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

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

with focal lesions that appear hyperintense on magnetic resonance
images® ™. Focal white matter degeneration is related to an increased
risk of stroke and dementia® and contributes to cognitive decline pos-
sibly by disrupting connective pathways in the brain'°"". In nonhu-
man primates and rodents, ultrastructural analyses of aging white
matter show pathology of myelinated fibers, consisting of focal areas
of degenerated myelin and axonal damage™". We have previously
shown thatsuch age-related myelin pathology resultsinadistinct white
matter-associated microglia state, in which the disease-associated
microglia (DAM) or microglia-neurodegenerative phenotype (MGnD)
programis partially activated to clear myelin debrisin groups of afew
closely connected microglia®'®. Whereas the microglial responses to
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aging and disease are more intensely studied™""*?, less is known about
aging-related oligodendrocyte reactions related to myelin pathology.
In the present study, we studied aging-induced glial reactivity and
identified IFN-responsive oligodendrocyte and microgliain the white
matter. We observed that CD8" T cells increase in aging white matter
and localize in close proximity to IFN-responsive cells. Genetic abla-
tion of functional lymphocytes by using Ragl”~ mice? or CDS”~ mice?
prevented aging-induced oligodendrocyte loss and IFN-responsive
oligodendrocyte and microgliaformation. Inversely, T-cell-checkpoint
inhibition worsened the aging effect. These perturbation experiments
supportarole of CD8"T cells in driving white matter aging.

Results

Transcriptomic aging responses of oligodendrocytes

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

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

CDS8'T cellsinduce reactivity and loss of oligodendrocytes

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

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

Next, we performed immunofluorescence staining for the
tissue-resident memory T-cell marker, CD69, which showed that
almost allthe CD8'T cells were also positive for CD69 (Extended Data
Fig. 5a). We analyzed the expression of the checkpoint molecules,
programmed cell death protein1(PD-1) and the lymphocyte-activation
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Fig.1|Identification of age-related gene expression signaturesin
oligodendrocytes. a, Experimental design from dissection to cell sorting

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

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

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

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

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

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

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

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

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

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

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

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

CDS8' T cellsinduce IFN-responsive microglia

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

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

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

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

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

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

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

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

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

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

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

IFN-yinjection induces oligodendrocyte loss

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

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

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

Discussion

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

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

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

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

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

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

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

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

Animals

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

Mice perfusion and cell isolation for Smart-seq2

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

Library preparation for Smart-seq2

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

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

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

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

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

Library preparation for 10x genomic experiments

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

Preprocessing and analyses of 10x data

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

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

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

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

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

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

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

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

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

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

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

Immunohistochemistry

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

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

Correlated light and electron microscopy

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

Subregional localization analysis

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

RNAscope insitu hybridization

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

Cell culture

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

Stereotacticinjectioninthe corpus callosum

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

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

Statistical analysis

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

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

Data availability

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

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

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

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

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

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

vibratome brain section from 24-month old wild type mice stained for Ibal (red)
and DAPI (blue). Scale bar 100 pm. Correlative Light and Electron Microscopy
ofthe corpus callosumin the aged mice with two boxed regions labeled as1and
2.Scanning electron micrograph of the same region on the adjacent vibratome
section showing normal myelination next to areas with hypomyelination. Scale
bar 50 pum. Boxed regions of thinner myelin with myelin fragments (1) and normal
myelin (2) are shown at higher resolution. The experiment was repeated three
times independently with similar results.
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Extended Data Fig. 7 | Evidence of oligodendrocyte loss in the aged white
matter. a, Immunofluorescence showing OLIG2" oligodendrocytes lineage
cells (yellow) and oligodendrocytes GSTm* (magenta) and in the grey and
white matter of 12-, 18-, 24-month old mice. Scale bar 20 pum. b, Quantification
OLIG2" and GSTmt" cells in the grey and white matter of 12-,18-, 24-month old
mice (for all the graphsinb, n=4,4,3 mice per group; Olig2* cellsinWM, 12 M
versus 24 M, *P=0.0493,12 M versus 18 M, *P = 0.0123; GSTmt" cellsin WM, 12 M
versus 24 M, *P=0.0481,12 M versus 18 M, *P = 0.0180; data are meants.e.m.;
Pvalues represent two sided one-way ANOVA with post hoc Tukey test). ¢,
Immunofluorescence showing and PDGFRa" cells (magenta) in the white matter
of 4-,12-,24-month old mice. Scale bar 20 pm. Quantification PDGFRa"* OPCs
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(magenta) in the white matter of 4-,12-, 24-month old mice (PDGFRa", n = 3,4,3;
dataare mean +s.e.m.; Pvalue represents two sided, one-way ANOVA with post
hoc Tukey test).d, Oligodendrocytes proportion per sample (n =14 independent
experiments) in the Tabula Muris Senis dataset. The central line denotes the
median, boxes represent the interquartile range (IQR), and whiskers show the
distribution except for outliers. Outliers are all points outside 1.5 times of the
IQR. e-f, Immunofluorescence showing CC1* oligodendrocytes (red) in the grey
matter and white matter of 6-month old wild type and Ragl”~ mice. Scale bar,
20 pm. Quantification of CC1* oligodendrocytes in the grey matter and white
matter of 6-month old wild type and Ragl” mice (n = 3,4 mice per group,
meants.e.m.).

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

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

IBA1 DAPI

MHCI DAPI

a

3M

24M

o

MBP IBA1

Nodule microglia

e 18M WT 18M TREM2 -/-

N
o

w
=}

CD8+ cells/ area (mm2)
s B

@ CD8 DAPI

18M TREM2 -/-

It

IBA1+STAT1+ cells/area (mm2)
normalized to WT group mean

IBA1 EI/NEIDAPI

Extended Data Fig. 8| TREM2-independent formation of interferon-
responsive oligodendrocytes and microglia in the aged white matter. a,
Immunofluorescence staining and b, quantification of MHC1'IBA1" microglia
inthe white matter of 3-month old and 24-month old mice. Arrow marks MHC1*
nodules (n =3 mice per group, **P=0.0012; data are meansts.e.m; Pvalue
represents a two-sided Student’s t-test). Arrows mark double positive microglia
nodulces. ¢, Immunofluorescence combined with RNAscope of MBP mRNA
(green) within IBA1* microglia nodule (red). Clipped 3D images show MBP mRNA
inamicroglia nodule. Arrow mark MBP mRNA inside microglia. Scale bar, 20 pum,
3Drendering 10 um. d, Quantification of percentage of IBA1' single microglia
and IBA1" nodule with MBP mRNA inside (n = 3 mice per group, *P = 0.0160; data
are meansts.e.m; Pvalues represent a two-sided Student’s t-test). Quantification
of percentage of IBA1" volume occupied by MBP mRNA (single microglia,
n=26cells, IBA1' nodules, n = 30; ***P=0.0004; data are meanszts.e.m.; Pvalue
represents two-tailed Mann-Whitney test). e, Immunofluorescence staining
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and quantification of CD8" T (red) cells in the white matter of 18-month old wild
typeand Trem2”" (n =4 mice per group, *P=0.0252; data are meansz+s.e.m; P
value represents a two-sided Student’s t-test). Arrows indicate CD8" T cells. Scale
bar 20 pm. f, Immunofluorescence staining and quantification of STAT1'CC1"
oligodendrocytes in the white matter of 18-month old wild type and 18-month
old Trem2”~ mice (n =4 mice per group; data are means+s.e.m; Pvalue represents
atwo-sided Student’s t-test). Scale bar, 20 pm. g, Inmunofluorescence staining
and quantification of STAT1'IBA1" microglia in the white matter of 18-month

old wild type and 18-month old Trem2”~ mice (n =3 mice per group; dataare
meanszs.e.m; Pvalue represents a two-sided Student’s t-test). Scale bar, 20 pm.
h, Immunofluorescence staining of CD8' T cells and STAT1'IBA1" microgliain the
white matter of 18-month old wild type and 18-month old Trem2” mice. Scale
bars, 20 pm. Quantification of STAT1'IBA1" microgliaand CD8' T cells proximity
(<20 pm) in 18-month old wild type and Trem2”" mice (WT,n=3; Trem2”",n=4
mice; dataare means +s.e.m. Pvalue represents a two-sided Student’s t-test).

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

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

Y

Old Vehicle

T
1.\l DAPI

Old Vehicle

MBP

MAC2 FluoroMyelin

Extended Data Fig. 9 | Characterization of IFN-y-mediated lesionsin the
white matter of young and old mice. a, Representative confocal images
of IFN-y-mediated lesions in young and old mice and of the vehicle control
stained for STAT1 (white) and DAPI (nuclei, blue). b, The datashownin Fig. 5
for IFN-y-mediated lesions in 18-months old mice is shown here in comparison
to vehicle control injections in 18-months old mice. Representative confocal
images and quantifications of IFN-y-mediated lesions in old mice and of the

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

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

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

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

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

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

The datasets we use (scRNA-seq) are deposited at GEO (NCBI) under accession number GSE202579. Datasets re-analyzed in this study include data from
GSE166548, GSE138891 and GSE132042. The rest of the data included in this study are available within the paper as data source files in the supplementary
information.
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experimental paradigms (for example doi:10.1016/j.celrep.2019.03.099; do0i:10.1016/j.immuni.2017.08.008; doi:10.1016/j.cell.2017.05.018;
doi:10.1016/j.neuron.2021.01.027

Data exclusions  No data were excluded from analysis.

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

Randomization  The allocation of samples including brain sections was random.

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

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
[] Eukaryotic cell lines [ 1IDX| Flow cytometry
|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
[ ] Human research participants

[] Clinical data

XNXXOXXO S

[ ] Dual use research of concern

Antibodies

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

>
Q
Q
(e
=
)
§o;
o)
=
o
=
D)
§o)
o)
=
S
Q
wv
(e
=
S}
QD
<L




Validation

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Rat anti PD-1 bxcell cat BEO146

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

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

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

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

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

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

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

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

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

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

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

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

Secondary

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

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

in vivo treatment

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

Animals and other organisms

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

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

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

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

Mouse : RAG1 KO (B6.12957-Ragltm1Mom/J), Prof. Arthur Liesz, laboratory of stroke immunology of Insitute of Stroke and
dementia, LMU, Munich. Age 24 months ,male

Mouse : CD8 KO mice (B6.12952-Cd8atm1Mak/J) Prof. Rudolf Martini, University Hospital Wirzburg, Germany. Age 24 months
old,male

No wild animals were used
No field collection samples were used in the study

All animal experiments performed in this work were in agreement with the German animal welfare law and state specific regulations
for animal experiments

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

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

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

methods section).

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

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