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SUMMARY

The reduced ability of the central nervous system to regenerate with increasing age limits functional recovery
following demyelinating injury. Previous work has shown that myelin debris can overwhelm the metabolic ca-
pacity of microglia, thereby impeding tissue regeneration in aging, but the underlying mechanisms are un-
known. In a model of demyelination, we found that a substantial number of genes that were not effectively
activated in aged myeloid cells displayed epigenetic modifications associated with restricted chromatin
accessibility. Ablation of two class | histone deacetylases in microglia was sufficient to restore the capacity
of aged mice to remyelinate lesioned tissue. We used Bacillus Calmette-Guerin (BCG), a live-attenuated vac-
cine, to train the innate immune system and detected epigenetic reprogramming of brain-resident myeloid
cells and functional restoration of myelin debris clearance and lesion recovery. Our results provide insight
into aging-associated decline in myeloid function and how this decay can be prevented by innate immune
reprogramming.

INTRODUCTION

Following primary demyelination in diseases such as multiple
sclerosis (MS), a spontaneous regenerative process, called re-
myelination, is initiated, leading to the differentiation of oligoden-
drocyte progenitor cells (OPCs) into mature oligodendrocytes
that generate new myelin sheaths around axons.'™ The repair
process requires an injury-induced innate response, tailored to-
ward the damaged tissue to facilitate its elimination from the
lesion area.® Remyelination can occur in MS lesions, but with
increasing age, it progressively becomes incomplete, ultimately
resulting in failure for the majority of patients and lesions.®""

Thus, identifying the cause of this age-related decline and pre-
venting it are key objectives in the field of regenerative medicine.

To clear the large quantities of myelin debris containing high
levels of lipids, specifically cholesterol, microglia and mono-
cyte-derived macrophages must produce specific transcrip-
tional responses to facilitate myelin debris phagocytosis and
lipid metabolism.'%'?~'® In lesions of aged rodents, not only is
phagocytosis compromised but the degradation and meta-
bolism of tissue debris is also hindered”"'°; however, the under-
standing of the underlying reasons why microglia/macrophage
responses become insufficient and even maladaptive in aging
is incomplete. In particular, myelin-debris-derived cholesterol

Immunity 57, 2173-2190, September 10, 2024 © 2024 The Author(s). Published by Elsevier Inc. 2173

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:mikael.simons@dzne.de
https://doi.org/10.1016/j.immuni.2024.07.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2024.07.001&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

Immunity

| I | - i Differential
g.. J . 10X genomics Clustering ., analysis
=2 h ®
2349 ‘
@ - S .
-P.* Seo
O & s ~ ~ T =0 T
< )  Lysolecithin Tissue dare
||"Je|Ct||°n5 Isolation of WM with dissociation and Sequencing Bioinformatics
multiple lesions i A i i
(multip! ) lesions nuclelisolation analysis
B Dataset D Pathways upregulated in Young
© Aged
@® Young cell ]
pos.reg.of nucleic acid: ]
aerobic electron transport chain
positive regulation of innate immune response
glial cell diffi
positive of TNF p
y
1
phagocy
cellular response to lipid
ofi in-1 beta
g 0 1 2 3 4 5 6 71 8
3 -log10(FDR)
UMAPL
Pathways upregulated in Aged
; Erfgthelial cells Cluster
)@_@;esolved £ ® o synapse assembly ]
: 10 of actin izati |
® 1 negative of cell migrati
-4 i on| 1]
® 13 regulation of cell-cell adhesion
® 14 central nervous system neuron development
& ‘wc ) : 12 cellular homeostasis
wf}-og’%l;nmune cells ® 17 3 .
' Capthitted OPCS” © ® s positive .
CIXH A glia.4 o> denditc spine development
., ® 3 " " "
ron ® . negative regulation of axon regeneration
® s immune system development [ |
: 3 0 2 4 6 8 10 12
. @® s -log10(FDR)
g ®o ; :
H G Microglia subclusters
umaP1 0 1 2 :f’ 4 5 6 7 8
Percent
. i Sdk1] -« o o - =3 S
F Microglia Lsamp ° [ [ ] ® ° 2 [ ] ’ Expressed
| subclusters Ropnt : : ; s : H : o 25
3 | Lhfpl3 . . . . . : 50
Setbp1 . ® i . 75
@® o Sox6 . . @ 100
o1 | &
CNe . " . . X| 1
@2 Meis2 . . . : o Z
Cen - 3 :
9 i I = '
-y DMkiEz S e o K
ia) . . . .
® 5 Topoa . . . . °
® s S v v L] 4 . °
pel ¢ = 8 2| [8| e :
o st . . .
z @7 :an ° ° ° ° ° o °
2 °s gl @6 8 ¢ & & &
UMAP1 Spp1 . . . o ° . . . 4
GLyz% ° . ° : ° . . °
H —%?% g % ® g L] [ & ®
- Kenip4 . : [ ° ° ° ° ®
06 Aged ool oISl ¢ e o o H
Cacnb2 . > . ° °
05 * == Young Tm:,ﬁ'{m 5 . . . . ° ® @ °
. PZ%Z ° ° ° . ° ;
== scCODA Cx: gn !_ e ? - : C ;
5 04 g « ¢ e ol o °
2 12 I . . . . . .
5 03 i35] - . . o . .
a Coli2] o . o . . °
<] A — T ¢
a 0.2 é Plp ° ) o ® [ [
— Sl&gzalnggis R . . . * :
0.1 - ﬁ SIPE?Z . ° . ° ° o
== Ic24a. ; L] : ; :
0.0 = = = diac| | @ o e o ]
Ik O I IR |
(o] 1 2 3 4 5 6 7 8 a4 -4
Cfh ° .
Microglia subclusters Sl e > @ -
Pixdc2 [ ) [ ]

Figure 1. Single-nucleus RNA-seq identifies distinct cellular responses in young and aged white matter after demyelinating injury
(A) Schematic representation of the snRNA-seq experiment and downstream bioinformatic analyses.
(B) UMAP plot divided by total nuclei profiled in young (30,930) and aged (35,696) datasets.

(C) UMAP pilots of all cell types identified in the snRNA-seq dataset, where dots correspond to individual nuclei profiled and where each cell type cluster is color

coded, identifying 19 different clusters.

2174 Immunity 57, 2173-2190, September 10, 2024

(legend continued on next page)



Immunity

poses a challenge to aged phagocytes. Because cholesterol
cannot be degraded and accumulation of free cholesterol is
cytotoxic, phagocytes need to load cholesterol onto lipoprotein
particles for its disposal into the extracellular space. Lipoprotein
assembly is under the control of the liver X receptor (LXR) tran-
scription factor, which form heterodimers with retinoid X recep-
tor (RXR); together, they enhance the expression of apolipopro-
tein E (APOE), ATP binding cassette subfamily A member 1
(ABCA1), and ATP binding cassette subfamily G member 1
(ABCG1), which are essential for the so-called reverse choles-
terol pathway.'® However, aged rodents fail to induce the LXR/
RXR pathway and consequently foamy microglia/macrophages
with signs of cholesterol overloading accumulate in lesions,
which impedes the regenerative responses of oligodendrocytes
and their progenitors.'®'>"" Aging itself is associated with low-
grade inflammation, often referred to as “inflammaging,”'® char-
acterized by elevated expression of inflammatory markers in a
subpopulation of microglia, in particular, within the white mat-
ter.'® Thus, it is possible that upon aging, microglia become
committed toward alternative inflammatory states and, as a
result, lose their plasticity for pro-regenerative brain injury
responses.

Here, we tested the hypothesis that age-related epigenetic
changes contribute to attenuated responsiveness and to
decreased reparative functions of microglia/macrophages in
demyelinating lesions. Such epigenetic mechanisms, including
DNA methylation and chromatin/histone modifications, are
required to regulate transcriptional programs for microglia/
macrophage activation.”® Among those are histone deacety-
lases (HDACs) that, along with histone acetyl transferases
(HATS), reversibly regulate the acetylation status of histones.*”

In addition, we investigated whether innate immune training in
aged mice could epigenetically reprogram—and thereby revi-
talize—microglial responses to reinstate reparative inflamma-
tion. Trained immunity is defined as a condition in which a stim-
ulus can durably prime cells, in particular those of the myeloid
lineage, to respond more strongly to future stimuli.”’’° The
concept of innate immune training was first introduced in micro-
biology, when several studies showed that myeloid cells could
develop resistance to re-infection of the same or even unrelated
pathogens in a response that is independent of adaptive immu-
nity. Innate immune memory, often mediated by epigenetic re-
programming, can last for only a few months in circulating mono-
cytes but can persist for at least 6 months in microglia, which are
long-lived.?®?” Here, we used Bacillus Calmette-Guerin (BCG), a
live-attenuated vaccine strain of Mycobacterium bovis, to train
the innate immune system.?® BCG was developed against tuber-
culosis, but has been shown to also reduce morbidity and mor-
tality in non-related infections and is even used as a non-specific
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immunotherapy in bladder cancer.?’**° Given the cross-protec-
tion provided by BCG, we tested its efficiency and the underlying
epigenetic mechanisms in training microglia toward pro-regen-
erative responses following demyelinating injury in aging. In
conclusion, our data suggest that age-related epigenomic
changes impair the regenerative functions of microglia, but
innate immune training can reverse these changes and enhance
their pro-regenerative abilities in demyelinating injuries.

RESULTS

snRNA-seq identifies differences in microglial
responses in young and aged mice following
demyelinating injury

Previous studies have demonstrated that young mice recover
relatively rapidly from demyelinating injuries, while older mice
experience inadequate microglial responses that hinder myelin
debris and lipid removal.”**" In this study, we utilized mice
aged 12 and 15 months, referred to as aged mice. To examine
how microglia tailor their responses differently in young and
aged mice following demyelinating injury, we used a toxin-
induced model in which injections of lysolecithin (LPC) induce
focal demyelinating lesions in the white matter of the brains of
mice. In this model, microglia are the dominant myeloid cell pop-
ulation, as only a small number of monocyte-derived macro-
phages enter lesions from the periphery.*>** In lesioned ani-
mals, demyelination is complete within 4-7 days, followed by a
repair process that reaches its maximum between 14 and
21 days post injection (dpi).>> We induced two focal demyelin-
ating lesions on each side of the corpus callosum of young
(3 months) and aged (15 months) mice by LPC injections, then
dissected white matter tracts, including the corpus callosum
and medial lemniscus, from the brains of lesioned mice at 7
dpi for single-nucleus RNA sequencing (snRNA-seq) based on
10x Genomics (Figure 1A). After quality control and filtering,
we obtained 35,696 and 30,930 single-nuclear transcriptomes
from aged and young white matter tracts, respectively
(Figures 1B and S1A-S1E). Cell type composition was analyzed
using unsupervised uniform manifold approximation and projec-
tion (UMAP) analysis and Louvain clustering algorithm to the
batch-corrected transcriptomic datasets. The cell type identities
were confirmed by the expression of canonical cell type marker
genes, which identified 19 different clusters in both young and
aged datasets. Microglia were distributed in four different
clusters composed of a total of 5,792 and 6,093 nuclei for
aged and young white matter tracts, respectively (Figure 1G;
Table S1). The microglial clusters shared the injury- or disease-
associated response signature previously described in various
disease models, with relatively higher average expression in

(D and E) Gene Ontology (GO) term enrichment analysis depicting ten terms for biological process (D) upregulated in young and (E) upregulated in aged microglial

clusters using Fisher’s exact test and Benjamini-Hochberg FDR correction.

(F) UMAP visualization of microglial subclusters obtained after reclustering the four clusters of microglia in which dots correspond to individual nuclei profiled with

snRNA-seq.

(G) Dot plot of average expression of top differentially expressed genes in each microglia subcluster.
(H) Boxplots of cluster proportions in each subcluster of microglia per sample (n = 3) for both young and aged conditions, respectively. The central line denotes the
median, boxes represent the IQR, and whiskers show the distribution. Significant results (scCODA) are indicated with red bars, FDR < 0.05 (n = 3 biological

replicates per condition were used).
See also Figures S1-S3 and Tables S1 and S2.
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Figure 2. Epigenomic analysis reveals differences in young and aged microglia/macrophages after demyelinating injury

(A) Schematic representation of the ATAC-seq experiment on CD11b* cells isolated from lesioned white matter (WM) of young and aged mice.

(B) Plot profile depicting the average enrichment around transcription start site (TSS) and heatmap summarizing the coverage of genomic reads, with a color code
from red (no coverage) to blue (maximum coverage), from —1 to +1 kb around the TSS between young and aged microglia.

(C) Volcano plot of differentially accessible regions in aged compared with young microglia, FDR < 0.05.

(D) Venn diagram indicating common genes between snRNA and ATAC-seq datasets that are downregulated in aged microglia due to reduced accessibility.

(legend continued on next page)
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clusters 1 and 2 microglia (Figure S2A).***~*° Gene ontology
analysis revealed that microglia in young mice were enriched
for pathways such as cell migration, positive regulation of innate
immune response, glial cell differentiation, macrophage activa-
tion, and cellular response to lipids. Microglia in aged mice, in
contrast, were enriched for pathways including synapse assem-
bly, regulation of cell-cell adhesion, central nervous system
(CNS) neuron development and cellular homeostasis (false dis-
covery rate [FDR] < 0.05) (Figures 1D and 1E). To obtain higher
resolution of the distinct clusters, we re-clustered microglia
from lesions of young and aged mice, resulting in the identifica-
tion of nine distinct clusters (Figure 1F). Differential marker gene
expression identified distinct expression of genes, thereby
segregating the clusters. Cluster 0 was characterized by
increased expression of genes involved in complement activa-
tion, cell activation, and immune response (Sparc, C1qc, Ctsl,
Cst3, Cfh, Gpr34, and Pixdc?2). Cluster 1 was associated with ho-
meostatic processes and was high in genes such as (Tmem119,
P2ry12, and Cx3cr1). Clusters 3 and 4 displayed upregulation of
lipid metabolism (Plin2, Trem2, Lgals8, Soatl1, Apoe, and
Gpnmb), with cluster 4 showing an additional upregulation of
interferon signaling (Irf7, Ifi35, Ccl12, and [fit2), whereas cluster
5 was marked by genes involved in proliferation (Top2a, Diaph3,
Knl1, and Mki67) (Figure 1G; Table S2). Using single-cell differen-
tial composition analysis (scCODA), which takes account of the
compositional changes in the scRNA-seq data and reliably con-
trols for false discoveries, we identified microglial clusters 0 and
4 to be significantly higher in young compared with aged mice
(Figure 1H). Cluster 0 expressed genes involved in pathways
such as microglial cell activation, neuroinflammation, and re-
sponses to lipids, whereas cluster 4 expressed genes involved
in pathways such as phagocytosis, positive regulation of innate
immune response, and regulation of cytokine expression (Fig-
ure S2C). In addition, we also found differences in the expression
of genes that are functionally associated with lipid metabolism,
innate immune responses and activation in young mice
compared with aged ones in clusters 0 and 4 (Figures S3A-
S3S). Hence, the data suggest that microglia in aged mice
display inadequate transcriptional responses related to innate
immunity and lipid metabolism.

Aged myeloid cells display epigenetic modifications
associated with restricted chromatin accessibility

Gene expression is highly regulated through the remodeling of
chromatin, which occurs by transcription factors recruiting coac-
tivator complexes that are capable of modifying histone tails and
remodeling nucleosomes.*'**? This repositioning of the nucleo-
somes around promoters and enhancers makes chromatin
accessible to other transcription factors and RNA polymerase
Il near promoters, thereby regulating active transcription. We hy-
pothesized that the impaired function of microglia/macrophages
in aging following demyelinating injury might be due to chromatin
inaccessibility, preventing the transcriptional induction of genes
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involved in pathways such as the innate immune response and
lipid metabolism. Thus, we performed bulk assay for transpo-
sase-accessible chromatin sequencing (ATAC-seq) on CD11b™"
cells isolated from the white matter of young and aged mice at
4 dpi (Figure 2A). Fragment length distribution of samples re-
vealed distinct peaks at around 50, 200, 400, and 600 bp,
respectively, ensuring the quality and downstream analysis. In
addition, we confirmed using fluorescence activated cell sorting
(FACS) that 94%-96% CD11b* cells were microglia in lesioned
tissue of young and aged mice, respectively (STAR Methods,
Figures S1F, S1G, and S4A). We observed a higher landscape
of open chromatin regions around +1 kb of transcription start
site (TSS) in young mice compared with aged. Differential anal-
ysis revealed fewer differentially accessible regions in aged
compared with young mice (Figures 2B and 2C). To determine
whether altered transcription in aged microglia/macrophages
is due to decreased chromatin accessibility, we compared the
genes that were downregulated in aged microglia in snRNA-
seq with the regions that were inaccessible in aged microglia/
macrophages identified by ATAC-seq. Our analysis revealed
the presence of 833 common genes in both datasets, suggesting
that approximately 30% of genes exhibiting low transcriptional
activity following demyelinating injury in aged microglia were
correlated with chromatin inaccessibility (Figure 2D). Enrichment
analysis of shared genes uncovered innate immune response,
lipid response, cellular localization, organization, and meta-
bolism, as the major clusters of pathways downregulated in
aged mice due to reduced accessibility (FDR < 0.05) (Figures
2E, 2F, and S2E). We performed motif enrichment analysis using
Homer on shared genes and discovered the following motifs to
be underrepresented in aged microglia: RAR: RXR and Nr5a2,
both implicated in lipid metabolism and cholesterol transport;
ZEB1, E2A near PU.1 and Runxlwith functions in immune
response, microglia proliferation, and differentiation (Fig-
ure S2D). Together, these data suggest that deficient microglial
activation and myelin lipid clearance in aged mice following
demyelinating injury could be attributed to inadequate transcrip-
tion of genes due to reduced accessibility of chromatin around
promoters.

Immune training with BCG alters the microglial
chromatin landscape of aged mice

To instruct aged microglia’macrophages in generating a pro-
regenerative response following demyelinating injury, we applied
a vaccine-based innate immune training protocol. We adminis-
tered the BCG vaccine, typically utilized to combat tuberculosis
but also known for its ability to reprogram the innate immune
cells epigenetically by altering the chromatin marks H3K27ac
and H3K4me3.”*** To determine whether peripheral appli-
cation of BCG can alter the chromatin landscape of microglia/
macrophages within the brain, we analyzed CD11b* cells
isolated from mice treated with BCG or saline for the following
histone marks, H3K4me3 and H3K27ac, using chromatin

(E) Violin plots indicating (log-normalized) expression of expressed genes involved in lipid metabolism in all microglial clusters, along with accessibility profile
showing the coverage of genes in the promoter region. The first exon for each gene is indicated below, FDR < 0.05.
(F) Enrichment map of biological pathways downregulated in aged mice due to reduced accessibility, using Fisher’s exact test and Benjamini-Hochberg FDR

correction (n = 2 biological replicates per condition).
See also Figures S1 and S2.
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Figure 3. ChlP-seq reveals enrichment of H3K27ac and H3K4me3 epigenetic marks in microglia/macrophages of BCG-treated aged mice
(A) Schematic representation of the ChIP-seq experiment on CD11b* cells isolated from aged mice treated with BCG or saline.

(B and C) GO term enrichment analysis depicting ten terms for biological process (B) enriched for H3K27ac marks and (C) enriched for H3K4me3 marks in aged
mice treated with BCG using Fisher’s exact test and Benjamini-Hochberg FDR correction.

(D) Pie chart representing the percentage of genes enriched for H3K27ac and H3K4me3 marks after BCG treatment out of the common set of genes in snRNA and

ATAC-seq.

(E) Coverage plots of H3K27ac marks and input for the differentially regulated genes in control (saline) and BCG-treated mice. The exon for each gene is indicated
below, FDR < 0.05 (n = 2 independent replicates per condition for each histone mark. Each replicate was a pool of 3 animals).

See also Figures S1 and S4.

immunoprecipitation DNA sequencing (ChlP-seq) (Figures 3A
and S4A-S4C). We found greater enrichment of H3K27ac and
H3K4me3 marks in CD11b* cells isolated from BCG-treated
compared with control mice (Figures STH and S4E). The genes
enriched for the H3K27ac mark were involved in pathways
including differentiation, migration, innate immune response,
and lipid metabolism, while the genes enriched for H3K4me3
were involved in inflammation and interferon response (Figures
3B and 3C). We performed motif enrichment analysis on differen-
tially expressed enriched regions for H3K27ac and H3K4me3 us-
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ing Homer (Figure S4D). If these histone marks induced by BCG
are beneficial in microglial reprogramming toward pro-regenera-
tive behaviors, they should appear at locations that coincide with
genes exhibiting inaccessible chromatin regions in aged micro-
glia/macrophages. Thus, we conducted a comparative analysis
between the shared set of genes that were poorly transcribed
and inaccessible in aged microglia following demyelinating injury
with those displaying BCG-induced changes for either H3K27ac
or H3K4me3 histone marks. We found that 31% of the shared set
of genes were also enriched for H3K27ac marks, including those
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Figure 4. BCG immunization promotes lesion recovery after demyelinating injury in aged mice

(A) Schematic representation of BCG treatment and experimental timeline in aged mice.

(B) Images of corpus callosum lesions in aged (12 months) mice treated with BCG or saline at 4 dpi. Scale bars, 200 pm.
(C) Quantification of lesion volume and IBA1* volume in aged (12 months) mice treated with BCG or saline at 4 dpi.

Control BCG

(legend continued on next page)
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involved in lipid metabolism (Apoe, Abca1, Soat1, and RXR beta
[Rxrb]) and innate immune response (Nod1, Irgm1, Ifit2, Tir7,
Itgab, Irf2, and Ifitm10). 10% of the shared set of genes were en-
riched for H3K4me3 marks, which were mostly involved in
inflammation and interferon response (Nod1, Irgm1, Ifi35,
Cd48, Itgab, Irf2, and H2-Q4) (FDR < 0.05) (Figures 3D, 3E,
S4F, and S4G). Taken together, our data indicate that BCG-
induced immune training can alter the chromatin landscape in
microglia for H3K27ac and H3K4me3 histone marks, and some
of these occur at sites that coincide with the set of genes that
are poorly transcribed after demyelinating injury.

BCG vaccination promotes recovery from lesions after
demyelinating injury

To examine the role of BCG-induced training in CNS lesion recov-
ery, we applied BCG or saline intravenously 1 month prior to
lesion induction in aged mice and analyzed lesions at 4 and 14
dpi (Figure 4A). We measured the size of lesions with a fluorescent
myelin stain (FluoroMyelin) and quantified phagocytes using anti-
IBA1 antibodies. At 4 dpi, demyelinating lesion volumes were of a
similar size in BCG- and saline-treated mice, and a comparable
area of the lesions was occupied by IBA1* cells, showing that
lesion formation was unaltered (Figures 4B and 4C). We used
immunohistochemistry to examine phagocyte reactivity at 4 dpi
in BCG-treated mice and controls, and found a higher percentage
of MAC2*IBA1" and MHCII*IBA1* cells in the lesions of BCG-
treated compared with control mice (Figures 4D-4G). Because
previous studies have shown that BCG-induced training can in-
crease TNF-a and IL1p in monocytes and macrophages,*® we
performed Tnf and //13 RNA in situ hybridization (RNAscope
multiplex fluorescent assay) and detected a higher percentage
of IBA1* cells positive for Tnf*l/13* mRNA particles in 4 dpilesions
of BCG-treated mice (Figures S5A and S5B). To determine
possible differences in lesion recovery, we assessed the size of
lesions at 14 dpi, a time point when the repair process reaches
its peak, and found smaller lesion volumes in BCG-treated
compared with control mice (Figures 4H and 4l). Moreover,
assessment of oligodendrocytes using antibodies against anti-
adenomatous polyposis coli (APC), clone CC1, and BCAS1 re-
vealed a higher percentage of mature CC1* as well as pre- and
actively myelinating BCAS1* oligodendrocytes in 14 dpi lesions
of BCG-treated mice (Figures 4J, 4K, S5C, and S5D). Previous
studies have detected sustained immune infiltration in lesions of
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aged compared with young mice. Therefore, we measured the
density of IBA1* cells in lesions at 14 dpi, and the results showed
adecrease due to BCG vaccination (Figures 4H and 4l). Following
that, we examined how BCG vaccination affects the ability of mi-
croglia/macrophages to clear myelin debris and process lipids in
lesions at 14 dpi. We measured the amount of IBA1*LAMP1* cells
that co-localized with FluoroMyelin and observed a decrease in
myelin-debris accumulation within phagocyte lysosomes in
mice that received BCG treatment. Quantification of lipid droplets
using PLIN2 as a marker revealed fewer PLIN2*IBA1* microglia in
BCG-treated mice. Moreover, by a combination of laser reflection
and fluorescence confocal microscopy (reflection microscopy)
we detected a reduction in reflection-positive material (mostly
cholesterol crystals/lipid droplets) in lesions of BCG-treated
mice (Figures 4L-40). We also examined the effect of BCG on
lesion recovery and IBA1" cell density in young mice and did
not observe any significant differences (Figures S5E and S5F).
Together, these results provide evidence that BCG vaccination
improves lesion recovery after demyelinating injury in aged mice.

To determine possible differences in transcriptional responses
following BCG treatment, we conducted transcriptomic analysis
on lesioned and unlesioned white matter tracts obtained from the
brains of mice treated with either BCG or saline. Samples clus-
tered into their respective experimental groups, as shown by
principal-component analysis (PCA) (Figures 5A and S6A). To
assess the differences between the two groups, we performed
differential expression analysis and gene ontology analysis,
which identified lipid metabolism, chromatin modification, aero-
bic respiration, and cellular localization as the key differentially
regulated pathways in the lesions of BCG-treated mice
compared with control (FDR < 0.05) (Figures S6B-S6D). Among
the differentially expressed genes upregulated in lesions of
BCG-treated mice were two lipid-sensing nuclear receptors,
Nrih2 (LXR-A) and Rxrb, previously implicated in remyelina-
tion.'®'” Because the reverse cholesterol pathway with Abca?
and Abcg1 as key molecules is under the control of these nuclear
receptors,® we analyzed Nr1h2, Abcal, and Abcg? expression
using RNA in situ hybridization and found higher expression in
microglia/macrophages of BCG compared with control (Figures
S6C and S6E-S6I). Furthermore, genes involved in histone acet-
ylation and deacetylation were shown to be potentially differen-
tially expressed in the lesions of BCG-treated mice (Figures S6C
and S6J). In unlesioned white matter, differential expression and

(D and E) Images of (D) MAC2*IBA1* and (E) MHCII*IBA1* cells in the demyelinated lesions at 4 dpi. Scale bars, 50 pm.

(F and G) Quantification of the percentage of (F) MAC2*IBA1" and (G) MHCII*IBA1* cells over IBA1* cells in the demyelinated lesion at 4 dpi.

(H) Quantification of lesion volume and IBA1* volume in aged (12 months) mice treated with BCG or saline at 14 dpi.

(I) Images of corpus callosum lesions in aged (12 months) mice treated with BCG or saline at 14 dpi. Scale bars, 200 um.

(J) Images of the demyelinated lesions in the corpus callosum at 14 dpi exemplifying the numbers of CC1*OLIG2* cells at the demyelination/remyelination edge.

White arrows indicate CC1*OLIG2" cells. Scale bars, 50 um.
(K) Quantification of CC1*OLIG2* cells per mm? of lesion at 14 dpi.

(L) Quantification of the percentage of IBA1* cells positive for reflection, myelin loaded (FluoroMyelin*) IBA1* cells per mm? of lesion, and percentage of lesion

area occupied by LAMP1* signal at 14 dpi.

(M) Images demonstrating reflection microscopy and accumulation of myelin debris in LAMP1*IBA1* cells in demyelinated lesions at 14 dpi. White arrows point to
reflection* myelin-debris accumulation within LAMP1*IBA1* cells. Scale bars, 50 pm.
(N) Images of demyelinated lesions at 14 dpi demonstrating PLIN2* signal within IBA1* cells. Scale bars, 50 um.

(0) Quantification of PLIN2*IBA1*cells per mm? of lesion at 14 dpi.

All data are mean + SD; *p < 0.05, **p < 0.001, ***p < 0.0001; ns, not significant; two-tailed Welch’s t test or Mann-Whitney test (C, F-H, K, L, and O), n numbers are

indicated in the figure, each dot represents one mouse.
See also Figure S5.
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gene ontology analysis identified upregulated pathways, such as
aerobic electron transport chain, cell migration, chromatin organi-
zation, and innate immune response, while downregulated path-
ways included histone deacetylation, organelle assembly, and
regulation of neuron death (FDR < 0.05) (Figures 5B-5D). Addition-
ally, genes related to histone acetylation and deacetylation
showed differential expression in unlesioned samples of BCG-
treated mice. Specifically, we observed upregulation of genes
involved in histone acetylation (Kat7 and Ep300), and downregu-
lation of genes known to regulate the activity of HDAC (HDAC 1
and 2) by forming a core repressor complex (Sin3b, Chd4,
Mbd3, Mier2, Mta1, Chd3, and Suds3)*® (Figure 5E).

Genetic ablation of HDAC1 and HDAC2 from aged
microglia improves lesion recovery

HDACs are enzymes that modify histones and, together with
HATs, control the acetylation status of histones, thereby
affecting gene expression, with two class | HDACs (HDAC 1
and 2) having previously been shown to be of functional impor-
tance in microglia.*” To determine the involvement of HDAC1
and HDAC2, we isolated CD11b™ cells from young, aged, and
aged mice treated with BCG, and measured HDAC1 and 2 activ-
ity in cell extracts using a fluorometric assay. Our analysis re-
vealed that the activity of HDAC1 and HDAC2 was significantly
higher in CD11b* cells isolated from aged compared with young
mice (Figures 5F and 5G). HDAC1 and HDAC?2 activities were
reduced (but only with a trend toward significance) in CD11b*
cells from BCG-treated aged mice relative to untreated aged
mice (Figures 5F and 5G). These results prompted us to explore
the role of HDACs as possible mediators in epigenetic reprog-
ramming. To determine whether the depletion of HDAC1/2 mod-
ifies pro-regenerative microglial responses in aged mice, we
generated tamoxifen-inducible mice that lack Hdac1,2 in micro-
glia. This was achieved by crossing Cx3cr1°™ERT2 with mice car-
rying floxed alleles for Hdac1 and Hdac2 to obtain Cx3cr1CERT2
Hdac1™ Hdac2™ (HDAC1/2 knockout [KO))*’ (Figure 6A).
Because microglia are long-living cells compared with circu-
lating monocytes, mainly microglia in the CNS parenchyma are
targeted.”® First, we confirmed the ablation of Hdac? and
Hdac?2 transcripts in microglia/macrophages purified from the
brain of HDAC1/2 KO and control mice by RT-qPCR (Figure 6B).
Next, we injected LPC into the corpus callosum of aged HDAC1/
2 KO and the corresponding control mice (Hdac1""Hdac2""
lacking Cx3cr1°ERT2 byt with tamoxifen injection) to induce
demyelinating lesions and examined mice at 4 and 14 dpi to
identify potential changes in lesion formation and recovery. At
4 dpi, no differences in lesion volume or in IBA1* cell density
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were identified within lesions (Figures S5G and S5H). How-
ever, we detected higher percentages of MAC2*IBA1* and
MHCII*IBA1* cells in lesions of HDAC1/2 KO (Figures 6C-6F).
When lesions were analyzed at 14 dpi, we observed smaller
lesion volumes, as determined by FluoroMyelin staining and a
decrease in IBA1* cell density, pointing to enhanced lesion re-
covery in HDAC1/2 KO compared with control mice (Figures
6G and 6H). Similar results were obtained when 15-month-old
HDAC1/2 KO and control mice were used (Figures S5I and
S5J). Because our control mice express Hdac1""Hdac2™",
but lack Cx3cr1°ERT we used Cx3cr1°eERT/Met Hggcywiwt
Hdac2"""! as an additional control. Using these control mice,
we were able to validate the effect of HDAC1 and HDAC2 abla-
tion in enhancing lesion recovery and in resolving IBA1* cells
from 14 dpi lesions (Figures S5K and S5L). Next, we quantified
oligodendrocyte density using antibodies against APC, clone
CC1, which revealed a higher number of mature CC1* oligoden-
drocytes in lesions of HDAC1,2 KO at 14 dpi (Figures 61 and 6J).
In addition, FluoroMyelin stain and antibodies against IBA1 de-
tected less accumulation of myelin debris within LAMP1*IBA1*
cells. Reflection microscopy identified decreased reflection®
material in IBA1* cells and using antibodies against the lipid
droplet marker, PLIN2, fewer PLIN2* IBA1* cells were observed
in lesions at 14 dpi of HDAC1/2 KO compared with control
(Figures 6K-6N). In addition, we performed RNA in situ labeling
and found higher expression of Abcal and Abcg1 in microglia/
macrophages of HDAC1/2 KO compared with control (Figures
60 and 6P). Together, these data provide evidence that Hdac1
and Hdac2 ablation from microglia/macrophages improves
lesion recovery after demyelinating injury in aged mice.

Next, we aimed to determine the role of HDAC1 and HDAC2 in
microglia/macrophages concerning the BCG-induced immune
training effect. We induced the KO by tamoxifen administration
to aged HDAC1/2 KO or control mice, administered BCG or sa-
line, and 1 month later, we injected LPC into the corpus callosum
to induce demyelinating lesions and examined mice at 14 dpi to
identify potential changes in lesion recovery (Figure 7A). We
found that BCG treatment enhanced lesion recovery, as deter-
mined by FluoroMyelin staining, and decreased the density of
IBA1" cells in lesions as compared with saline-treated control
mice (Hdac1V"Hdac2™" with tamoxifen injection) (Figures 7B,
7D, and 7E). When HDAC1/2 KO mice were analyzed, we found
no differences in lesion volume and IBA1* cell density in 14 dpi
lesions when BCG and saline-treated animals were compared
(Figures 7B, 7D, and 7E). Together, these results show that
BCG-induced immune training is abolished by the ablation of
HDAC1/2 from microglia/macrophages.

(B) Heatmap of differentially expressed genes over samples of BCG and control indicating Z scores.

(C) Volcano plot of differentially expressed genes in BCG-treated mice compared with control mice, FDR < 0.05.

(D) Gene Ontology (GO) term enrichment analysis depicting five terms for biological processes upregulated and downregulated in unlesioned corpus callosum of
BCG-treated aged mice using Fisher’s exact test and Benjamini-Hochberg FDR correction.

(E) Bar plots designating normalized counts per million (CPM) of upregulated and downregulated differentially expressed genes in no-lesion group involved in

histone acetylation and deacetylation, respectively, FDR < 0.05.

(F) Quantification of percentage of Hdac1 activity in CD11b" cells isolated from young mice, aged mice, and aged mice treated with BCG, respectively.

(G) Quantification of percentage of Hdac2 activity in CD11b™ cells isolated from young mice, aged mice, and aged mice treated with BCG, respectively.

All data are mean + SD; *p < 0.05, **p < 0.001, **p < 0.0001, ***p < 0.00001; ns, not significant.

One-way ANOVA with Bonferroni multiple comparison test (F and G) and two-tailed Student’s t test (E), n numbers are indicated in the figure, each dot represents

one mouse.
See also Figure S6 and Table S3.
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Figure 6. HDAC1/2 depletion in microglia improves remyelination in aged mice

(A) Schematic representation of experimental paradigm in Cx3cr1°ER"etgac 17 Hdac2"" aged mice.

(B) Quantitative PCR analysis of Hdac1 and Hdac2 in CD11b* cells isolated from Cre— and Cre+ mice 2 weeks after tamoxifen induction.
(C) Images of MAC2*IBA1* cells in the demyelinated lesions at 4 dpi. Scale bars, 50 pm.

(D) Quantification of the percentage of MAC2*IBA1* cells over IBA1* cells in the demyelinated lesion at 4 dpi.

(E) Images of MHCII*IBA1* cells in the demyelinated lesions at 4 dpi. Scale bars, 50 pm.

(F) Quantification of the percentage of MHCII*IBA1* cells over IBA1* cells in the demyelinated lesion at 4 dpi.

(G) Images of corpus callosum lesions in aged (12 months) Cre— (control) and Cre+ (knockout) mice at 14 dpi. Scale bars, 200 um.

(H) Quantification of lesion volume and IBA1* volume in aged (12 months) Cre— (control) and Cre+ (knockout) mice at 14 dpi.

() Quantification of CC1*OLIG2* cells per mm? of lesion at 14 dpi.

(legend continued on next page)
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Subsequently, we analyzed a set of 18 genes selected for
their decreased expression and reduced accessibility in
aged microglia within lesions, and their enrichment with
H3K27ac and H3K4me3 marks subsequent to BCG treat-
ment. Lesions were isolated at 7 dpi from 12-month-old
Cx3cr1CER21gac 1™ Haac2™ mice and control mice, as
well as from mice treated with either BCG or saline, and RT-
gPCR was performed to assess transcript levels. Notably,
we observed that a subset of genes (Apoe, Abcal, Abcgl,
Lamp2, B2m, Parp14, Ctsb, Nod1, Irgm1, and Irf7) associated
with lipid metabolism and the innate immune response exhi-
bited significantly higher expression following BCG treatment.
HDAC1/2 KO induced a very similar set of genes in lesions
(Figures 7F-7J). We conducted RNA in situ hybridization
together with immunofluorescence staining, employing anti-
bodies against IBA1 to visualize the expression of these genes
at the individual cell level within lesions. Our RNA in situ hy-
bridization unveiled elevated expression of Abcal, AbcgT,
Irf7, Irgm1, Parp14, and Lamp2 in IBA1* cells of HDAC1/2
KO mice compared with controls. A similar upregulation was
also noted following BCG vaccination. When HDAC1/2 KO
mice were administered BCG treatment, no additional in-
crease in gene expression was observed (Figures S7A-S7L).
To explore the potential correlation between epigenetic alter-
ations and gene expression changes, we conducted ChIP-
gPCR analyses for H3K27ac marks on CD11b* cells isolated
from young, aged, and aged HADC1/2 KO mice. We focused
on H3K27ac marks because they were found to be enriched
in lipid and innate pathways in microglia following BCG vacci-
nation in aged mice. We found significant enrichment of
H3K27ac on several genes (Abcal, Abcg1, Lgals8, B2m,
Ctsb, Irf7, Irgm1, Nod1, and Parp14) in CD11b" cells isolated
from HDAC1/2 KO mice compared with controls. There was
also an enrichment of H3K27ac at these genes in microglia
isolated from young compared with aged mice (Figures
S7M-S7P). Collectively, these results demonstrate that both
BCG-induced immune training and HDAC1/2 KO induce a
related set of genes associated with lipid metabolism and
innate immune response in microglia within demyelinating
lesions.

DISCUSSION

Age-associated decline in regeneration capacity limits the re-
establishment of nervous system functionality after demyelin-
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ating injury.” Here, we reveal an altered transcriptional res-
ponse of microglia to demyelinating damage in young and
aged mice, with the largest differences in genes related to im-
mune function and lipid metabolism. By assessing genome-
wide chromatin accessibility, we found that a relatively large
fraction of the genes had epigenetic changes associated with
chromatin inaccessibility. Using KO of HDAC1/2 in microglia
to increase histone acetylation and to enhance chromatin
accessibility, we were able to restore microglial function and
improve lesion recovery in aged mice. Furthermore, by applying
a classical model of innate immune training, myelin repair was
enhanced in the aging nervous system. Together, our data sup-
port the concept of age-related epigenomic alterations as one
underlying factor for poor repair capacity of the aging CNS.
Our results seem, at first glance unexpected, as previous
data have convincingly shown that microglia of the aged brain
are characterized by an elevated inflammatory profile, which
is associated with a “sensitized” or “primed” phenotype.*®
Such primed microglia respond much more strongly to a sec-
ondary inflammatory stimulus.®® For example, inflammatory
challenge by peripheral injection of lipopolysaccharides gener-
ates an exaggerated and detrimental immune response by mi-
croglia in the aged brain and in mouse models of neurodegen-
erative disease.’”°'® Thus, aging cannot be equated with
unresponsive microglia. Instead, we propose that aging creates
a condition of microglial rigidity in which they lose their ability to
mount a precisely adjusted injury response. Microglia possess
an extensive array of sensors located on the cell surface as well
as within the cytosol and nucleus, allowing them to identify
damaged tissue and coordinate a response tailored to the spe-
cific type of injury that has occurred.®*" In demyelinating le-
sions rich in cholesterol and fatty acids from myelin debris,
aged microglia exhibit poor activation of the transcriptional re-
sponses necessary for debris clearance, which is regulated by
the nuclear lipid-sensing LXR/RXR pathway.'® We showed that
deletion of HDAC1/2 in microglia restored pro-regenerative lipid
clearance function, suggesting that epigenetic alterations, and
in particular histone acetylation levels, contribute to poor
responsiveness of microglia toward demyelinating injury in ag-
ing. Most likely, the modulation of these specific gene expres-
sion patterns by HDACs is due to the action of transcriptional
regulators that bind specific DNA sequences. HDAC1 and 2
are recruited to target genes via association with transcriptional
complexes (e.g., Sin3 complex, NuRD complex, and Co-REST
complex),*® but how this occurs in microglia is not well known.

mages of the demyelinated lesions in the corpus callosum a pi exemplifying the numbers o cells at the demyelination-remyelination edge.
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White arrows indicate CC1*OLIG2" cells. Scale bars, 50 um.

(K) Quantification of the percentage of IBA1* cells positive for reflection, myelin loaded (FluoroMyelin*) IBA1* cells per mm? of lesion and percentage of lesion area

occupied by LAMP1* signal at 14 dpi.

(L) Images demonstrating reflection microscopy and accumulation of myelin debris in LAMP1*IBA1* cells in demyelinated lesions at 14 dpi. White arrows point to
reflection* myelin-debris accumulation within LAMP1*IBA1* cells. Scale bars, 50 um.
(M) Images of demyelinated lesions at 14 dpi demonstrating PLIN2* signal within IBA1* cells. Scale bars, 50 um.

(N) Quantification of PLIN2*IBA1*cells per mm? of lesion at 14 dpi.

(O) Images of the lesioned corpus callosum of Cre— and Cre+ mice at 14 dpi demonstrating Abca? (green) and Abcg1 (yellow) particles accumulating within IBA1*

cells (magenta) visualized by RNA in situ hybridization. Scale bars, 20 um.

(P) Quantification of Abca? and Abcg1 particles within IBA1*cells per lesion area at 14 dpi.
All data are mean + SD; *p < 0.05, *p < 0.001, ***p < 0.0001; ns, not significant; two-tailed Welch’s t test (B, D, F, H, I, K, N, and P), n numbers are indicated in the

figure, each dot represents one mouse.
See also Figure S5.

2184 Immunity 57, 2173-2190, September 10, 2024



¢? CellPress

OPEN ACCESS

Immunity

— Tamoxifen «—2 weeks —» <«————— 1 month

Cre- Cre+
Hdac1,2fl/fl  Hdac1,2fl/fl

?_ﬁ{; ?ﬁe

12 months

A — —

Generation of Experimental mice
[y ) (Y )
. B B
Cre- Cre+
Hdac1,2fl/fl Hdac1,2fl/fl

day0 day2 day4 14 dpi
Analysis

Lysolecithin injections

B ) D —~ 14dpi
FluoroMyelin IBA1 Merged g 0.5 * O Control
T 5 = * ns @ BCG
= 0.4 ns
30 T
, o 0.3
o z
5] £ 0.2+
2
o £
T 0.1 (@)
|8 :
8 oo T T
Cre- Cre+
c 2 E o * QO Control
- € * ns @BCG
2 € 044 O L
£ )
o g 7
?;_, E 0.3
1S S o2
Q 5 01
S o
0.0
Y Cll'e- C:‘e+
7 doi 7 dpi
F —_— B e Foldchange  H Control BCG Fold change
4
B2m - *x % Apoe *
Parp14 - we Abcat - B R
Cel12 4 B * 420 Abcg1- 1.
Ctsb * Lgals8 —
I1fi35 L) Soat1-
Nod1 . % Lamp2 — * 0
Ifit2 *
) . +F 110 | Cre- Cre+ Fold change
Iitm10 10
Ifngr2 - Apoe H
Irgm1 **F 15  Abcal- ~°
Irf7 - *k Abcg1- * &
TIr7 - -
r bl Lgals8 4
G Cre- Cre+ Fold change Saati=] - 2
Lamp2 *
Bom . 50 P 0
Parp14 * J ey
Microglia
Ccl12 40 xpression/Accessibility’
Ctsb *
1fi35 - 4 30
Nod1 - B **
Ifit2
Ifitm10 1%
Ifngr2 —
Irgm1 *r 110
7 ’ *%
TIr7 - [ | bl |,

Figure 7. BCG-induced immune training is abolished in HDAC1/2 KO aged mice
(A) Schematic representation of BCG or saline treatment in Cx3cr1°ER"eitigac 1% 1dac2™" and Cx3cr1°ER"“iHdac 1" Hdac2™" aged mice
(B) Images of corpus callosum lesions in Cre— mice treated with BCG or saline at 14 dpi. Scale bars, 200 pm.

(legend continued on next page)
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In response to BCG, we found that the core subunits involved
in assembling the NuRD complex were differentially regulated
in the brain. A recent study discovered a role for the transcrip-
tion factor SPI11/PU.1 in regulating neuroinflammation by its as-
sociation with a repressive complex containing HDAC1 in mi-
croglia.®® Previous work has shown that HDAC1/2 function is
time- and context-dependent in microglia.”” Although prenatal
depletion of HDAC1/2 leads to compromised proliferation and
increased apoptosis induction, their role is dispensable for
the homeostatic maintenance of adult microglia. Lack of
HDAC1/2 in microglia in a mouse model of Alzheimer’s disease
induces genes involved in debris clearance, such as Apoe, Axl,
and FIt1, and increases microglial phagocytosis of amyloid pla-
ques.*’ In another study, in which HDAC1/2 was deleted in ol-
igodendrocytes, a complete loss of mature oligodendrocytes
with subsequent tremor and death during the first postnatal
weeks, was observed.”® Therapeutic approaches that are
based on HDAC inhibition can, therefore, come with the side
effect of interfering with oligodendrocyte differentiation and
myelination. We used BCG as an approach to train immunity
because of its preference for cells of the immune system, in
particular those of the myeloid lineage. We found that BCG
vaccination was able to enhance the pro-regenerative functions
of microglia in aged mice, but not in those lacking HDAC1/2.
Our data show that BCG vaccination leads to epigenetic and
transcriptional changes of microglia, but how this occurs is un-
known. One possibility is that peripheral immune cells or in-
flammatory cytokines released by cells in the periphery enter
the brain. Our work is in line with a previous study showing
that peripherally applied injections of low-dose lipopolysaccha-
rides induce acute immune training of microglia in wild-type
mice, but not in mice with a microglia-specific HDAC1/2 dele-
tion,?” suggesting that the acetylation status of histones is
required for inducing memory. When priming microglia for
innate immune functions in the aging brain, it is important to
consider the diverse effects of age on microglia. As individuals
age, the functionality of their immune system not only deterio-
rates, resulting in immunosenescence, but also undergoes a
gain-of-function characterized by a pro-inflammatory state
known as inflammaging.'® Thus, the challenge for innate im-
mune training protocols in aging will be to reprogram the
innate immune system so that functions are re-gained without

Immunity

inducing maladaptive hyperinflammatory states. In the future,
it will therefore be crucial to determine the precise molecular
pathways that lead to long-term modulation of microglial re-
sponses. In sum, our data provide evidence that age-related
epigenomic alterations contribute to poor pro-regenerative
functions of microglia in aging, and we provide proof-of-princi-
ple that innate immune training of microglia can reverse such
alterations and thereby increase pro-regenerative functions of
microglia in demyelinating injury. These results align with the
broader concept of an aberrant epigenetic state being a hall-
mark of aging,’®®® and our findings offer evidence that such
disturbances in the chromatin architecture create epigenetic ri-
gidity that limits adaptive responses in cases of CNS injury.

Limitations of the study

In this study, we cannot rule out the possibility that other cell
types, such as oligodendrocytes and non-myeloid cells, also
respond to BCG treatment. Additionally, we did not investigate
whether BCG’s effects on myeloid cells are direct or indirect.
Although our findings demonstrate that BCG vaccination in-
duces epigenetic and transcriptional changes in microglia,
the precise mechanisms remain unclear. One possibility is
that peripheral immune cells or inflammatory cytokines
released in response to BCG may enter the brain. Our data
suggest that the effect of BCG could be partially explained
by its impact on histone acetylation in microglia. However,
not all regions affected by BCG vaccination are regulated by
HDAC1/2 activity, indicating that many genes influenced by
BCG are not under the control of HDAC1/2. Despite this, we
propose that certain genes crucial for lesion recovery in demy-
elinating injuries are induced by BCG and regulated by
HDAC1/2 activity.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
o Lead contact
o Materials availability
o Data and code availability

(C) Images of corpus callosum lesions in Cre+ mice treated with BCG or saline at 14 dpi. Scale bars, 200 pm.
(D) Quantification of lesion volume in Cre— and Cre+ mice treated with BCG or saline at 14 dpi.
(E) Quantification of IBA1 volume in Cre— and Cre+ mice treated with BCG or saline at 14 dpi.

(F) Gene expression profile of a set of innate immune genes was determined using RT-gPCR in corpus callosum lesions at 7 dpi between control and BCG-treated
aged mice.

(G) Gene expression profile of a set of innate immune genes was determined using RT-gPCR in corpus callosum lesions at 7 dpi between Cre— and Cre+
aged mice.

(H) Gene expression profile of a set of lipid metabolism genes was determined using RT-qPCR in corpus callosum lesions at 7 dpi between control and BCG-
treated aged mice.

() Gene expression profile of a set of lipid metabolism genes was determined using RT-gPCR in corpus callosum lesions at 7 dpi between Cre— and Cre+
aged mice.

(J) Venn diagram indicating common sets of genes that are downregulated in aged microglia due to reduced accessibility but upregulated in HDAC1/2 KO and
BCG-treated aged mice.

All data are mean = SD; *p < 0.05, **p < 0.001, ***p < 0.0001; ns, not significant; two-way ANOVA with Tukey’s post hoc multiple comparison test (D and E) and
two-tailed Student’s t test (F-I), n numbers are indicated in the figure, each dot represents one mouse. Fold change of lesions in each group of gene expression
profiles is normalized to no-lesion control and selected genes are in (Figures 3E, S3A-S3S, S4F, and S4G). Each square represents 1 lesion (n = 6 lesions/
condition isolated from n = 3 biological replicates).

See also Table S4.

2186 Immunity 57, 2173-2190, September 10, 2024



Immunity

o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Mice
o HDAC1/2 depletion in microglia/macrophages
e METHOD DETAILS
o BCG immunization
Stereotactic LPC injections
Immunohistochemistry
Fluorescence in situ hybridization
RNA isolation and RT-qPCR
Confocal microscopy
Ex-vivo isolation of microglia using magnetic activated cell sorting
(MACS) and fluorescence activated cell sorting (FACS)
HDAC1 and HDAC?2 fluorogenic activity assay
Single-nuclear RNA sequencing (snRNA-seq)
ATAC sequencing
Bulk-RNA sequencing
Chromatin immunoprecipitation sequencing (ChIP-seq)
Chromatin immunoprecipitation gPCR (ChIP-gPCR)
GO enrichment analysis
Image analysis
Statistics and reproducibility
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Supplemental information can be found online at https://doi.org/10.1016/j.
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Novus Biologicals

Millipore

Synaptic systems (Custom made)

Millipore

Santa Cruz Biotechnology
Jackson ImmunoResearch
Thermofisher Scientific
Bio legend

Bio legend

Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Diagenode

Diagenode

Diagenode

Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Jackson ImmunoResearch

Cat# 234 009; RRID:AB_2891282
Cat# 234 308; RRID:AB_2924932
Cat# 125402; RRID:AB_1134238
Cat# 14-5321-81; RRID:AB_467560
Cat#NB11040877; RRID:AB_787904
Cat# AB9610; RRID:AB_570666

https://www.science.org/doi/10.1126/
scitransimed.aam7816

Cat# OP80; RRID:AB_2057371

Cat# sc-19992; RRID:AB_2134495
Cat# 715-007-003; RRID:AB_2307338
Cat#48-0451-82; RRID:AB_1518806
Cat#101228; RRID:AB_893232
Cat#128029; RRID:AB_10896061
Cat#61-9668-82; RRID:AB_2574679
Cat#25-4801-82; RRID:AB_469653
Cat# 14-0161-82; RRID:AB_467133
Cat# C15410003; RRID:AB_2924768
Cat# C15410196; RRID:AB_2637079
Cat#C15410206; RRID:AB_2722554
Cat# A-21422; RRID:AB_2535844
Cat# A-21428; RRID:AB_2535849
Cat# A-21244; RRID:AB_2535812
Cat# A-21450; RRID:AB_141882
Cat# 712605150; RRID:AB_2340693

Bacterial and virus strains

BCG (Bacillus Calmette Guérin, RIVM strain)

Medac GmBH

N/A

Chemicals, peptides, and recombinant proteins

FluoroMyelin Thermofisher Scientific Cat# F34651
DAPI Thermofisher Scientific Cat# D1306
Tamoxifen Sigma-Aldrich Cat# T5648
Zombie Biolegend Cat# 423105
L-a-lyso-Lecithin (Lysolecithin) Sigma-Aldrich Cati# L4129
Actinomycin-D Sigma-Aldrich Cat# A1410
Critical commercial assays

Invisorb Spin Tissue Mini Kit Invitek Cat# 1032100300

Adult tissue dissociation kit

RNeasy Plus Mini kit

Superscript Il First strand Synthesis
PowerUp SYBR Green Master Mix
RNAscope Multiplex Fluorescent v2 assay
Chromium Next Gen Single Cell 3’ HT kit v3.1
iDeal ChlIP-seq kit for Histones

Miltenyi Biotech

QIAGEN

Thermo fisher Scientific
Thermo fisher Scientific
Advanced cell Diagnostics
lllumina

Diagenode

Cat# 130-107-677
Cat# 74134

Cat# 18080051
Cat# A25742
Cat# 323100

Cat# 1000348
Cat# C01010059

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
High Sensitivity NGS Fragment Analysis Kit Agilent Cat# DNF-474
DNA Clear & Concentrator TM-5 kit Zymo-research Cat# D4014
IP-Star® Compact Automated System Diagenode Cat# B03000002
MicroPlex Library Preparation Kit v3 /96 rxns Diagenode Cat# C05010002
Qubit™ dsDNA HS Assay Kit Thermofisher Scientific Cat# Q32854
HDAC1 Fluorogenic Assay Kit BPS bioscience Cat#50061
HDAC?2 Fluorogenic Assay Kit BPS bioscience Cat#50062

Deposited data

Raw and analyzed data This paper GEO (GSE230187, GSE230190, GSE230191,
GSE230480, GSE247529)

Experimental models: Organisms/strains

Mouse: C57BL/6JRj JANVIER labs RRID:IMSR_RJ:C57BL-6JRJ

Mouse: Cx3cr1°ER72x Hdac1,2110% Datta et al.*’ N/A

Oligonucleotides

Primers Table S4 N/A

Software and algorithms

R

R studio
LIGER

Cell ranger
Doublet finder
scCustomise
Seurat

Galaxy

IGV

Trim galore

Cutadapt

Bowtie2

BAM tools

Picard tools

Deep tools

MACS2

Csaw

FindMotifsGenome tool

STAR

Feature counts

Deseq2

Gene ontology (GO) enrichment analysis
scCODA

Revigo

Cytoscape

Graph Pad Prism

Image Lab Software

Imaged (Fiji)

Adobe lllustrator

Code for calculating the lesion volume

https://www.r-project.org/
https://www.rstudio.com/
Welch et al.®

10x genomics

McGinnis et al.®®

https://doi.org/10.5281/zenodo.5706430

Satija et al.®

https://usegalaxy.eu/
Robinson et al.®”
http://www.bioinformatics.
babraham.ac.uk/
projects/trim_galore/
Martin®®

Langmead and Salzberg®®
Barnett et al.”®

http://broadinstitute.github.io/picard

Ramirez et al.”’

Zhang et al.”®
Lun and Smyth”®
Heinz et al.”

Dobin et al.”®

Liao et al.”®
Love etal.””
http://www.geneontology.org

Biittner et al.”®

Supek et al.”®
https://cytoscape.org/
https://www.graphpad.com/
Bio-Rad
Schindelin et al.?®
https://www.adobe.com/

Bosch-Queralt et al.?’

RRID:SCR_001905

Version 4.2 and 4.3
RRID:SCR_018100

v(6.1.0); RRID:SCR_017344
v(2.0.2); RRID:SCR_018771
RRID:SCR_024675

v(4.0.6; 4.4.0); RRID:SCR_016341
RRID:SCR_006281
RRID:SCR_011793
RRID:SCR_011847

RRID:SCR_011841
RRID:SCR_016368
RRID:SCR_015987
RRID:SCR_006525
RRID:SCR_016366
RRID:SCR_013291
https://doi.org/10.1093/nar/gkv1191
http://homer.ucsd.edu/homer/motif/
RRID:SCR_004463
RRID:SCR_012919
RRID:SCR_015687
RRID:SCR_002811
https://github.com/theislab/scCODA
RRID:SCR_005825
RRID:SCR_003032
RRID:SCR_002798
RRID:SCR_014210
RRID:SCR_002285
RRID:SCR_010279

https://github.com/lenkavaculciakova/
lesion_volume
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Other

Nuclei EZ Prep lysis buffer Millipore Sigma Cat# NUC101

UltraPure SSPE, 20X Thermofisher Scientific Cat# 15591043

OptiPrep™ Density Gradient Medium Millipore Sigma Cat# D1556

PKD buffer QIAGEN Cat# 157014133

Tween-20 Bio-Rad Cat# 1610781

RNase inhibitor Takara-Bio Cat# 2313A

Oligo dT25 magnetic beads Invitrogen Cat# 61005

Cell Lysis Buffer (10X) Cell Signalling Technology Cat# 9803

Proteinase K solution QIAGEN Cat# 19131

RNAscope Probe-Mm-Tnf-a, Advanced cell Diagnostics Cat# 311081

RNAscope Probe-Mm-Il1b-C2 Advanced cell Diagnostics Cat# 316891-C2

RNAscope Probe-Mm-Abca1 Advanced cell Diagnostics Cati# 522251

RNAscope Probe-Mm-Abcg1-C2 Advanced cell Diagnostics Cat# 422221-C2

RNAscope Probe-Mm-Nr1h2 Advanced cell Diagnostics Cat# 563261

RNAscope Probe-Mm-Irf7-C2
RNAscope Probe-Mm-Irgm1-C2
RNAscope Probe-Mm-Parp14-C1
RNAscope Probe-Mm-Lamp2-C2

Advanced cell Diagnostics
Advanced cell Diagnostics
Advanced cell Diagnostics
Advanced cell Diagnostics

Cat#534541-C2
Cat#588931-C2
Cat#1093331-C1
Cat#422851-C2
Cat# 320871

RNAscope 3-Plex Negative Control Probe_Mm Advanced cell Diagnostics
RNAscope 3-plex Positive Control Probe_Mm Advanced cell Diagnostics Cat# 320881

RESOURCE AVAILABILITY

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

Materials availability
Reagents generated in this study are available from the lead contact with a completed Material Transfer Agree.

Data and code availability
® The datasets we generated (snRNA-seq, ATAC seq, Chip Seq, Bulk RNA seq) have been deposited at GEO (NCBI) and are pub-
lically available from the date of publication. Accession numbers are listed in the key resources table. All other data that sup-
ports findings are available upon request from the lead contact.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Mice were housed in the animal facility of the German Centre for Neurodegenerative Diseases (DZNE), Munich, in a standard, path-
ogen-free, 12-hour light-dark cycle and with ad libitum access to food and water. The animal facility maintained a temperature of 20
to 22°C and 40 to 60% humidity. All C57BL/6J mice were imported from Janvier laboratories. The heterozygous mouse line for
Hdac1,2 (Cx3cr1°ERTetgac 1"YiHgac2"V™ was provided by Marco Prinz (Freiburg University), which was further bred in the
DZNE mouse facility to generate a homozygous line for Hdac1,2 (Cx3cr1°ER7etyqac 1 Hdac2™™). All animal studies complied
with the ARRIVE (Reporting of in vivo experiments) guidelines, the German animal welfare law, and were approved by the institutional
animal use and care committee in DZNE in agreement with the district government of Upper Bavaria, Germany.

HDAC1/2 depletion in microglia/macrophages

In Cx3cr1°eERTmetyqac 1" Hdac2™™ mice, the activation of Cre recombinase (under the control of Cx3cr1 promoter was induced by
tamoxifen (T5648, Sigma-Aldrich). The stock solution of 20mg/ml was prepared in corn oil. 12 and 15 month-old mice were admin-
istered 200 pL of tamoxifen solution via intraperitoneal injection thrice, separated by 48 hours. As control animals, tamoxifen injected
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(Cx3cr1°eERT Wt gac 1" Hdac2"™ and (Cx3cr1°eERTMetHgac 1"Y"iHdac2"V"Y) animals were used. A mixed proportion of males and
females were used for this study.

METHOD DETAILS

BCG immunization

BCG (RIVM strain -closely related to M. bovis BCG Pasteur 1173P2 strain) was reconstituted in 50ml 0.9% NaCl solution on ice. To
prevent the degradation of CFU (Colony forming units) due to the sensitivity of BCG-bacteria, BCG suspension was used within 6-7
hours after reconstitution maintaining the efficacy and potency. 12 and 15-months-old C57BI/6J mice were intravenously (i.v.) in-
jected with 200pl of reconstituted BCG containing 8x10°-12x10° CFU. The control mice received 200pul of 0.9% NaCl solution
(i.v.). After one month of immunization, further experiments were executed. Wild-type C57BI/6J male mice and a mixed proportion
of male and female mice for Cx3cr1°*ERT"®Hgac 1V1Hdac2™" were used for this section of the study.

Stereotactic LPC injections

LPC injections were performed according to an established protocol described in Bosch-Queralt et al.?’ The following coordinates
for injections were used: Injection site 1: X=—1/+1,Y =+1.10,Z=—-2.30 — —2.25, Injectionsite 2: X=—-1/+1,Y=-0.10,Z=-1.45 —
—1.40, Injection site 3: X = —0.55/+0.55, Y = —1.22, Z = —1.45— —1.40. For volumetric calculations, site 2 was used. Sites 1 and 3
were used additionally when considerable amounts of demyelinated white matter were needed for omics studies. 1uL of LPC was
injected at 150nL/minute (1 lesion) and 250nL/minute (multiple lesions). Mice were monitored for 3-4 days post-surgery for any phys-
iological changes.

Immunohistochemistry

To prepare samples for immunohistochemistry, mice were anesthetized with an intraperitoneal injection of 10% ketamine/2% xyla-
zine and perfused intracardially with 4% paraformaldehyde (PFA) with a peristaltic pump (Peri-Star PRO, World Precision Instru-
ments). The brain was removed, postfixed in 4% PFA overnight, and cryoprotected in 30% sucrose in PBS. The tissue was
embedded in Tissue-Tek O.C.T, frozen on dry ice, and kept at —80°C until sectioning. For sectioning of the injected brains, a cryostat
(CryoStar NX70, Thermo Scientific) was used to cut 16-um-thick coronal sections, which were directly mounted on Superfrost Plus
slides serially. The presence of monastral blue identified the lesions. All sections were kept at —20°C until further processing. For
staining, the sections were dried at 37 °C for 30 minutes, rinsed with 1x PBS, and permeabilized for 10 min in 1x PBS containing
0.3% Triton X-100. To prevent non-specific binding, sections were incubated for 1 hour with a blocking solution (2.5% bovine serum
albumin, 2.5% fish gelatin, and 2.5% fetal calf serumin 1x PBS). Primary antibodies were diluted in staining solution (25% of blocking
solution in 1x PBS) and incubated overnight at 4°C except for Plin2 staining, where the staining solution was supplemented with
0.05% saponin additionally. The next day, sections were further incubated with primary antibodies for 1 hour at RT, washed with
1x PBS, and subsequently incubated with secondary antibodies for 2 hours. After washing with 1x PBS, the sections were incu-
bated with FluoroMyelin (1:400) and DAPI (1:1000) in 1xPBS for 15 minutes. Finally, sections were washed in distilled water and
then mounted with mowiol. For stainings with antibodies produced in mice, the Fab fragment-blocking step was performed before
adding the blocking solution. All steps were performed at room temperature (RT) unless stated otherwise. For CC1 and perilipin2
staining, heat-induced antigen retrieval was accomplished using (Sodium citrate buffer-10mM Sodium citrate, pH 6.0) before block-
ing. The primary and secondary antibodies used were the following: IBA1 rabbit (1:1000), IBA1 chicken (1:400), IBA1 guinea pig
(1:500), MAC2 rat (1:400), MHCII rat (1:100), PLIN2 rabbit (1:200), Olig2 rabbit (1:250), APC-CC1 mouse (1:100), BCAS1 rabbit
(1:500), Alexa Fluor 555 anti-mouse (1:500), Alexa Fluor 555 anti-rabbit (1:500), Alexa Fluor 647 anti-rabbit (1:500), Alexa Fluor
647 anti-Guinea pig (1:500) and Alexa Fluor 647 anti-rat (1:500).

Fluorescence in situ hybridization

The RNAscope Multiplex Fluorescent v2 Assay (Advanced Cell Diagnostics Inc.) was performed according to the manufacturer’s in-
structions for fixed frozen tissue. Brain sections (16-um-thick) were hybridized with the respective mRNA probes: RNAscope
Probe-Mm-Tnf-a, RNAscope Probe-Mm-Il1b-C2, RNAscope Probe-Mm-Abcal, RNAscope Probe-Mm-Abcg1-C2, RNAscope
Probe-Mm-Irf7-C2, RNAscope Probe-Mm-Irgm1-C2, RNAscope Probe-Mm-Parp14, RNAscope Probe-Mm-Lamp2-C2 and RNA-
scope Probe-Mm-Nr1h2 all from Advanced Cell Diagnostics. Additionally, the negative control probe RNAscope 3-Plex Negative
Control Probe-Mm and the positive control probe RNAscope 3-plex Positive Control Probe-Mm were used in some sections to
assure the specificity and the sensitivity of the signal. The target probes were also combined with immunofluorescence for IBA1
to determine which cells express the genes of interest.

RNA isolation and RT-qPCR

Total RNA was isolated from primary microglia (CD11b*) cells or lesion tissue from adult mouse brains following the manufacturer’s
instructions of the RNeasy plus mini kit (74134, QIAGEN). The RNA was reverse transcribed with the superscript Il first-strand syn-
thesis system (18080051, Invitrogen) using 100ng to 1ug of total RNA. Quantitative PCR was performed using the Power Up SYBR
Green Master Mix (A25742, Applied Biosystems) on a Light Cycler 480 Real-time PCR system (Roche). All gPCR reactions were run in
triplicate. The primers used for gqPCR are mentioned in Table S4.
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Confocal microscopy

All images were acquired using confocal microscopy either with a Leica SP5 confocal (20x/0.75 NA air, 63x/1.40NA oil ) or the Zeiss
LSM 900 (20x/0.8 M27 air, 40x/1.1 W Korr UV-vis- IR water, 63x/1.2 Imm Korr DIC M27-Qil). Additionally, the navigator function of
Zeiss was used using (10X/0.30 M27-Air). The different fluorophores were stimulated sequentially using the following laser lines:
405 nm for DAPI, 488 nm for Alexa Fluor 488 (AF488), 561 nm for Alexa Fluor 555 (AF555), and 633 nm for Alexa Fluor 647
(AF647). For reflection™ microscopy, the reflected light using the Leica SP5 confocal microscope was used in parallel to imaging
the fluorophores as previously described.®

Ex-vivo isolation of microglia using magnetic activated cell sorting (MACS) and fluorescence activated cell

sorting (FACS)

Mice were anesthetized with an intraperitoneal injection of 10% ketamine/2% xylazine and perfused intracardially with ice-cold
1XPBS with a peristaltic pump (Peri-Star PRO, World Precision Instruments). Primary microglia were isolated from adult mice brains
using an Adult Brain dissociation kit (cat-130-107-677, Miltenyi Biotech). Myelin debris and red blood cell removal were performed
according to the manufacturer’s instructions. Then CD11b™ cells were labeled using magnetic beads and isolated using a magnetic
column. The cells were further processed and used for different assays. For FACS, we used our previously established isolation pro-
tocol using gentleMACS with the Neural Tissue Dissociation Kit (Papain; Miltenyi Biotech) and a final concentration of 45 mM
actinomycin D.®° The dissociated cell suspension was passed through a 70 mm cell strainer (Corning, 52350) before labeling. Sub-
sequently, cells were blocked with mouse FcR-blocking reagent (containing CD16/CD32 Monoclonal Antibody) and then stained for
15 min using Zombie (1:1000) and the antibodies against CD45 (eF450,1:200), CD11b (PerCP-Cy5.5,1:200), Ly6C (BV570, 1:200),
Ly6G (PEe610, B, 1:200), F4/80 (PECy7,1:200). Further, the cells were washed with PBS (Sigma, D8537) and viable cells (Zombie
negative) were analysed by flow cytometry.

HDAC1 and HDAC2 fluorogenic activity assay

Primary CD11b+ microglia were isolated from young mice treated with saline and aged mice treated with either saline or BCG as
described above. Fresh cells were lysed using cell lysis buffer (cell signaling technology Cat# 9803S) followed by ultrasonication
(UP200St, Hielscher Ultrasonics) and centrifugation at 14,000g, 4°C for 15 minutes. Following centrifugation, supernatant was
collected and used directly for the fluorogenic HDAC1 and HDAC2 assays (BPS Bioscience Cat# 50061, 50062). The HDAC activity
assays were performed according to the manufacturer’s instructions. Briefly, a master mixture consisting of fluorogenic HDAC sub-
strate 3 (200uM), BSA (1mg/ml) and HDAC assay buffer was prepared and added to a black low binding 96-well microliter plate. The
HDAC enzyme (1.4ng/ul HDAC1 or 1ng/ul HDAC2) was added to all wells except for wells designated as blank. Trichostatin A (20puM)
served as a control to assess the inhibitory activity and cell lysis buffer without cells was used as the background solution for both
blank and positive control. The plate was incubated at 37°C for 30 minutes followed by the addition of undiluted HDAC assay devel-
oper and another incubation at room temperature for 15 minutes. Finally, the fluorescence intensity was measured using GloMax®-
Multi Detection System at excitation wavelength of 365nm and emission wavelength of 410-460nm. All the measurements were con-
ducted in duplicates and subtracted from the blank before normalizing to the total cell count.

Single-nuclear RNA sequencing (snRNA-seq)

Nuclei isolation and library construction

The mice were perfused intracardially with ice-cold- IX PBS with a peristaltic pump (Peri-Star PRO, World Precision Instruments). The
lesioned white matter was dissected from young and aged C57BI/6J mice on ice using a stereomicroscope (Leica S9E number
10446339). The isolated white matter was flash-frozen in liquid N2 and stored (-80°C) until further processing. The frozen white matter
tissues were homogenized in the cold Nuclei EZ Prep lysis buffer (Millipore Sigma) in a 2ml Dounce grinder, followed by clean-up
using OptiPrep Density Gradient Medium (Millipore Sigma)®* The nuclei recovered from the interface of 29% and 35% of the
OptiPrep medium were examined and counted using Trypan Blue staining in a hemocytometer. The nucleus suspension of each sam-
ple was used for snRNA-seq preparations. Single-nucleus RNA-seq libraries were prepared using Chromium Next Gen Single Cell 3’
v3.1 Reagents following the manufacturer’s instruction (10X Genomics). The libraries were pooled and sequenced on the NovaSeq
6000 sequencer (lllumina). n = 3 biological replicates per condition were analyzed.

Analysis

Raw sequencing data in fastq format were aligned to Mus musculus (mm10) reference genome, quantified, and filtered using ‘cell
ranger-count (10x genomics, version 6.1.0). Doublet analysis was performed using the ‘Doublet Finder’ R package (v.2.0.2).°° The
filtered matrix file was further processed using LIGER (Linked inference of Genomic Experimental Relationships)®* using R version
(4.2.2), where replicates from each condition were merged. The datasets were normalized and scaled to account for differences
in sequencing, efficiency, and variance between the cells. Integrative non-negative matrix factorization (iNMF) was performed on
normalized datasets with the following parameters (K=20, A=5, threshold 1e-6, max iters-30) followed by joint clustering of cells
by quantile normalization and Louvain clustering algorithm in LIGER. Two dimensional representations were generated using uniform
manifold approximation and projection (UMAP) as implemented in Liger with the following parameter settings: (‘min. dist = 0.3,
‘n.neighbors = 30’, ‘cosine’ distance metric). To determine the gene markers for all clusters and for comparing the expression within
different datasets, the ‘runWilcoxin’ function was used with (padj <0.05). As for cell-type identification, a high-quality single-cell RNA-
seq of mouse brain dataset served as a reference for our dataset.®> The expression profiles of differentially expressed genes were
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plotted using Violin plot. Re-clustering was performed on existing microglia clusters after sub-setting and re-normalizing using Seurat
(version 4.0.6) at resolution 0.25. To determine the significance of cell proportion in each microglia sub cluster between datasets
scCODA’® v.0.1.6 package was used for compositional analysis of the single-cell data. The false discovery rate (FDR) value was
set to 0.05 to be able to detect subtle yet biologically relevant changes. In all boxplots, the central line denotes the median, boxes
represent the interquartile range (IQR) and whiskers show the distribution except for outliers. For visualizing the QC/alignment metrics
of sequencing data, for plotting dot plots and heat maps of differentially expressed genes, scCustomise (v1.1.1) and Seurat (v4.0.6,
v4.4.0) were used.

ATAC sequencing

Sample preparation and sequencing

CD11b* cells were isolated from lesioned brains of mice by MACS as described above and were cryopreserved with 5% DMSO in
Mr. frosty container at -80°C (to allow the slow cooling rate to minimize cell lysis) until further processing. Cells (stored at -80°C) were
thawed for 2 min at 37°C and then mixed with ice-cold PBS (1:1), followed by centrifugation at 3000 rpm for 5 min at 4°C. Cell pellets
were then re-suspended in ice-cold PBS, and cell viability was assessed with Trypan Blue staining. After counting, 20000 viable cells
were transferred into a separate tube and centrifuged at 3000 rpm for 7 min at 4°C. ATAC-seq protocol was performed according to
the original procedure by®® with some modifications included for the frozen cells according to.%” Briefly, cell pellets were re-sus-
pended in ice-cold lysis buffer (10mM Tris-Cl, pH 7.4, 10 mM NaCl, 3mM MgCl,, and 0.1% (v/v) Igepal CA-630) and immediately
spun down for 10 min at 500rcf at 4°C. The supernatant was discarded, and cell nuclei were re-suspended in the transposition re-
action containing 2ul TDE1 (Nextera Tn5 enzyme), 10ul of 2x TD reaction buffer, and 8ul of H,O. The reaction was incubated at 37°C
for 30 min with gentle shaking (300 rpm). Subsequently, DNA was purified with the ZymoResearch DNA Clear & Concentrator TM-5
and eluted in 10ul of elution buffer (10mM tris-Cl pH 8). DNA was stored at -20°C. The library of transposed DNA fragments was pre-
pared and 10ul of eluted transposed DNA was mixed with 10ul of nuclease-free water, 2.5ul of 25uM PCR primer 1, 2.5ul of 25uM
Barcoded PCR Primer 2 (Ad1 and Ad2 PCR primer sequences as in°® and 251 of NEBNext High-Fidelity 2x PCR Master Mix (NEB).
The reaction was incubated for 5 min at 72°C, 30 sec at 98°C, followed by five cycles of 10 sec at 98°C, 30 sec at 63°C, and 1 min at
72°C. gPCR was then performed to determine the additional number of PCR cycles required for the final library. The profiles of li-
braries were assessed with the Bioanalyzer2100. The ATACseq libraries were sequenced at 2x76bp paired-end on HiSeq 1500.
Each profile was sequenced in two separate lanes. n = 2 replicates per condition were analyzed.

Analysis

FastQC was used to check the quality of raw fastq files. Trimming of Nextera transposase adapters and reads <20 bp with quality
cutoff 20 was done using Cutadapt®®. The trimmed fastq files were aligned to the mm10 genome using bowtie2.%® The mapped reads
were further filtered for mitochondrial reads, reads that are not properly paired and with low mapping quality (phred scale >=30) using
BAM tools.”® Duplicate reads were removed using the Picard tool (Mark Duplicates). Insert sizes were checked with a paired-end
histogram to visualize the fragment length distribution (an indicator for the quality of ATAC seq). The aligned BAM files were converted
to BED format. Peak calling was performed using MACS2? using the settings (‘- -nonmodel - - shift-100 - -extsize 200’). The min-
imum FDR cutoff was set to 0.05, and ‘no broad regions ’ was set for peak detection. Detection of differential binding sites was done
using csaw.”® Annotation was added to a given set of regions using the ‘detailRanges’ function in Csaw. This identifies the overlaps
between the regions and annotated genomic features such as exons, introns and promoters. We excluded peaks corresponding to
unannotated regions and distal regions such as introns (l). Here, the promoter region of each gene was defined as some interval 3 kbp
up and 1 kbp downstream of the TSS for that gene. Any exonic features within distance on the left or right side denoted by PE or Pl of
each supplied region was also considered for analysis. In our case the flanking distance to annotate was (dist =5000). FDR correction
was applied on significant p values =<0.05. Visualization of coverage and peaks was performed on Bigwig files using the plot Heat-
map of DeepTools’' and the Integrative Genome Viewer (IGV).°” The replicates in each condition were merged using the Bigwig
merge to generate a combined bigwig file for each condition. Motif analysis was done using the FindMotifsGenome tool”* of
HOMER on the Galaxy platform (https://usegalaxy.eu/).

Bulk-RNA sequencing

Sample preparation and sequencing

RNA was isolated from PFA-fixed OCT-embedded frozen brain sections using the method that digest proteins to free cross-linked
RNA.®8 In brief, frozen brain sections (16 pm) were taken out of -80°C and incubated at RT for 5 min, avoiding drying out. 50 pl RNA
isolation buffer per sample was prepared and kept on ice, containing 40 pl of PKD buffer (157014133, QIAGEN) with 10 ul proteinase
K solution (19131, QIAGEN). The target brain sections (lesioned or unlesioned white matter tissue) were covered with 50 pl isolation
buffer and incubated at room temperature for 30 sec. Four lesion tissue sections and five unlesioned tissue were scratched from each
slide and condition (aged mice C57BI/6J treated with saline or BCG) using a stereomicroscope (Olympus SZ51 Model number
1111260100). The brain lysate was collected by pipetting with 200yl tips, snap-frozen in liquid nitrogen, and stored at -80°C until
further processing using the method described in Kaya et al.? Samples were thawed at RT for 3 min, then vortexed and spun
down, followed by the incubation of samples at 56°C for 4 h in a thermal cycler with the lid set at 66°C, checking hourly if the sample
was dissolving. After the incubation, vortexing and spinning down the samples, they were transferred into pre-cooled 1.5 mltubes on
ice. Oligo dT25 magnetic beads (61005, Invitrogen) were prepared with three washes of 1x hybridization buffer (HB), which contains
2x SSPE (Life Technologies, Cat#15591-043), 0.05% Tween-20 (1610781, Bio-Rad), 0.05% RNase Inhibitor (2313A, Takara). The
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beads were resuspended with half of the original volume in 2x HB for later usage. 10 ul washed dT25 beads (0.1 mg) was added into
each sample to reverse cross-linked samples and the samples were further heated at 56°C for one minute. The samples were placed
on ice after 10 min incubation at room temperature to allow mRNA hybridization. Then beads were washed two times in 100 pl of ice-
cold 1x HB, followed by a subsequent wash using ice cold 1x PBS with 0.1% RNase inhibitor inside. The PBS was removed and
resuspended with 15 ul RNase-free water. The sample-beads mixture was incubated at 80°C for two minutes to elute mRNA,
then immediately pelleted on a room temperature magnet. The supernatant was rapidly removed containing mRNA and transfer
to a new tube and store at -80°C. 1ng mRNA from each sample was taken and continued with the Smart-seq2 protocol as described
in Safaiyan et al.’® and Kaya et al.?°. Libraries were sequenced 2x150 reads base pairs (bp) paired-end on lllumina X-ten platform
(BGI) to a depth of 8x10°-30x10° reads/sample. n=6 biological replicates per condition were analyzed for lesion tissue and n=>5 bio-
logical replicates per condition was analyzed for unlesioned tissue.

Analysis

FastQC was used to check the quality of fastq files. Low-quality reads and adapters were trimmed using Trim galore and Cutadapt
using the following parameters (reads <20 bp with quality cutoff 20). The trimmed FASTQ files were mapped to the mm10 reference
genome using STAR.”® The mapped reads (of lesioned or unlesioned tissue sections) belonging to the same slide were merged using
the merge BAM files tool in Galaxy version 4. To quantify the number of reads mapping to the exons of each gene, feature counts’®
was used. Further, to compare the expression of single genes between different conditions, differential analysis was performed using
Deseq2.”” The minimum FDR cutoff was set to 0.05 for further analysis. Additionally, for visualization of gene expression over sam-
ples between conditions, a heatmap was plotted of the computed z-scores using Galaxy version 4.11 (https://usegalaxy.eu/).

Chromatin immunoprecipitation sequencing (ChiP-seq)

Sample preparation and sequencing

CD11b™ cells were isolated from the brains of aged mice treated with saline or BCG by MACS, as described above. The isolated cells
were fixed with formaldehyde solution at a final concentration of ~1 % for 10 min, followed by quenching using Glycine at a concen-
tration of 1.25M for 5 minutes at RT to stop fixation. The cross-linked cells were gently washed with ice-cold HBSS containing pro-
tease inhibitor cocktail -25X and were stored at (-80° C) until further processing. Diagenode ChlP-seq/ChIP-gPCR Profiling service
(Diagenode Cat# G02010000) prepared the chromatin using the iDeal ChiP-seq kit for Histones (Diagenode Cat# C01010059). The
cell nuclei were lysed, and chromatin was sheared using a Bioruptor® Pico sonication device (Diagenode Cat# B01060001) com-
bined with the Bioruptor® Water cooler for 8 cycles using a 30’ [ON] 30”’ [OFF] settings. Shearing was performed in 0.2ml Bioruptor®
Pico Microtubes with the following cell number: 1 million in 100ul. An aliquot of this chromatin was used to assess the size of the DNA
fragments obtained by High Sensitivity NGS Fragment Analysis Kit (DNF-474) on a Fragment Analyzer™ (Agilent). ChIP was per-
formed manually following the protocol of the kit as mentioned above. Chromatin corresponding to 94ng was immunoprecipitated
using the following antibodies and amounts: H3K4me3 (Diagenode C15410003, Lot A8034D) and H3K27ac (C15410196, Lot A1723-
0041D). Chromatin corresponding to 1% was set apart as input. gPCR analyses were made to check ChlIP efficiency using KAPA
SYBR® FAST (Sigma-Aldrich) on LightCycler® 96 System (Roche). IPs with a negative control isotype (IgG) were also performed
in parallel. Libraries were prepared using IP-Star® Compact Automated System (Diagenode Cat# B03000002) from input and
ChIP DNA using MicroPlex Library Preparation Kit v3 /96 rxns (Diagenode Cat# C05010002) with 24 UDI for MicroPlex v3 - Set | (Dia-
genode Cat# C05010008). Optimal library amplification was assessed by qPCR using KAPA SYBR® FAST (Sigma-Aldrich) on Light
Cycler® 96 System (Roche) and by using High Sensitivity NGS Fragment Analysis Kit (DNF-474) on a Fragment Analyzer™ (Agilent).
Libraries were then purified using Agencourt® AMPure® XP (Beckman Coulter) and quantified using Qubit™ dsDNA HS Assay Kit
(Thermo Fisher Scientific, Q32854). Finally, their fragment size was analyzed by High Sensitivity NGS Fragment Analysis Kit (DNF-
474) on a Fragment Analyzer™ (Agilent). Libraries were pooled and sequenced with paired-end reads of 50bp length on an lllumina
Novaseq 6000 to a depth of 100 million reads/sample. n=2 independent replicates per condition were used for each histone mark.
Each replicate was a pool of 3 animals.

Analysis

Quality control of sequencing reads was performed using FastQC. The raw reads with a phred score > 30 were further used to align to
the mm10 genome using bowtie2.°® Duplicate reads were removed using the Picard tool (Mark Duplicates). Quality control of Chip-
seq preparation was done by determining the correlation between samples (a method to know if Chip-seq samples are more enriched
than input samples using multiBamSummary) and QC modules of Deep tools plot correlation. To detect the enriched regions marked
by H3K4me3 and H3K27ac marks, peak calling was performed using MACS2"? normalized to the input (control) using the parame-
ters —(create_model - - mfold (5-50) - -bw 300’). The minimum FDR cutoff was set to 0.05, and peaks were called using the default
(narrow) setting.® The average fraction of reads in peaks for H3K4me3 was 28.3% in the BCG treated group and 27.15% in the con-
trol group. For H3K27ac, the average fractions were 7.7% in the BCG treated group and 6.1% in the control group. Detection of dif-
ferential binding sites was done using csaw.”® FDR correction was applied on significant p values =<0.05 with log,FC >1. The number
of differential features identified were 178 for H3K4me3 and 8048 (P, PE) for H3K27ac, respectively. To find the genes enriched for
H3K4me3 and H3K27ac marks out of genes common for (snRNA and ATAC), the bed file of 833 genes was prepared from the UCSC
table browser, and differential binding was performed using Csaw. Visualization of coverage and peaks was performed on Bigwig
files using the plot Heatmap of DeepTools”' and the Integrative Genome Viewer (IGV).°” The replicates in each condition were
merged using the Bigwig merge to generate a combined bigwig file for each condition. Motif analysis for H3K4me3 and H3K27ac
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was done using the FindMotifsGenome tool Heinz et al.”* of HOMER on the Galaxy platform (https://usegalaxy.eu/) in which GC
normalization was based on the sequences randomly selected from the genome matched for GC% content.

Chromatin immunoprecipitation qPCR (ChiP-qPCR)

CD11b* cells were isolated from the brains of aged mice, young mice, and genetically modified Cx3cr1°ER""tHdac 1" Hdac2™" and
Cx3cr1° Rt gac 1V1Hdac2™ mice by Magnetic activated cell sorting (MACS). Chromatin immunoprecipitation was performed
on the isolated cells as described above. 400ng Chromatin was immunoprecipitated using the following antibody and amount: anti-
H3K27ac DGN (Cat# C15410196) 1 ng. Chromatin corresponding to 1% was set apart as Input. Real-time quantitative PCR (RT-
gPCR) analyses were conducted using KAPA SYBR® FAST (Sigma-Aldrich) on a LightCycler® 96 System (Roche). Results were
expressed as percentage recovery, calculated using the formula: % recovery = 2/(Ct_input-dilution factor)-Ct_sample)*100. The
specificity of the immunoprecipitated DNA was verified by gPCR. To assess the ChIP efficiency, negative control isotype (IgG)
and specific primer pairs targeting a positive control region (Actb) and a negative control region (MyoEx2) for H3K27ac were em-
ployed. The primer sequences used for ChIP-gPCR were designed surrounding the potential H3K27ac binding region obtained
from ChIP- seq data and are listed in Table S4.

GO enrichment analysis

Gene ontology (GO) enrichment analysis was done using (http://www.geneontology.org/) database®' using the annotation dataset —
GO biological process complete and a reference list of Mus musculus species. Background correction for all GO analysis was per-
formed as described in Timmons et al.?® Fisher’s exact test with FDR correction was applied to report statistically significant enriched
terms. Revigo’® and Cytoscape (version 3.9.1) were used for enrichment maps of GO-enriched terms.

Image analysis

To quantify the demyelination volume and the IBA1" volume, the area of demyelination shown by negative FluoroMyelin staining and
the area of clustered IBA1™* cells, respectively, was measured in consecutive sections of a lesion, which were separated by a known
distance. The lesion volume was then calculated according to the truncated cone volume formula in an automated fashion using IPy-
thon 2.7. as described in Bosch-Queralt et al.?' For the quantification of myelin-loaded IBA1* cells, crystal-loaded IBA1* cells,
MAC2*IBA1* cells, MHCII"IBA1* cells, CC1* cells, and foam cells, the cells were counted manually in high magnification images
of the lesion using the Cell Counter plug-in in Fiji.%° The pictures were coded so that the analysis would be blinded. The quantifications
of lipid-loaded microglia, MHCII* microglia, MAC2" microglia Tnf*lI18 * mRNA in microglia were performed by counting manually in
the images acquired. For quantifying the Abca1, Abcg1, Irf7, Irgm1, Parp14, lamp2 and Nr1h2 mRNA particles in the fluorescence
in situ hybridization, the positive particles were quantified in the mask created by the IBA1* signal in an automated fashion using Fiji.

Statistics and reproducibility

Data values are represented as mean + SD. Statistical analysis was performed with Graph Pad Prism (Graph Pad Software). The num-
ber of animals used for the experiments is indicated as a single bubble in all graphs or shown in the methodology. Normality tests (for
e.g. Shapiro -Wilk test) were used to confirm the normal distribution of our data. Thus, a two-tailed student’s t-test, Welch’s t-test or
Mann Whitney test was applied to compare the two groups and one and two way ANOVA with Tukey’s post hoc test or Bonferroni
correction was used to compare more than two groups. For measuring statistical differences in RT-qPCR resullts, the -2t value
was employed, and the -2t values were subjected to the test. A P value of <0.05 was considered significant in all cases. For his-
tological analyses depicted in Figures 4D, 4E, 4J, 4M, 4N, 6C, 6E, 6J, 6L, 6M, 60, S5A, S5D, S6F, and S7A-S7L three to five brain
sections were quantified per mouse to account for variability within the biological sample. For all experiments, 12 and 15 months old
mice and 3 months old young mice were taken except snRNA and ATAC seq, where 15 and 20 months old mice were used.
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