or microglia-neurodegenerative phenotype (MGnD) 
program is partially activated to clear myelin debris in groups of a few 
closely connected microglia15–18. Whereas the microglial responses to 
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(Fig. 1e,f). These increases were accompanied by a significant decrease 
in aged white matter Oligo1 but not in Oligo2 (Extended Data Fig. 2a).

CD8+ T cells induce 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 (CC1+) 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 Serpina3n did 
not detect double-positive cells, in agreement with our scRNA-seq data 
that STAT1+ 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, also immunoreactive for C4b, Serpina3n, 
STAT1 or B2M, are restricted 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 STAT1 and 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. 2a and Extended Data Fig. 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 nerve34,35. As 
T cells are a major source of IFNs, we analyzed T-cell proportions in the 
mouse aging single-cell transcriptomic atlas35 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 
brain and observed that the 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 
the IFN-responsive oligodendrocytes (STAT1+CC1+) and CD8+ T cells in 
aging white matter. Strikingly, STAT1+CC1+ cells are more frequently 
localized in close proximity to CD8+ T and vice versa (<20 µm) (Fig. 2c). 
Moreover, STAT1+CC1+ oligodendrocytes are found significantly more 
often in 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 atlas36 and the CD8+ 
T-cell dataset from Groh et al.34. 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 (Pdcd1) 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 all the CD8+ T cells were also positive for CD69 (Extended Data  
Fig. 5a). We analyzed the expression of the checkpoint molecules, 
programmed cell death protein 1 (PD-1) and the lymphocyte-activation 

aging and disease are more intensely studied15,17,19–21, 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 microglia in 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 Rag1−/− mice22 or CD8−/− mice23 
prevented aging-induced oligodendrocyte loss and IFN-responsive 
oligodendrocyte and microglia formation. Inversely, T-cell-checkpoint 
inhibition worsened the aging effect. These perturbation experiments 
support a role 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 guidelines24,25 (Methods and 
Supplementary Tables 1 and 2). To avoid isolation artifacts, we used our 
previously established automated dissociation protocol that inhibits 
ex vivo transcription18. 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 
Data Fig. 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 
which the most abundant two clusters represent the heterogeneity of 
oligodendrocytes previously identified in juvenile and adult mouse 
by Marques et al.26. In our analysis, two additional oligodendrocyte 
clusters appeared in aged mice, which were enriched in white matter. 
One was characterized by a high expression of the serine (or cysteine) 
peptidase inhibitor, member 3N (Serpina3n) and the complement 
component C4b, previously associated with injury responses27–32. 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 Stat1, Ifi27l2a and major histocompatibility 
complex (MHC) class I-related genes (H2-K1 and H2-D1) (Fig. 1b,c,f). 
A related gene expression profile has been detected in oligodendro-
cyte progenitor cells (OPCs) in the context of multiple sclerosis28,30. To 
validate our results, we performed scRNA-seq using the 10× 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 
cells using flow cytometry (Extended Data Fig. 1a). Major cell types were 
annotated based on canonical markers upon clustering (Extended Data 
Fig. 1e–g). We again identified a continuous range of oligodendrocytes 
that reproduced the major oligodendrocyte clusters of the Smart-seq2 
scRNA-seq dataset (Fig. 1b,g). The higher number of oligodendrocytes 
allowed us to resolve Oligo1 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 changes in ratios 
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 
discoveries33. Both age-related oligodendrocyte and IRO cluster pro-
portions were significantly increased in the aged white matter samples 



Nature Neuroscience | Volume 25 | November 2022 | 1446–1457  1448

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

gene 3 (LAG-3) and found that 40% of CD8+ T cells were immunolabeled 
by antibodies against PD-1 and 32% of CD8+ T cells by antibodies against 
LAG-3 (Extended Data Fig. 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 such as cytotoxic T-lymphocyte-associated protein 
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Fig. 1 | Identification of age-related gene expression signatures in 
oligodendrocytes. a, Experimental design from dissection to cell sorting 
and cell loading for the plate-based (Smart-seq2 (SS2)) and 10× pipelines, 
respectively. b, UMAP plots of oligodendrocytes in the SS2 and 10× datasets, 
colored by identified populations. c, UMAP plots of oligodendrocytes in the SS2 
dataset, colored by tissue, age and expression of selected marker genes. d, The 
10× 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 
per sample, 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 10× datasets. a.u., arbitrary units representing the corrected 
log(1P) (counts) value.
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4 (CTLA-4) and PD-1 to determine the effect on oligodendrocytes. 
Immune checkpoint blockage therapy is used to dampen coinhibitory 
molecules to achieve robust anti-tumor immune response37. Treatment 
of mice with twice-weekly intraperitoneal injections with anti-PD-1 

and anti-CTLA-4 antibodies for 6 weeks resulted in an increased 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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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 STAT1 in 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+CC1+, 3-month, n = 6, 24-month, n = 4, **P = 0.0095; B2m+CC1+, 
3-month, n = 4, 24-month, n = 4, *P = 0.0286; STAT1+CC1+, 3-month, n = 5, 
24-month, n = 5, **P = 0.0079; data are mean ± s.e.m.; P values are from a two-
tailed Mann–Whitney U-test). Scale bar, 20 µm; for B2m, 10 µm.  
b, Immunofluorescence showing CD3+CD8+ T cells (indicated by arrowheads). 
Scale bar, 20 µm. Quantification of CD3+ T cells and 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; 
data are mean ± s.e.m.; P values 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 µm. 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 
STAT1+CC1+ 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; data are 
mean ± s.e.m; P value represents a two-sided paried Student’s t-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-1 and 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+CC1+, 
n = 4, *P = 0.0244; B2m+CC1+, n = 4, *P = 0.0286; data are mean ± s.e.m.; P values 
represent a two-sided Student’s t-test (CD8+, STAT1+CC1+) or two-tailed Mann–
Whitney U-test (CD4+, B2m+CC1+)). Scale bar, 20 µm. NS, not significant.
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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 
Data Fig. 6c).

To continue exploring the link between T cells and white matter 
aging, we performed three independent scRNA-seq experiments 
using the 10× platform on 24-month-old Rag1−/− mice, which lack 
functional lymphocytes. The Rag1−/− dataset integrated well with 
our 24-month-old wild-type 10× 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 Stat1 and H2-D1 expressing IROs 
and Serpina3n expressing age-related oligodendrocytes (Fig. 3d). 
The scCODA analysis showed a marked reduction of IROs in Rag1−/− 
mice (Fig. 3e). This finding was consistent with our immunolabe-
ling experiments, which showed a reduction of IROs in Rag1−/− 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 atlas36 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 numbers in 
12-, 18- and 24-month-old mice (Fig. 3g). We observed that the density 
of CC1+ 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-π) was used as an additional marker 
to stain for mature oligodendrocytes (Extended Data Fig. 7a,b). In 
addition, there was a decrease in Olig2+ oligodendroglial cells, but not 
of Pdgfra+ OPCs (Extended Data Fig. 7c). Next, we analyzed oligoden-
drocytes in Rag1−/− 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 Rag1−/− compared with wild-type 
control mice (Fig. 3g).

As Rag1−/- mice lack various populations of mature adaptive 
immune cells, including CD4, CD8, gamma–delta and B cells, we 
used mice homozygous for the Cd8atm1Mak-targeted mutation (CD8−/−) 
that specifically lacks functional CD8+ T cells23. 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+ 
T cells induce IFN responses and loss of oligodendrocytes.

CD8+ T cells induce IFN-responsive microglia
As previous studies have identified IFN-responsive microglia in various 
models of neurodegenerative disease and during aging15, we asked 
whether the adaptive immune system mediates IFN-responsive micro-
glia conversion. Unsupervised clustering of 15,601 microglia from 
the aged white and gray matter of Rag1−/− and wild-type mice revealed 
distinct populations, including previously described homeostatic 
microglia, activated microglia, white matter-associated microglia and, 
in addition, a smaller population of IFN-responsive microglia (Fig. 4a). 
The IFN-responsive microglia subset was significantly enriched in aged 
white compared with gray matter and was reduced in aged Rag1−/− mice 
(Fig. 4a,b). INF-responsive microglia are 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 
genes including Stat1, Ifit3, Usp18 and Ifit27l2a (Fig. 4e). GO enrichment 
analysis also detected differences with upregulated genes involved in 
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 STAT1 and, in agreement with our scRNA-seq data, we detected 
STAT1+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+ microglia and CD8+ T cells in aging white matter 
and found that they were frequently in close proximity (<20 µm) (Fig. 
5a). Our analysis showed that STAT1+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 STAT1+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 Rag1−/− mice, which revealed a reduction of STAT1+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. c, 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 Rag1−/− 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 1.5× the IQR. 
Each dot represents a sample (n = 8 independent experiments) and significant 
results (scCODA model) are indicated with red bars. f, Immunofluorescence 
staining and quantification of STAT1+CC1+ oligodendrocytes in the white matter 
of 24-month-old wild-type and 24-month-old Rag1−/− mice (n = 5 mice per group, 

*P = 0.0466; data are mean ± s.e.m.; P values represent a two-sided Student’s 
t-test). Scale bar, 20 µm. g, Immunofluorescence staining and quantification 
of CC1+ oligodendrocyte density in the gray (GM) and white matter (WM) of 12-, 
18- and 24-month-old wild-type and Rag1−/− 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 Rag1−/−, 
**P = 0.0083; data are mean ± s.e.m.; P values represent two-sided, one-way 
ANOVA with post hoc Tukey’s test). Scale bar, 20 µm. 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; 
data are mean ± s.e.m.; P value represents a two-sided Student’s t-test). 
Scale bar, 20 µm. 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.; P value 
represents a two-sided Student’s t-test). Scale bar, 20 µm.
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microglia number compared with control wild-type mice (Fig. 4f ). 
Finally, we stained for STAT1+IBA1+ microglia in aged CD8−/− mice. 
Again, 24-month-old mice deficient in functional CD8+ T cells had 
markedly lower numbers of STAT1+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 debris18, 
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 
are enriched in Mbp transcripts (Extended Data Fig. 8c,d), reminiscent 
of microglia containing myelin transcripts previously detected in the 
brains of patients with multiple sclerosis38. As the triggering receptor 
expressed on myeloid cell 2 (TREM2) is required for the formation 
of white matter-associated microglia18, 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 STAT1+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 microglia in aged white matter. However, aged 

Trem2−/− mice suffer from slightly degenerating white matter and sei-
zures18, which can cause innate immune reactions39, making the inter-
pretation of the data more difficult.

IFN-γ injection 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-γ35. To 
assess the impact of IFN-γ on oligodendrocytes, we stereotactically 
injected 10 ng of IFN-γ 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 in 4- 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. 9c). Control vehicle injections in 18-month-old mice did not 
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Fig. 4 | Identification of IFN-responsive microglia in aged white matter. a, 
UMAP plots of microglia colored by identified clusters, genotype and tissue 
annotation. b, Boxplot of the IRM cluster proportion per sample, respectively. 
WAM, White matter associated microglia; WT, Wild-type. 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 = 8 independent experiments) and significant results (scCODA model) 
are indicated with red bars. c, UMAP plots of selected IRM marker genes. d, 
Heatmaps of average expression of differentially expressed genes, comparing the 
five microglia populations. Gene sets 1–4 were identified in Safaiyan et al.18 and 

set 5 was identified by differential expression analysis of the IRM cluster. 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. e, Venn 
diagram of top 50 differentially expressed genes of IRO and IRM clusters with 
an intersection set of 16 genes. Gene lists are found in Supplementary Table 3. f, 
Immunofluorescence staining and quantification of STAT1+IBA1+ microglia in the 
white matter of 3- and 24-month-old wild-type and 24-month-old Rag1−/− mice 
(IBA1+STAT1+, n = 5,5,4; 3 months versus 24 months, ***P = 0.000002: 24-month 
versus 24-month Rag1−/−, **P = 0.0087; data are mean ± s.e.m.; P value represents 
two-sided, one-way ANOVA with post hoc Tukey’s test). Scale bar, 20 µm.
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induce such lesions (Fig. 6f–h and Extended Data Fig. 9b). Previous 
studies have shown that IFN-γ can induce oligodendrocyte cell death 
in vitro and in vivo40–42. To directly determine the response of IFN-γ on 
oligodendrocytes, we treated primary cultures of mouse oligoden-
drocytes with IFN-γ. We used IFN-γ in concentrations that triggered 
STAT1 expression, to determine whether the induction was sufficient 
to induce cell death. Immunofluorescence analysis indicated that the 
STAT1+ oligodendrocyte state did not affect cell viability in culture at this 
concentration (Fig. 6i). As IFN-γ is an important activator of microglia, 
we asked whether the cytotoxic effects of IFN-γ 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-γ (Fig. 6j). Thus, microglia can induce IFN-γ-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 adaptive immune cells contributed to the cellular alterations that 
were associated with white matter aging. In both Rag1−/− and CD8−/− 
aged mice, the number of STAT1+ oligodendrocytes decreased and the 
total density of oligodendrocytes increased to a similar 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 microglia in aging white matter. 
These results show that adaptive immunity drives IFN-responsive cell 
states in aging white matter, but the exact link 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-γ, which drive IFN signaling within the neurogenic niche of the 
subventricular zone35. CD8+ T-cell-derived IFN-γ may also induce IFN 
responses in oligodendrocytes and microglia, but the contribution of 
other IFNs cannot be excluded43. One possible scenario is the secre-
tion of IFN-γ by CD8+ T cells, which, in turn, polarizes microglia into 
an injurious phenotype. It is interesting to compare our results with 
a previous study using a viral model of encephalitis in mice, in which 
CD8+ T-cell-derived IFN-γ triggers acute loss of axosomatic connec-
tions44. In this model, phagocytes activated by neurons, which have 
been stimulated by CD8+ T-cell-derived IFN-γ triggers synapse loss44. 
Accordingly, it is 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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Fig. 5 | CD8+ T cells induce an IFN-responsive microglia state in the aged 
white matter. a, Immunofluorescence staining and quantification of CD8+ 
T cells (green) and STAT1+IBA1+ microglia proximity in the white matter of 
24-month-old mice. Scale bars, 20 µm. Bar plots show quantification of STAT1+ 
and STAT1−IBA1+ in proximity to CD8+ T cells and vice versa (3 sections per mouse 
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from 4 mice were analyzed). b, Quantification of the percentage of STAT1+IBA1+ 
microglia found in proximity to random cells compared with CD8+ T cells 
(n = 4 mice per group, **P = 0.0052; data are mean ± s.e.m.; P value represents 

a two-sided paired Student’s t-test). c, Immunofluorescence staining and 
quantification of STAT1+IBA1+ microglia in the white matter of mice treated with 
anti-PD-1 and 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; data are 
mean ± s.e.m.; P value represents a two-sided Student’s t-test). Scale bar, 20 µm. 
d, Immunofluorescence staining and quantification of STAT1+IBA1+ microglia in 
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.; P value represents a two-
sided Student’s t-test).
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Fig. 6 | IFN-γ injections induce myelin and oligodendrocyte loss in aged mice. 
a, Diagram showing the model of IFN-γ injection in the corpus callosum (CC). The 
lesion area was identified by the positivity for monastral blue. b, Representative 
pictures of the CC after injection of 1 µl of a solution of 10 ng µl−1 of IFN-γ, 48 h 
postinjection. The intensity of the staining for MBP (green) was used to quantify 
the extent of demyelination (young, n = 4; old, n = 3; ***P = 0.0006; data are 
mean ± s.e.m.; P value represents a two-sided Student’s t-test). a.u., arbitrary 
units. c–e, Representative confocal images and quantifications of IFN-γ-
mediated lesions in young and old mice, showing CC1+ oligodendrocytes (c), 
MAC2+ microglia (d) and NF200+ axons (e). The number of oligodendrocytes was 
expressed as number of cells per mm2; the amount of phagocytes was expressed 
as percentage area of the lesion occupied by MAC2+ cells; the extent of axonal 
damage was expressed as staining intensity of NF200 (young, n = 4; old, n = 3; 
CC1+, **P = 0.0031; MAC2+, *P = 0.0291; NF200+, *P = 0.0451; data are mean ± s.e.m.; 
P values represent a two-sided Student’s t-test). Scale bar, 20 µm. f–h, 

Representative confocal images and quantifications of IFN-γ-mediated lesions 
in old mice and of the vehicle control showing CC1+ oligodendrocytes (f), MAC2+ 
cells (g) and NF200+ axons (h) (n = 3 mice per group, CC1+, **P = 0.0025; MAC2+, 
*P = 0.0451; data are mean ± s.e.m.; P values represent a two-sided Student’s 
t-test). i, Representative images of cultured oligodendrocytes (labeled for O1 
in red and STAT1 in white) after treatment with IFN-γ for 24 h compared with 
control. Quantification of the number of oligodendrocytes after IFN-γ or vehicle 
treatment, expressed as number of O1+ cells per mm2 (n = 4 biological replicates 
per group, **P = 0.0022; data are mean ± s.e.m.; P values represent a two-sided 
Student’s t-test). j, Representative images of oligodendrocytes cultured with 
microglia alone (MG) or microglia together with IFN-γ (MG+IFN-γ) and stained 
for O1 (oligodendrocytes) and IBA1 (microglia). Quantification of the number 
of oligodendrocytes, expressed as number of O1+ cells per mm2 (n = 4 biological 
replicates per group, **P = 0.0022; data are mean ± s.e.m.; P values represent a 
two-sided Student’s t-test).
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shown for axons in the optic nerve34. In this context, the age-related 
induction of Serpina3n+ oligodendrocytes is of interest, because Ser-
pina3n is an inhibitor of granzyme B that can dampen axon and myelin 
damage in autoimmune conditions45. Several studies have identified 
distinct populations of clonally expanded CD8+ T cells expressing the 
checkpoint inhibitor PD-1 in aged mice and humans35,46. We found that 
treatment of mice with antibodies against the checkpoint receptors, 
CTLA-4 and PD-1, resulted in an increase in the number of CD8+ T cells 
and IFN-responsive oligodendrocytes and microglia. These data could 
possibly explain why immune checkpoint inhibition in cancer causes 
behavioral and cognitive changes in some patients47.

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 barrier48,49. 
Progressive vascular damage, induced by injury to myelinated fibers, 
may promote the infiltration 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)34,35. 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 ablation50. However, passive 
mechanisms such as age-related changes in the migration of CD8+ T 
across a leaky blood–brain barrier, dural sinuses or choroid plexus are 
also conceivable. In addition, it remains to be clarified whether CD8+ 
T cells produce IFN-γ in the aging white matter, as has been shown for 
the stem cell niches of aging mice35.

Previous work has shown that oligodendrocytes are particularly 
sensitive to IFN-γ, because it can trigger oligodendroglial cell death 
and demyelination40–42. Strikingly, we find that this effect is highly 
pronounced in the aged brain, in which IFN-γ potently induces loss of 
oligodendrocytes and demyelinating injury. Possibly, the aging brain is 
primed toward IFN-γ due to age-associated, chronic, low-grade inflam-
mation, so-called ‘inflammaging’51. Notably, OPCs respond to IFN-γ by 
inducing the antigen presentation pathway to activate T cells, which 
in turn can kill the OPCs as their target cells28,30. 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 niche35,52,53. Intriguingly, proliferation of 
neural stem cells was inhibited by IFN-γ, which was secreted from CD8+ 
T cells35. This mechanism is likely to be of functional relevance for the 
oligodendroglial lineage, because aging is not only associated with 
myelin degeneration but also with insufficient myelin renewal, a result 
of reduced capacity of OPCs to proliferate and differentiate3,4,10,54,55. 
Indeed, we found that myelin degeneration was not associated with 
an increase in OPC numbers in the aging brain.

As aging is the biggest 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 
been detected in Alzheimer’s disease and its mouse models18,56,57, which 
may contribute to disease pathology, including TREM2-dependent 
DAM signaling16,17; however, TREM2-independent glial responses have 
also been described27,58. As our previous work identified TREM2- and 

age-dependent, white matter-associated microglial responses, we 
analyzed the TREM2 dependence of IFN-responsive microglia but 
found instead a role of CD8+ T cells.

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 inappropriate type I IFN release59. 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 
pathology59. Likewise, deletion of ubiquitin-specific protease 18, a 
protein that negatively regulates STAT1 signaling, causes fatal activa-
tion of white matter microglia and myelin pathology60,61. Due to the 
extensive crosstalk between type 1 and type 2 IFN signaling pathways, 
future studies need to address their specific contribution within the 
different cell types during white matter aging.

Although the exact communication across 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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maries, source data, extended data, supplementary information, 
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Methods
Animals
The mouse lines used in the present study are the following: wild-type 
C57BL/6J mice were from Janvier Labs; Trem2−/− mice62 on the C57BL/6J 
background were kindly provided by C. Haass, Laboratory of Neurode-
generative Disease Research, German Center for Neurodegenerative 
Diseases (DZNE), Munich; Rag1−/− (B6.129S7-Rag1tm1Mom/J)22 and 
Cd8−/− mice (B6.129S2-Cd8atm1Mak/J)23 and wild-type controls were on 
the C57BL/6J background. Experiments were performed with young, 
adult and 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-1 and 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 
concentration 10 mg kg−1 (PD-1) and 20 mg kg−1 (CTLA-4) twice a week 
for 6 weeks in total. All animal experiments were reviewed and over-
seen by the institutional animal use and care committee of the DZNE in 
Munich and the University Hospital in Würzburg. All animals were free 
from the most common mouse viral pathogens, ectoparasites, endo-
parasites and mouse bacterial pathogens harbored in research animals. 
The battery of screened infective agents met the standard health profile 
established in the animal facility in the DZNE animal housing facility. 
The mice were kept in groups 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 standard chow and water freely available. 
Water was provided in a water 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/6J 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 protocol63 using gentleMACS with the Neural Tissue Dissocia-
tion Kit (Papain; Miltenyi Biotec) and a final concentration of 45 mM 
actinomycin D (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 
cell suspensions were stained by the live/dead marker SYTOX Blue (final 
concentration 1 µM). 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 mM oligo(dT), 2.5 mM dNTP 
and 2 U ml−1 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 imme-
diately placed on ice. To perform reverse transcription (RT) we 
added to each well a mix of 0.59 µl of H2O, 0.5 µl of SMARTScribe 
Reverse Transcriptase (Clontech), 2 µl of 5× First Strand buffer, 
0.25 µl of Recombinant RNase Inhibitor (Clontech), 2 µl of Betaine 
(5 M Sigma), 0.5 µl of dithiothreitol (100 mM), 0.06 µl of MgCl2 (1 M, 
Sigma-Aldrich) and 0.1 µl of template-switching oligos (TSOs) (100 µM, 

AAGCAGTGGTATCAACGCAGAGTACrGrG + 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 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 µl of KAPA HiFi Hotstart 2× 
(KAPA Biosystems), 2.138 µl of H2O, 0.25 µl of ISPCR primers (10 µM, 
5′-AAGCAGTGGTATCAACGCAGAGT-3′) and 0.1125 µl of lambda exonu-
clease under the following conditions: 37 °C for 30 min, 95 °C for 3 min, 
23 cycles of 98 °C for 20 s, 67 °C for 15 s and 72 °C for 4 min, and a final 
extension at 72 °C for 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 a Qubit 4.0 Fluorometer (Invitrogen, 
Life Technologies) to measure the DNA concentrations. Further selec-
tion of samples was performed via quantitative PCR assay against ubiq-
uitin transcript Ubb77 (primer 1 5′-GGAGAGTCCATCGTGGTTATTT-3′; 
primer 2 5′-ACCTCTAGGGTGATGGTCTT-3′; probe 5′-/5Cy5/TGCAGAT
CTTCGTGAAGACCTGAC/3IAbRQSp/−3′) measured on a LightCycler 
480 Instrument II (Roche). Samples were normalized to 160 pg µl−1. 
Sequencing libraries were constructed using in-house-produced 
Tn5 transposase33. Libraries were barcoded and pooled then under-
went three rounds of AMPure bead (Beckman-Coulter) clean-up at a 
0.8:1 ratio beads:library. Libraries were sequenced 2× 150 reads bp 
paired-end on Illumina HiSeq4000 to a depth of 3 × 105–4 × 105 reads 
per sample.

Processing, quality control and analyses of Smart-seq2 
scRNA-seq data
BCL files were demultiplexed with the bcl2fastq software from Illumina. 
After quality control with FastQC, reads were aligned using rnaSTAR64 
to the GRCm38 (mm10) genome with ERCC synthetic RNA added. Read 
counts were collected using the parameter ‘quantMode GeneCounts’ 
of rnaSTAR and the unstranded values. Quantitative criteria were 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 to remove outliers or samples with abnormal values. 
In the same order as in Extended Data Fig. 1b, we considered the number 
of reads per sample (≥20,000 and ≤4 × 106), 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 utilized65. 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_log2(fold-change) 
(avg_log2(FC)) > 1 (Fig. 1g). GO analyses were performed with the DAVID 
annotation tool66, STRING67 and Metascape68.

Mice perfusion and cell isolation for 10× genomic experiments
For 10× genomic experiments, mice were deeply anesthetized 
and perfused with cold PBS. Each brain was removed, individually 
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microdissected under a dissection microscope and dissociated in the 
same way as described above (10× mice information is provided in Sup-
plementary Table 2). To collect enough cells for loading on to the 10× 
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 a 2-ml Eppendorf tube with 1 ml of 
RPMI + 5% fetal bovine serum (FBS). Sorted cells were centrifuged at 
300g for 10 min at 4 °C. Cell pellets were resuspended in 0.04% bovine 
serum albumin (BSA) + PBS catching medium at a concentration of 
700–900 cells per µl.

Library preparation for 10× 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 (10× Genomics) chemistry following the manufacturer’s instruc-
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 (BGI group).

Preprocessing and analyses of 10× data
Fastq files were processed with Cell Ranger v.3.0.2 (wild-type aging), 
4.0.0 (Rag1KO 1st batch) and 6.1.2 (Rag1KO 2nd batch). From that point, 
the Seurat v.3.2.3R package65 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. 6c), removing cells with <200 genes and 
mitochondrial gene percentage >10% and keeping genes with expres-
sion in at least 3 cells. Further sets of filters are explained in detail for 
each sample.

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 
contamination69.

The samples in the second batch were analyzed similarly; by 
extracting the 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-
flow70. 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’). The top 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 
(both all cell types 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 Rag1KO samples 
together. Previously described four batches of oligodendrocytes sub-
sets (eight sequencing runs in total, four per genotype) were integrated 
(Fig. 3d and Extended Data Fig. 6c). The 500 most variable genes from 
each batch and the top 20 PCs were used in the ‘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 Rag1KO microglia, our previously 
described microglia dataset18 was integrated together with the micro-
glia from our Rag1KO libraries. Four batches of microglia subsets (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 the top 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.18 with addition 
to IFN-responsive microglia.

Datasets generated in the present study and external datasets (12 
sequencing runs, 4 from Safaiyan et al.18, 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-
tomic atlas36 were downloaded. After filtering based on gene expression 
and age, 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. dataset34. 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.

All differential gene expression analyses were conducted using the 
FindMarkers function with Wilcoxon’s rank-sum test. The scCODA v.0.1.6 
package was used for compositional analysis of the single-cell data. The 
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false discovery rate (FDR) value was set to 0.4 to be 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 the interquartile 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−1 of ketamine and 1 mg ml−1 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-µm coronal sections were cut using a cryostat Leica 
CM 1900. Free-floating sections were collected in a solution containing 
25% glycerol and 25% ethylene glycol in PBS. The sections were rinsed 
with 1× 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 for 1 h at room temperature to block endog-
enous mouse tissue immunoglobulins. After a brief wash the sections 
were blocked for 1 h at room temperature in a solution containing 2.5% 
fetal calf serum, 2.5% BSA and 2.5% fish gelatin in PBS. Primary antibod-
ies, diluted in 10% blocking solution, were incubated overnight at 4 °C. 
On the following day, sections were incubated with secondary antibod-
ies, diluted in 10% blocking solution, for 2 h at room temperature. The 
sections were washed with PBS followed by DAPI incubation in 1× 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, 
catalog no. 100702, 1:100), rabbit anti-Iba1 (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, 
catalog no. 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, 
catalog no. A-21422, 1:500), anti-mouse 647 (Thermo Fisher Scientific, 
catalog no. A-21235, 1:500), anti-mouse 488 (Thermo Fisher Scientific, 
catalog no. A-21202, 1:500), anti-rabbit 555 (Thermo Fisher Scientific, 
catalog no. 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, STAT1 and 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% 
goat serum; 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+CC1+ oligodendrocytes (IROs), CD8+ T cells (or random DAPI+ 
cells) were selected manually, from which a circle with a 20-µm radius 

was drawn from the center of the cell via ImageJ automatically. We then 
quantified the percentage of STAT1+CC1+ oligodendrocytes located 
within that circle. Conversely, we proceeded similarly but took oligo-
dendrocytes as a reference and quantified the T cells within a circle 
with a 20-µm radius. The same quantification method was applied to 
determine the proximity of CD8+ T cells to STAT1+IBA1+ microglia (IRM). 
Images were acquired via a Leica TCS SP5 confocal microscope or with 
an LSM900 Zeiss microscope and were processed and analyzed with 
ImageJ 1.41 image-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-µm 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 Iba1 staining was described as above. Sections 
were assessed by fluorescence imaging for sites of Iba1 enrichment in 
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 overnight incubation in 1% aqueous 
uranyl acetate at 4 °C and 2 h at 50 °C. Samples were dehydrated in an 
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 
on to adhesive carbon tape (Science Services) attached to 4-inch silicon 
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. Overview scans were taken at 200-nm lateral and higher resolution 
scans at 20-nm lateral resolution. Serial section data were aligned by 
a sequence of automatic and manual processing steps in Fiji TrakEM2 
(ref. 71) 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 in situ hybridization
RNAscope in situ hybridization assay was applied to detect Mbp mRNA 
in the brain cryosections prepared from aged wild-type mice as per-
formed previously18. 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-µm cryosections were fixed on superfrost 
plus slides; they were pretreated with hydrogen peroxide for 10 min 
at room temperature and then with antigen retrieval reagent (5 min of 
boiling) to unmask the target RNA. After applying Protease III on the 
sections for 30 min at 40 °C, probe hybridization was done by incubat-
ing sections in mouse Mbp probe assigned to channel 3, diluted 1:50 
in probe diluent, for 2 h at 40 °C. Afterwards, signal amplification and 
detection were performed according to the kit’s instruction. Signal 
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detection was done using Opal dyes (Opal520-green) diluted 1:3,000 in 
tyramide signal amplification (TSA) buffer. To visualize microglia, after 
in situ hybridization, an immunohistochemistry assay was performed 
using Iba1 antibody (Wako, 1:1,000). After washing with 1× PBS, sections 
were incubated for 30 s with 1× 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 1.41 image-processing software.

Cell culture
OPCs were prepared from P8 C57BL/6J mouse brains by immuno-
panning72. Briefly, brains were dissociated to single-cell suspension, 
which was passed through two negative-selection plates coated with 
BSL1 to 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/6J mouse 
brains. The brains were homogenized to a single-cell suspension using 
the neural tissue dissociation kit (Miltenyi Biotech, catalog no. 130-092-
628) and by filtering the homogenate through a 70-µm 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 
with 10% bovine calf serum, 10 ng ml−1 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 1.5 d, 
when OPCs had differentiated into oligodendrocytes, microglia were 
collected after scraping, counted and plated with oligodendrocytes. 
After 6 h, IFN-γ (Millipore, catalog no. IF005) 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 µl−1. 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 overnight at 4 °C, washed twice in PBS and incubated for 1 h at 
room temperature with secondary antibodies. Oligodendrocytes were 
stained for O1 (mouse hybridoma, 1:5), microglia for IBA1 (Wako, catalog 
no. 234 004, 1:250) and nuclei were stained with DAPI. After mounting, 
the cells were imaged on a Leica DMI6000 widefield microscope (×20, 
0.4 numerical aperture, air objective) and analyzed using Fiji.

Stereotactic injection in the corpus callosum
A solution of 10 ng µl−1 of IFN-γ was prepared by mixing IFN-γ with sterile 
1× PBS. 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 an intraperitoneal 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). A small incision was performed in 
the skin to expose the skull. The mouse was positioned into a stereo-
tactic injection apparatus and a small hole was drilled at the injection 

coordinates: X, ±0.55 mm; Y, −1.22 mm (from the bregma). The glass 
capillary containing the IFN-γ solution or the control solution (PBS) 
was then lowered to Z of −1.25 mm from bregma, and 1 µl was injected 
at a rate of 100 nl min−1. 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−1 of atipamezol, 1.2 mg kg−1 of naloxone 
and 0.5 mg kg−1 of flumazenil. After 48 h, the animals were perfused 
transcardially with 4% PFA. Postfixation of brain tissue was done in 4% 
PFA overnight. Then the brain tissue was further cryoprotected in 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 field16–20. 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 a blinded 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.
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Part III

D I S C U S S I O N

The presented articles illustrate how single-cell technolo-
gies can provide a unique perspective on ageing, neurode-
generation and the role of the immune cells. As immune
residents of the central nervous system, microglia have an
important role in the ageing brain. Their spatial location
and direct neighbourhood strongly influence their func-
tional identity, as the micro-environment contributes to
challenging the surrounding cells of the environment. In
pathological condition, other non-resident immune cells
penetrate the immunologically privileged parenchyma. Al-
though a systemic approach enables a more comprehen-
sive understanding of ageing and disease, these highly-
detailed results, now achievable with single-cell technolo-
gies, challenge our definitions of cell type and cell states.
Overcoming the question of documenting, representing
and classifying what appears to be a continuous diversity
is an ongoing challenge that the field embraces.

If the only tool you have is a hammer, you tend to see every
problem as a nail.

— Abraham H. Maslow





5A G E I N G W H I T E - M AT T E R , A F E RT I L E
S O I L F O R N E U R O D E G E N E R AT I O N

The contribution of the immune component in the aged white-
matter is still not fully understood. Nevertheless, the two publica-
tions presented in this thesis significantly contributed to further de-
lineate and describe the role of the immune system in the brain,
in the context of ageing and as premise of ulterior development of
pathologies. We studied the role of the CNS-specific immune resident
macrophages of the brain – the microglia – but also the perversive in-
terruption of homeostasis by the adaptive immune system, normally
exempt from the parenchymal area, but intervening in the context of
ageing, and driving oligodendrocytes reaction and death. We propose
a strong lead for explaining, at least partially, the diversity of the glial
response and the white-matter volume loss observed in ageing.

We focused first on microglia and the specific phenotype and tran-
scriptomic signature that they express in the aged white-matter. Orig-
inally searching for an eventual cause for the specific loss of white-
matter observed in stereotactical studies in ageing, we characterised
this ageing signature in contrast to the grey matter. We found a mi-
croglial population that was specific to the white-matter tissue but
did not fully address the loss of white-matter volume. We then fo-
cused on oligodendrocytes, the cell type primarily constituting for
the myelin formation.

We identified a population of oligodendrocytes that reacted to in-
vading peripheral CD8 T-cells. We histologically quantified the close
proximity of CD8 T cells with our oligodendrocyte population. We
have shown that the presence of the adaptive immune system in
the CNS is detrimental in ageing by production of interferon gamma
cytokines. The newly identidied oligodendrocyte population reacted
specifically in response to interferon (IRO, interferon response oligo-
dendrocyte). We also validated experimentally the increase of inter-
feron response from oligodendrocytes by using checkpoint inhibitors
that enhanced the CD8 T cells number. Conversely, Rag1

−/− mice,
lacking functional lymphocytes, showed a reduction of the interferon
response by oligodendrocytes. We further confirmed the presence of
a microglial population also interferon responsive (IRM), and in prox-
imity of CD8 T cells.

Altogether, we presented strong evidence for a decrease of the
white-matter volume loss in ageing due to peripheral immune cell
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invasion and its interaction with the resident microglia and oligoden-
drocytes, notably by secretion of detrimental cytokines in the aged
brain.

Finally, we will discuss some epistemological considerations aris-
ing from the use of single-cell transcriptomics – more specifically in
the microglial research field – and that are closely related to the publi-
cation of the first article on WAM microglia. The main topic discussed
is the relation between the continuity of cell states observed through
the prism of single-cell transcriptomics and the discretisation that is
made when representing and reporting results to the scientific com-
munity.

5.1 contextualising our microglial results

The good and the bad microglia

The microglial research field was long dominated by the dichoto-
mous view of the M1 and M2 microglia – often personified as a “bad”
and a “good” microglia, respectively – itself derived from a charac-
terisation of macrophage activation states in peripheral tissues. The
M1 phenotype describes a microglia that releases pro-inflammatory
cytokines, reactive oxygen species (ROS) and nitric oxide (NO), while
the M2 phenotype describes a microglia that releases anti-inflammatory
cytokines and molecules involved in tissue repair, phagocytosis and
extracellular matrix remodelling.

A pathological microglia signature

The microglial research field has been marked in 2017 by two
transcriptomics studies that characterised the disease associated mi-
croglia (DAM) (Keren-Shaul et al., 2017) and the microglial neurode-
generative phenotype (MGnD) (Krasemann et al., 2017). They iden-
tified this microglial population in 5xFAD mice, and APP-PS1 mice,
respectively, mimicking the amyloidosis, one of the hallmark of Alz-
heimer’s disease. The DAM study was the first to employ single-
cell RNA-sequencing to characterise AD-related microglia, while the
MGnD study used the Nanostring technology with a limited set of
pre-selected markers. The DAM/MGnD populations and single-cell
phenotype has further been found in the context of other neurodegen-
erative diseases and – to some extent – in ageing (Mathys et al., 2019,
Hammond et al., 2019, Jordão et al., 2019, Krasemann et al., 2017).

The DAM phenotype is characterised by a strong activation of
less than 5% of the microglia (Keren-Shaul et al., 2017). The associ-
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ated transcriptomic profile demonstrated an upregulation of genes
involved in the inflammatory response, phagocytosis, and antigen
presentation. These cells contribute to clearing the toxic protein ag-
gregation but also exacerbating neuroinflammation. DAM microglia
presented intracellular amyloid plaques and were releasing pro-in-
flammatory cytokines in their immediate environment, which can be
detrimental and further promote neurodegeneration (Keren-Shaul et
al., 2017).

The white-matter hypothesis and experimental design

Our study differs from the previous ones as it begins from the
hypothesis of the white-matter as a main driver of the microglial di-
versity of response in the ageing brain. This assumption motivated
the dissection and segregation of the grey and white matter from the
tissue dissociation steps to the final data analysis. By retaining that
tissue information, and integrating it in the analytical process, we
could approach the data from the specific angle of the white-matter
influence, and isolate a signature and a population of cells that was
not yet characterised in previous single-cell ageing studies.1 1The spatial information

(tissue) contributes to
acknowledging the
micro-environment of cells
as a critical factor to define
the cellular transcriptomic
identity. The relationship
between spatial
neighborhood and cell
identity becomes clearer
with nowadays studies.

“Physiological ageing”, the microglial case

In the WAM study, we isolated a population of microglia that
specifically reacted to the white-matter degradation in ageing. These
white-matter associated microglia (WAM) appeared gradually with
ageing. Compared to the Alzheimer’s disease DAM population, WAM
exhibited a unique transcriptomic signature that is distinct from DAM,
with the upregulation of genes involved in lipid metabolism, myelin
phagocytosis, and the regulation of the extracellular matrix. While
both DAM and WAM present some overlap in their transcriptome,
these cellular states translate of different functions being executed as
they were found in different locations and context in the brain.

To further understand the WAM profile, but also – in the face of
the strong landmark that the DAM signature became in pathological
conditions – to distinguish them further from DAM, we reanalysed
microglia at different ages in a murine model of Alzheimer’s disease
that is more suitable for ageing the mice (APPNL−G−F from Frige-
rio et al., 2019) which characterised the activated response microglia
(ARM). While we found both populations of DAM/ARM and WAM,
the WAM population appeared earlier than DAM/ARM, probably
triggered by an early and gradual myelin uptake. When comparing
the gene expression in those two populations, the gene enrichment
pathways analysis characterised the WAM population with Cytokine
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receptor, NF-κB, apoptosis and atherosclerosis pathways, while the
DAM’s top pathways pointed to different diseases such as Parkin-
son’s, Huntington’s and Alzheimer’s disease, highlighting the associ-
ated pathological character of the DAM transcriptomic signature in
contrast to the more tenuous and somehow “physiological” WAM
reaction.

Moreover2, the ageing mouse model may more accurately depict2and this opens the
translational problem the progression of microglial phenotypes during the ageing process,

while the 5xFAD mouse model might be overly aggressive in its rep-
resentation of Alzheimer’s disease. Indeed, by overexpressing the
human APP and presenilin 1 (PS1) genes – and all the mutations
that each gene carry – the mice exhibit early-onset deposition of Aβ

plaque from 1.5 months, with cognitive deficits from 4 to 5 months
old. The 5xFAD mouse model is a very severe amyloidosis model
from which mice cannot survive as long as in other AD mice mod-
els (Jankowsky and Zheng, 2017). Figure 4, page 70 shows the WAM
and DAM expression with, as reference, the DAM signature genes.
Taken from the supplementaries of our WAM article, this figure il-
lustrates the large panel of response into which the DAM microglia
are engaged, when the same genes are not highly expressed in WAM
microglia. With this in mind, one of the comments that came up reg-
ularly is that WAM state is an intermediary state before the DAM.
This would suggest that, with more time, the microglia in a WAM
state would differentiate into a state more similar to DAM. Although
this is to be checked further with fate mapping methods with lineage
traceing, one can hardly disregard that the stimuli around the WAM
microglia is different from the stimuli that DAM have to respond to,
so that WAM does not necessarily produce a similar response than
DAM in the context of ageing. Our more tenured and specific white-
matter ageing signature might already be the more severe state en-
gaged by microglia in normal ageing.

Figure 4: Heatmap of the average expression of the DAM signature compar-
ing the WAM and the DAM clusters – reproduced from Safaiyan
et al., 2021
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5.1.1 Risk factors and microglial activation

As reminded previously, microglial states and gene expression are
mainly triggered by their environment. Specific metabolic pathways
and receptors have been identified. Among those, two genes par-
ticularly of interest in our case were identified as risk factors for
Alzheimer’s disease: Trem2 and Apoe (Long and Holtzman, 2019).
The fact that these two genes have critical roles in glial cells, and no-
tably here in microglial activation, happen to also be risk factors for
AD is an indicator of the important role of microglia in ageing and
emergence of disease.

The first one, is the TREM2 receptor which is critical for the forma-
tion of the full DAM2 state. To test the role of TREM2 in WAM differ-
entiation, we used aged TREM2 knock-out mice model, into which,
the WAM could not be found anymore. Moreover, our functional as-
says have shown that TREM2 remains necessary for WAM to fully
develop and to digest myelin debris despite active phagocytic uptake
functions still ongoing. During that process, they present antigen pro-
cessing functions which suggests communication with other immune
components that remained to be identified.

The second one is APOE, involved in the clearance of Aβ in AD.
When using aged APOE knock-out mice, we could still see microglia
with the WAM signature. This later result advocates for an indepen-
dance of the formation of WAM and the presence of APOE protein.
It is very likely that APOE is not the sole factor necessary to the
clearance of myelin debris in ageing, and its absence might be less
impactful for myelin clearance by microglia than it is for Aβ clear-
ance.

Overall, WAM appear as a population that maintains the white-
matter homeostasis in ageing via nodule formation and myelin debris
clearing. However, this first study did not address our initial ques-
tion of the white-matter volume loss during ageing. Our microglial
myelin reactive population is not fully explaining the reduction of the
volume of the white-matter.

5.2 enters the adaptive immune system

To address more precisely the question of the white matter vol-
ume loss, we studied the oligodendrocytes diversity via single-cell
RNA-sequencing, by combining two different technologies that both
led to the same conclusions. We found, in the ageing white-matter,
an oligodendrocyte population that was reacting to interferon signal
(IRO). We also demonstrated that the sensitivity of oligodendrocytes
to interferon gamma (IFN-γ) was specific to aged tissue. We further
confirmed by immunochemistry that these IRO were found in prox-
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imity of CD8 T cells that may be the producers of deleterious IFN-γ.
We also characterised a microglial population that was responsive to
IFN-γ (IRM). This study addresses more directly the white-matter
volume loss and provides mechanistic insights. Furthermore, these
results provide hypotheses for previously observed treatment results.
As we used antibodies against checkpoint receptors to enhance CD8

functions, we observed an increase in CD8 T cells but also an increase
in IRO and IRM populations and oligodendrocyte loss. This could ex-
plain the behavioural and cognitive changes observed in cancer treat-
ment with checkpoint inhibitors.

5.3 ageing as an immune cascade

While our studies still leave opened questions, such as how CD8

T cells enter the brain and what exactly triggers their migration to
the brain, we provided mechanistic insights involving the adaptive
immune system as a source of pathological ageing and dementia.

A recent editorial summarised that paradigm shift and illustrated
our findings and the context of our research in the figure reported
below (figure 5, page 72).

Figure 5: T cells drive ageing in the brain – reproduced from Liston and
Yshii, 2023

In lieu of considering the activation of the adaptive immune sys-
tem as a mere consequence of neurodegeneration, we presented a
chain of events where CD8 T cells would be driving neurodegen-
eration. The invasion of CD8 T cells and the production of IFN-γ
would lead to direct oligodendrocyte loss but also trigger the for-
mation of an IFN-responsive oligodendrocyte and microglia popula-
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tions that further positively feedback CD8 T cells by upregulating
the antigen-presentation pathways in microglia. These activated mi-
croglia, could trigger astrocytosis, or they may co-inertially activate
each others, leading to secretion of proinflammatory cytokines and
enhancing neurodegeneration, compounding with the initial IFN-γ
CD8 T cell secretion (Liston and Yshii, 2023).

5.3.1 A viral background

The IFN-γ, type II interferon response, is typically induced by cy-
tokines such as IL-12 or IL-18 released by activated macrophages
or microglia, and is expressed in T- and NK-cells (Fensterl and Sen,
2009). Interferon response originally occurs to interfere with the repli-
cation of a virus during infection. These mechanisms connect the T-
cell IFN-γ reponse that we observed in ageing with viral infections.
This link is the object of recent studies where they develop the idea
of virally induced dementia on the long term. The development of
dementia-related pathologies such as multiple sclerosis has been re-
cently published where an infection with the Epstein-Barr virus (EBV)
was associated with a significantly higher risk of developping multi-
ple sclerosis (MS) (Bjornevik et al., 2022). In this study, based on a
cohort of a thousand MS-diagnosed militaries and a control cohort
of millions of individuals, the increased risk of developing MS was
32-fold higher after infection with the EBV.

Similarly, another study expanded this idea to a larger spectrum
of neurodegenerative diseases. They identified 45 viruses associated
with significantly increased risks of dementia. That study also repli-
cated the previous EBV association with the development of MS (Levine
et al., 2023).

These findings are improving our understanding of the brain and
its interactions with the immune system. These viral associations
highlight the importance of the history of infection of the patient. In
that context, the white matter appears as a tissue that is very suscep-
tible to immune attacks that could further lead to apparition of AD.
The age dependent process can be accelerated by certain diseases and
interactions of the genetics and the environment, such as viral expo-
sure. The significance of the patient’s viral exposure history brings
interaction points that appear critical on the long term.

5.4 conclusion

In the presented articles of this thesis, we first showed that in
ageing, the most impactful change in microglia is due to myelin de-
generation. We identified a population of microglia (WAM) that is
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specialised in digesting and clearing myelin debris. This population
increases with ageing and is transcriptomically distinct from other al-
ready described microglial population in neurodegenerative context.
The absence of WAM led to myelin whorls accumulating in the brain,
suggesting a mainly beneficial role of the WAM.

We also identified a population of interferon responsive microglia
(IRM) and oligodendrocytes (IRO) that reacted to IFNγ cytokine se-
cretion from invading CD8 T-cells and led to further inflammation
and secretion of interferon. IRM are then presented as mainly delete-
rious and contributing to neuronal death. It appears that the immune
privilege of the brain gets revoked in ageing, as deleterious peripheral
immune cells can be found in the aged brain. The sensitivity of the
white-matter to T cell invasion is of importance with regard to mecha-
nisms of neurodegeneration, white-matter volume loss and cognitive
decline in ageing.

While the specific lethal sensitivity of aged oligodendrocytes to
IFNγ – compared to young ones – is not explained, the recent studies
emphasising on the role of viral infections in the patient’s history is
echoed by the anti-viral interferon response observed in our study.
The priming of T-cells in the periphery may be detrimental in ageing.

One need to remain careful of the diversity of detrimental and ben-
eficial functions carried by microglial populations. To some extent,
inflammation is a necessary process for healing. As we leave the di-
chotomous M1/M2 classification, technology gives us a higher reso-
lution that leads to a continuity that is difficult to grasp.

Overall, we described a nuanced landscape of the white-matter age-
ing and the different actors at hand, explaining the white-matter vol-
ume loss that is characteristic of ageing. These new concepts provide
a systemic paradigm for innovative therapeutical approach, and pro-
vides hope for finding both preventive and curative targets.

Solving questions as difficult as the mechanisms of ageing as a
source of emerging pathologies is very likely to imply a deep under-
standing of the functional diversity, with the help of a map of the
ageing and disease landscape (Regev et al., 2017) and the observable
states herein3. While the WAM and the T Cell articles contributed to3while the reader might

think about the empirical
cell atlases, I also refer to

computational models that
would make up for the lack

of observations but also
help defining the limits of

what can be observed

collecting and characterising observations in mice, a lot of work re-
main towards the translation to human pathologies.
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O U T L O O K

6.1 function over identity, evolution of the field

The acronym race distraction

Following the publication of the WAM paper, our group was in-
vited to take part in a field-wise decennial nomenclature-defining
white paper. In this paper, the 96 group leaders aimed to grasp the di-
rection of the field, and provide guidance on the future developments
as to improve the ongoing collaborative effort (Paolicelli et al., 2022).

Figure 6: Microglial transcriptomic signatures – reproduced from Paolicelli
et al., 2022

In this white paper, our greatest pride is the early adoption by the
field of the WAM microglial population as representative of the mi-
croglial ageing state (figure 6, page 75). While the disease states were
represented under multiple angles with a collection of acronyms, the
mouse ageing microglial population had not yet found a represen-
tive and impactful single-cell publication before the publication of
the WAM.

75
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However, the inscription of the WAM acronym in the microglial
states landscape contributed to a phenomenon which was most likely
the main motivation for writing this white paper. Indeed, there is an
axiomatic gap between the continuous reality of the cell states — as
observed via single-cell technologies — and the reductive nature of a
discrete acronym. Ultimately, the dichotomous M1/M2 classification
was almost fully acknowledged as obsolete but was being replaced by
another discrete and linear paradigm that settled with the milestone
publication of the DAM microglia (Keren-Shaul et al., 2017). To avoid
a simple substitution of the M1 vocabulary into DAM, the white pa-
per suggests to focus instead1 on the description of microglia in func-4instead of creating a new

acronym to acknowledge
and describe a novel state

tional terms; and more specifically in reaction to environmental (or
internal) triggers and adaptation of the cell to its local environment
and cues.

From cause to consequence

The proliferation of acronyms create axiomatic archetypes of mi-
croglia that can unfortunately harm research. Notably, any new ob-
servation will then be defined not for what it is by itself, but by quan-
tifying how different it is from the predefined archetype, however
big that difference might be. Especially in terms of functions, a sin-
gle entity, fixed by its name, is implying a fixed associated set of
functions; which goes against the idea of considering a population
of microglia currently investigated in its own functional terms. Hav-
ing reference points is good, and it is also important to acknowledge
historical milestone discoveries. However, the profusion of acronyms
can shift the focus of research from cause to consequence. By cre-
ating these archetypes, we focus on pattern matching identification
(finding back the DAM in this new dataset, or in this new disease
model), rather than making raw description of the cells at hand. We
therefore change the focus on the cell state — the consequence2— in-5cell state as a particular

configuration of gene
expression in reaction to

the environment

stead of making a thorough investigation of the micro-environment
and queues that triggered the actually observed cell states, and the
specific functions carried by the cells of interest in response to this
environment.

Having a new archetype — regardless of how meticulously defined
— can be similar to creating a new dichotomous M1 state. The kind
of research that follows is very likely to fall into the trap of discreti-
sation of a continuous reality and the associated binary and linear
approach of our understanding of biology. Instead, we should focus
on the underlying factors shaping the cellular state and the context in
which these factors emerge. These factors can be for instance the loca-
tion, diseases, sex, age, molecular cues, pathogens, etc., as they create
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a particular context into which microglia evolve to become unique,
on a continuous spectrum, carrying a large diversity of functions.

On the other hand, the continuity that we can now observe is also
an infinite precipice. This is why the railguard that prevents tripping
in these slippery stairs is the thinking in functional terms.

It’s a fine-tuned balance. On one hand, continuity is a physical re-
ality that needs to be taken into account when designing drugs and
performing pharmacodynamic studies. On the other hand, the pheno-
typic outcomes are functional and more discrete in their realisation
or not3. 6the presence – or

functional expression – of
the phenotype (or not) is a
more boolean conceptOn interdisciplinary research

This continuous vision of cell states is the object of another field
of research which applies physical and mathematical modelling into
the description of the, now accessible, heterogeneity of cell popula-
tions (Teschendorff and Feinberg, 2021). Somehow, the smallest is the
object considered, the more the mechanisms and rules fall into the
physical and statistical realm (statistical mechanics, entropy, etc.). For
the scale of single-cell biology, the early concept of cellular landscape
from Conrad Waddington appear nowadays as a surprisingly appro-
priate metaphor of the mechanisms at hand and the observable re-
ality. The term landscape is often used to characterise transcriptome
overview. The recent emphasis on the importance of focusing on the
functional diversity (Paolicelli et al., 2022) echoes the work of Lee-
land Hartwell (Hartwell et al., 1999) describing how the molecular
diversity can be grouped in functional terms, and more specifically,
in interconnected modules that can be defined by their functional sep-
arability, even though greatly interconnected.

During my graduate studies, I began to see how molecular and
cellular biologists with their precise knowledge of the cell content
and metabolism, along with computational biologists with their large-
scale and high-throughput observations and modelling of the cell di-
versity across different modalities (genomics, transcriptomics, epige-
netics, etc.), working along with the disease specialists working on
ageing or Alzheimer’s disease, can all enrich their practice with each
their own understanding of what is actually happening at the micro-
scopic and macroscopic levels.
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