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ABSTRACT

Exercise has the ability to rejuvenate stem cells and improve tissue homeostasis and regeneration
in aging animals. However, the cellular and molecular changes elicited by exercise have not been
systematically studied across a broad range of cell types in stem cell compartments. To gain
better insight into the mechanisms by which exercise affects niche and stem cell function, we
subjected young and old mice to aerobic exercise and generated a single cell transcriptomic atlas
of muscle, neural and hematopoietic stem cells with their niche cells and progeny.
Complementarily, we also performed whole transcriptome analysis of single myofibers from
these animals. We identified common and unique pathways that are compromised across these
tissues and cell types in aged animals. We found that exercise has a rejuvenating effect on
subsets of stem cells, and a profound impact in the composition and transcriptomic landscape of
both circulating and tissue resident immune cells. Exercise ameliorated the upregulation of a
number of inflammatory pathways as well as restored aspects of cell-cell communication within
these stem cell compartments. Our study provides a comprehensive view of the coordinated

responses of multiple aged stem cells and niche cells to exercise at the transcriptomic level.


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

INTRODUCTION

Aging leads to stem cell dysfunction resulting in deterioration in tissue homeostasis and
regeneration (Brunet and Rando, 2017; Chandel et al., 2016; Goodell and Rando, 2015; Rando
and Wyss-Coray, 2014; Ren et al., 2017). Stem cell aging is manifested distinctly at the cellular
and molecular levels in different tissues. For example, with age, neural stem cells (NSCs) are
depleted in the brain hippocampus and subventricular zone (SVZ), hematopoietic stem cells
(HSCs) skew towards the myeloid lineage, and skeletal muscle stem cells (MuSCs) exhibit
increased susceptibility to cell death and delayed cell activation in response to injury (Gage and
Temple, 2013; Jones and Rando, 2011; Liu and Rando, 2011; Navarro Negredo et al., 2020). In
addition, aging elicits distinct alterations across the different cell types in a stem cell niche.
Increased heterogeneity in gene expression has been found in various stem cells and the niche
cells (Hernando-Herraez et al., 2019; Mahmoudi et al., 2019; Salzer et al., 2018; Xie et al.,
2020). To delineate the complexity of aging at the stem cell, tissue and organismal level, it is
critical to examine changes in the regulatory molecules and pathways simultaneously across cell
types and tissues in aging animals.

Physical exercise has the health benefit of antagonizing the metabolic and immune
changes that underlie various age-related diseases, lowering the mortality risk from
cardiovascular diseases and cancer (Saint-Maurice et al., 2019). In patients with type Il diabetics,
physical exercise leads to significant reduction in the plasma Hemoglobin Aic level, an
indication of improved glycemic control (Sigal et al., 2007). In people with dyslipidemia, the
amount of physical activity positively correlates with the degree of improvement in their
lipoprotein profile (Kraus et al., 2002). Even in people with symptomatic but stable coronary

artery disease, an increase in regular physical activity leads to increased expression of total
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endothelial nitric oxide synthase (eNOS), enhanced vasodilatory responses to acetylcholine, and
regression of atherosclerotic lesions (Hambrecht et al., 2003). Immunosenescence is a feature of
aging and related to an increased susceptibility to infections, autoimmune diseases, chronic
inflammation, cancer, and neurologic disorders. Recent evidence suggests that physical exercise
has the ability to remodel the immune system during aging and therefore shape the immune
landscape in later life (Nieman and Wentz, 2019). In addition, physical activity is associated with
lower risk of dementia and neurodegenerative diseases including Alzheimer’s disease and
Parkinson’s disease (Fang et al., 2018; Rovio et al., 2005; Scarmeas et al., 2009).

Increasing evidence indicates that physical exercise also has beneficial effects on stem
cell function, tissue homeostasis and regeneration in adult animals. Running enhances
neurogenesis and learning in the adult mouse brain, and counters the reduction of hippocampal
neurogenesis during aging (De Miguel et al., 2021; Horowitz et al., 2020; van Praag et al., 2005).
MuSCs in aged animals exhibit reduced expression of Cyclin D1 and a delay in activation in
response to acute muscle injury (Brett et al., 2020). Exercise increases Cyclin D1 expression and
enhances muscle regeneration in old animals (Brett et al., 2020). A recent study identifies a
subset of osteogenic progenitors in the bone marrow as niche cells for the common lymphoid
progenitors (CLPs) which diminish with age (Shen et al., 2021). Voluntary running increased the
number of both the osteogenic progenitors and CLPs in aging animals without affecting the
frequency of the HSC population (Shen et al., 2021). However, up to date, studies on the
mechanisms by which exercise modulates stem cell function have generally not included effects
of exercise on local niche cells or endocrine influence from distal cells that are not in direct
contact with stem cells. It remains unclear how niche cells of various stem cell compartment are

affected in ways that can exert a combinatorial influence on stem cell function following
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exercise. It is also largely unknown how changes induced by exercise in skeletal muscle, the
direct target and beneficiary of physical exercise, are mechanistically connected to changes in
distal tissues and the overall health of an individual. A comprehensive examination of the
molecular changes induced by exercise across tissue and cell types is critical to understand the
systemic effect of exercise in reshaping the molecular and cellular processes in stem cells and
their niche environment to improve tissue homeostasis and regeneration during aging.

The development of single cell RNA sequencing (SCRNA-seq) technology has led to the
creation of atlases of tissues, including those from aged animals, which report changes in the
transcriptome of individual cells across multiple tissues and organs (Martinez-Jimenez et al.,
2017; Tabula Muris, 2020). The effect of caloric restriction on the cellular composition and
transcriptional network of aged tissues has also been examined at the single cell level (Ma et al.,
2020). It remains unknown whether other forms of aging intervention exert similar systemic
effect across tissues as caloric restriction. Changes in the interaction between stem cells and their
niche during aging and in response to aging interventions have not been explored. In this study,
we generated an integrative single cell atlas to understand the effect of exercise in modulating
stem cell function and tissue homeostasis during aging. We systematically analyzed 435,628
single cells from skeletal muscle, the SVZ of the brain, bone marrow HSPCs and peripheral
blood immune cells of young and old mice with and without a period of voluntary running
exercise. We analyzed cell type composition changes, transcription changes and intercellular
communication changes in these stem cell compartments. Although exercise induced a much
smaller subset of genes in aged animals, it was able to ameliorate the elevated inflammation in
cell types from all these stem cell compartments. Computational analysis of predicted ligand-

receptor interaction also suggests that intercellular communication can be restored by exercise.
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In addition, we have performed RNA-seq to understand gene expression changes in single
muscle fibers, the contractile units that not only generate the movements that are the basis of
exercise-mediated effects, but are also the key niche cell type of MuSCs. We find that exercise
largely erases the age-difference in the transcriptome of muscle fibers. Overall, our study
provides a comprehensive molecular framework for the effect of exercise in modulating cellular

and molecular processes during aging.
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RESULTS

Construction of an aging and exercise mouse single-cell atlas by sScRNA-seq

To understand the transcriptional changes induced by aerobic exercise in stem cells and
their associated niche cells in muscular, neural, and hematopoietic systems of young and aged
animals, young (“Y”’; 4 months of age) and old (“O”; 22 months of age) male C57BL/6J mice
were singly housed in cages in which rotating running wheels were attached to digital recorders
(Figure 1A). Age-matched control mice were housed in identical cages in which the wheels were
removed. All mice provided with the running wheels adapted to a voluntary exercise routine
during the dark phase of the sleep-wake cycle within one week of exposure. We harvested
skeletal muscle, the subventricular zone (SVZ) of brain, bone marrow, and blood from control
mice and from these exercised mice after 5 weeks of running. We processed the tissues into
single-cell suspensions and eliminated dead cells by FACS. Due to the rarity of HSCs in the
bone marrow, we used a cocktail of antibodies against surface markers of hematopoietic stem
and progenitor cells (HSPCs) to enrich for this population. Live single cells were then captured
and a total of 458,754 cells from the 4 tissues were sequenced. After quality control, we retained
435,628 cells in our single-cell atlas for downstream analysis.

We annotated cell clusters based on the expression levels of canonical cell-type-specific
markers in each tissue (Figures SIA-S1D). Notably, while Pecam1* endothelial cells (ECs) and
Acta2* smooth muscle cells from skeletal muscle and the SVZ (where they are referred to as
mural cells) formed distinct clusters, B cells, T cells, monocytes and macrophages from all 4
tissues clustered together (Figure 1B). In addition to these immune cells, natural killer (NK) cells

were also found in abundance in peripheral blood (Figure S1E). All annotated cell types were
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present in the 4 experimental groups, control young mice (Y-C), exercised young mice (Y-EX),
control old mice (O-C) and exercised old mice (O-Ex). Among all cell types, activated neural
stem cells (aNSCs) and neuroblasts exhibited the most significant reduction with age, and
exercise expanded these two populations of cells in both young and old animals (Figures 1C and
1D), supporting previous reports of the beneficial effect of exercise on adult neurogenesis (van
Praag et al., 1999; van Praag et al., 2005). In the HSC compartment, aging was associated with
an expansion in the long-term HSCs (LT-HSCs) (Figure 1E). Exercise was associated with a
shift of cell expansion toward the myeloid multipotent progenitors (MyMPPs) in both young and
old animals (Figure 1F). The vast majority of MuSCs in adult animals reside in quiescence in
skeletal muscle. Although neither aging nor exercise significantly altered the cell cycle profiles
or the relative ratio of MuSCs among all cell types in the muscle (Figures S1F and S1G), we
found that subsets of MuSCs were selectively affected by aging or exercise (Figure 1G). These
subsets of MuSCs were not defined by their differential expression of myogenic genes but by
genes in metabolic and immune functions (Figures S1G and 1H). The subset of MuSCs that
diminished in aging animals exhibited a gene expression signature of glycolysis (cluster 1) and
mitochondrial respiration (cluster 3). The subset of MuSCs that were affected by exercise
exhibited a gene expression signature that indicated a change in immune response (cluster 0 and
1). MuSCs in cluster 0 reduced in number in response to exercise regardless of the age of the
animals, and those in cluster 1 reduced in number in O-C animals but was restored in O-Ex
animals, suggesting that exercise may restore glycolysis in MuSCs by altering the immune
profile of these cells. This finding provides a link between the regulation of metabolism in stem
cells and the inflammatory environment in stem cell niche. Taken all three stem cell

compartments together, these data indicate that aging leads to a change in the number or the
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relative ratio of subsets of stem cells, and exercise partially reverse cell composition changes in

old mice.

Effect of aging on the transcriptomes of stem cells and niches cells

To unveil common and unique gene expression changes associated with aging and
exercise in skeletal muscle, brain, and the hematopoietic system, we identified differentially
expressed genes (DEGs) from 22 major cell types in young control (Y-C), old control (O-C),
young exercise (Y-Ex) and old exercise (O-Ex) mice (Table S1). Upregulated and downregulated
DEGs in O-C when comparing to Y-C mice are defined as “age-DEGs”. We found that cells in
the muscle were less impacted by aging based on the number of age-DEGs in each cell type
(Figure 2A). Endothelial cells, smooth muscle cells (SMCs), monocytes, B and T cells from
muscle all manifested smaller numbers of age-DEGs compared to their counterparts in other
tissues. The most striking example was monocytes. We identified 960 age-DEGs in the
monocytes from the blood, the most among all 22 cell types. In contrast, we identified 257 age-
DEGs in the monocytes in aged muscle. Common age-DEGs in the same cell types between
different tissues varied from 7.3% to 21.8% (Figure 2B). However, despite the distinct identity of
age-DEGs in the same cell type from different tissue, these age-DEGs were implicated in similar
biological pathways as exemplified by endothelial cells from the muscle and the SVZ (Figure
S2A).

To gain insight into the common and unique genes impacted by the aging process in these
tissues, we separately compared upregulated and downregulated age-DEGs in HSCs and in
major immune cell types in peripheral blood, muscle, and the SVZ (Fig. 2C). Common age-

DEGs of cells in the muscle or the hematopoietic system did not show an enrichment of any
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pathways or biological processes. Among the three stem cell compartments, the major cell types
in the SVZ had the highest number of common age-DEGs (Figures 2C and S2B). Among the 57
upregulated age-DEGs, 17 encode subunits of enzymes that play crucial roles in oxidative
phosphorylation (Figures 2D and S2B). These enzymes, including ubiquinol-cytochrome ¢
reductase (UQCR), cytochrome ¢ oxidase (COX), NADH:ubiquinol oxireductase (NDUF) and
ATP synthase, have been implicated in a number of neurodegenerative diseases such as
Parkinson’s and Alzheimer’s disease (Manczak et al., 2004). In addition, 20 genes encoding
ribosomal proteins or ribosome-associated proteins were found upregulated in SVZ cells from
aged animals, suggesting a change in proteome homeostasis in these cells. It is worth noting that
although no one single gene changes expression across all cell types in these three tissues, genes
encoding various members of the heat shock protein 90 family were consistently found in the
common downregulated age-DEGs (Figure S2C). Given the role of heat shock proteins as
chaperons for protein folding, this finding suggests that deterioration in proteome homeostasis
may be a general mechanism that contribute to cellular aging.

We have also explored the biological implication of age-DEGs from the major cell types
in skeletal muscle, the SVZ, and peripheral blood/bone marrow using gene set enrichment
analysis (GSEA). We found that although different cell types from different tissues exhibited a
high degree of variability in age-DEGs, the cellular functions and responses in which these
DEGs are implicated converge into a set of specific GSEA hallmark and KEGG pathways. The
upregulated age-DEGs across cell types clearly revealed that aging is associated with an elevated
inflammatory systemic environment. The age-DEGs from all cell types in our analyses indicated
an increase in the interferon gamma (IFNy) response, and the age-DEGs from a majority of the

cell types indicated an increase in the interferon alpha (IFNa) response (Figure 2E). The majority

10


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

of cell types from the muscle and peripheral blood/bone marrow exhibited an elevated response
in interleukin 2 (IL2), IL6 and tumor necrosis factor a (TNFa) signaling which were absent in
the majority of SVZ cells. Strikingly, the expression of ribosomal proteins exhibited noteworthy
changes with age. Significant upregulation of ribosomal genes with age was found in the
majority of SVZ cells and in the majority of non-immune cells in skeletal muscle, whereas
immune cells as well as HSPCs downregulated the expression of ribosomal genes with age
(Figure 2F). Metabolically, a significant increase in oxidative phosphorylation and, to a less
extent, glycolysis with age was observed in SVZ cells but not muscle cells. Similarly, a
significant decrease in MYC target gene expression and G2M checkpoint genes with age was
found in the SVZ and hematopoietic system but not in muscle, including stem cells in these
tissues, consistent with changes in the cell number of NSCs and HSPCs but not MuSCs. Changes
unique to muscle resident cells also included a decrease in the interaction with extracellular

matrix (ECM) (Fig. 2F).

Reversal of age-induced gene expression changes by exercise

We next explored the effect of exercise on gene expression patterns of various cell types
across tissues. Upregulated and downregulated DEGs in exercised mice, compared to control
mice of the same age, are defined as “exercise-DEGs” (Ex-DEGSs). A much smaller set of Ex-
DEGs were identified in most of the cell types from old animals compared to young animals,
with notable exceptions in immune cells from muscle (Figure 3A). Among the stem cell types,
HSCs exhibited the smallest set of Ex-DEGs. A higher number of Ex-DEGs were induced in
various immune cell types in the muscle, whereas a much lower number of Ex-DEGs were

induced in the immune cells in peripheral blood from old animals. In young animals, monocytes
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from peripheral blood exhibited the largest set of Ex-DEGs. In old animals, monocytes from
muscle exhibited the highest number of Ex-DEGs which included 77% of Ex-DEGs identified in
muscle monocytes from young mice (Figure S3A). Common Ex-DEGs in the same cell types
from different tissues varied from 2.6% to 8.5%. The low percentage of common Ex-DEGs of
cells from different tissues suggest that cellular response to exercise is largely affected by local
signaling in each tissue.

We then performed pathway analyses with Ex-DEGs and found that exercise induced
genes encoding metabolic enzymes implicated in oxidative phosphorylation in the majority of
cells in young animals, including all cell types in the SVZ. In contrast, upregulation of these
genes was almost absent in old animals (Table S1). Our analyses also suggested that a number of
cytokine signaling pathways were suppressed by exercise (Table S2). In young animals, the
downregulation of genes implicated in TNFa signaling was found in all non-immune cell types
in muscle, all hematopoietic cells, and endothelial cells in the SVZ, most of which also exhibited
evidence of downregulation in TNFa signaling in old animals. Genes implicated in IFNa and
IFNy signaling were also found to be downregulated in some cell types from young animals
following exercise. Interestingly, suppression of IFNa and IFNy signaling was found in immune
cell types in muscle with exercise only in old animals.

We next investigated the effect of exercise on age-DEGs in these cell types.
Downregulated age-DEGs that increase expression and upregulated age-DEGs that decrease
expression in response to exercise are collectively termed “restored genes”. We found that cells
in the muscle exhibited higher ratio of restored genes in comparison to cells from the other
tissues (Figure 3B). Pathway analysis of restored genes revealed that nearly all cell types in

muscle exhibited reversal of cellular signaling pathways and processes that changed during aging
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(Figure 3C). While the restored genes in non-immune cell types primarily related to tissue
specific functions as exemplified by the enrichment of restored genes in pathways of epithelial-
to-mesenchymal transition and myogenesis, restored genes identified in immune cells in muscle
were enriched in cytokine signaling pathways. Consistent with the low percentage of restored
genes in the majority cell types in the SVZ and hematopoietic systems (Figure 3B), exercise
restored functional pathways that were altered in aged cells only in a limited number of SVZ and
hematopoietic cell types (Figure 3C). Despite the fact that IFNa signaling and IFNy signaling
were found to be elevated in virtually all cell types with age (Figure 2E), exercise restored IFN
signaling only in immune cell types in old animals (Figure 3C). On the contrary, TNFa signaling
was restored by exercise in cell types in all three tissues which exhibited changes in this
signaling pathway during aging. Using RT-PCR, we have confirmed the downregulation of
target genes of the TNFa pathway in muscle monocytes (Figure 3D) and of the IFNy pathway in
muscle T cells (Figure 3E) in O-Ex in comparison to O-C animals.

To determine whether the effect of exercise on regulating the cellular inflammatory state
was limited to the abovementioned pathways, we calculated an inflammatory score for each cell
type based on the expression of selected genes in the GO term “inflammatory response”(Tirosh
et al., 2016), and compared this score of each cell type between the experimental conditions. We
found that in young mice, exercise was associated with a lower inflammatory score in nearly all
cell types in the muscle and the SVZ, with the notable exception of macrophages from the
muscle (Figures 3F and S3B-S3D). In old mice, the correlation between a lower inflammatory
score and exercise was still present in most of these cell types albeit the difference was smaller
than that in the young animals. In addition, although no difference was found in the

inflammatory score of HSPCs in young animals, the inflammatory score of HSPCs in the O-Ex
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mice was lower than that in the O-C mice. These analyses suggest that exercise has a broad

effect on the overall inflammatory landscape of stem cells and their niche environment.

Effect of exercise on immune cells

In adult animals, monocytes and macrophages derive from MyMPPs, which are
themselves progeny of LT-HSCs. The inclusion of all these cell types in our study allowed us to
explore the link between the changes in the inflammatory score of HSPCs and the dichotomy
between muscle monocytes/macrophages and monocytes from the peripheral blood in response
to exercise in old animals. Towards this end, we first performed unsupervised clustering analysis
on all monocytes/macrophages from muscle and blood in conjunction with LT-HSCs and
MyMPPs. Using a resolution of 0.2 in Seurat, we identified 20 clusters in the
monocyte/macrophage population (Figures 4A and 4B). We then performed trajectory analysis to
infer the progression from LT-HSCs to various monocyte/macrophage clusters. By specifying
the LT-HSCs as the root cell type, we established a trajectory along which clusters 3, 7, 9 and 15
were exclusively found in muscle (Figures 4C and S4A). Among these four clusters, 3, 7 and 9
were the most related based on their gene expression patterns (Figure S4B). Based on the
trajectory, clusters 3 and 9 bifurcated from cluster 7 (Figure 4C). Cluster 3, situated at the end of
a branch, likely represents a terminally differentiated monocyte/macrophage population in the
muscle, whereas clusters 7 and 9 likely represent cycling monocytes given their transition state
between the progenitors and other clusters of blood monocytes. We calculated the ratio of each
cluster to the total pool of monocytes/macrophages, and found that despite an overall increase in
monocyte number in both aged and exercised animals (Figure S4C), cluster 3 exhibited a

significant reduction not only in cell number but also in relative fraction in all monocytes in O-C
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in comparison to Y-C mice, and the number of cells in this cluster appeared to increase in O-Ex
mice (Figures S4C and S4D). This is further supported by the expression pattern of differentially
expressed genes of these clusters in the UMAP space, where hematopoietic cell lineage genes
(Cd7, FIt3, Anpep, Itga3) were found to be enriched in cluster 7, and functional phenotype-
related genes, including C1ga, C3arl, and Plau, which encode complement coagulation cascade
proteins, including Colec12 and Itga5, which encode phagosome proteins (Figure 4D).

We then identified marker genes of each monocyte/macrophage cluster (Table S3). To
gain insight into the distinct features of cluster 3 that separated cells in this cluster from those in
clusters 7 and 9, we compared the marker genes of these three clusters to signature gene sets of
monocyte-derived macrophages of distinct phenotypes identified in a trajectory analysis of
macrophages involved in skin wound healing (Sanin et al., 2022). We found that marker genes of
cluster 3 included the highest expressing signature genes (Pf4, C1qga, Clgb, Clqc, Apoe, Cfh,
and Fcgrt) as well as genes encoding surface markers (Cd63 and C5ar1l) of a class of phagocytic
and remodeling macrophages (Figure 4E). Marker genes of cluster 3 also include Mrcl, which
encodes CD206, often used as a marker of the tissue remodeling M2 macrophages, and a number
of genes encoding cytokines known to have anti-inflammatory function. Marker genes of cluster
9 were found to be shared with other clusters of monocytes/macrophages, further supporting that
these cells share a transition state with blood monocytes (Figure S4E). We performed FACS to
enrich CD206" macrophages and confirmed that they indeed express higher levels of Pf4, Stab1,
Gas6, and Cxcl2, and lower levels of 111b than CD206™ macrophages (Figures S4F and S4G). We
have also performed gene ontology (GO) analysis on marker genes of clusters 3 and 9 to
understand their functional differences. The analysis revealed that cluster 3

monocytes/macrophages expressed many genes involved in cellular responses to changes in
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various extracellular materials, including inorganic ions, organic nutrients, and microbial
components (Figure 4F). In addition, these cells may play a role in the positive regulation of
cytokine. Taken together, these analyses suggest that aging may be associated with the selective
depletion of a subset of muscle resident monocytes that exhibit features of M2 macrophages, and
exercise is associated with an increase in the number of these cells. The cytokines secreted by
these macrophages may contribute to the changes in local stem cell milieu in response to

exercise.

Cell-cell communication network in skeletal muscle

To shed light on how the changes in muscle resident monocytes impact MuSCs and other
niche cell types, we took advantage of the large number of cells and the sequencing depth in our
data and generated cell-cell communication networks in muscle and the SVZ. To do this, we
used the scRNA-seq analysis package CellChat which references DEGs to a comprehensively
curated database of signaling molecules to identify overexpressed ligands and receptors for each
cell group (Jin et al., 2021). A communication probability is then calculated based on the average
expression of a ligand and its receptor by various cell groups. Significant interactions are
identified based on random permutation of cell groups followed by recalculation between each
pair of cell types. By applying this method, we identified a total of 65 potential signaling
pathways mediated by secreted or cell surface signaling molecules, and 8 potential pathways
mediated by extra-cellular matrix (ECM) components (Figures 5A and 5B) in skeletal muscle of
young animals. A number of signaling pathways have been implicated in regulating MuSC
homeostasis and function but the sources of ligands for these pathways thus far remain

incompletely defined (Conboy et al., 2003; Pawlikowski et al., 2017; Ratajczak et al., 2003). Our
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analysis revealed the identity of cells that secret many of these ligands. For example, the ligands
for the NOTCH pathway were contributed by endothelial cells, FGF signaling was from FAPSs,
Oncostatin M (OSM) signaling was initiated by monocytes, and CXCR signaling was initiated
by SMC (Figure S5A). Interactions between each two-cell pairs in the muscle of young mice are
summarized in Table S4.

In comparison to other cell types in muscle, FAPs and tenocytes express high levels of
ECM proteins and contributed the most to interactions mediated by ECM components in the
muscle (Figures 5B and 5C). Terminal Schwann cells, located at the neuromuscular junction,
contributed the most to the intercellular interaction mediated by secreted or cell surface factors
whereas macrophages and monocytes received the most secreted and cell surface signals (Figure
5C). With age, intercellular communication appeared to diminish in interactions initiated by
Schwann cells, tenocytes, and T cells, and to a lesser degree, endothelial cells, whereas the
interactions initiated by other cell types appeared generally enhanced (Figure S5B, left). Exercise
restored the interaction initiated by Schwann cells, endothelial cells and FAPs (Figure S5B,
right). In total, we identified 38 signaling pathways that changed with age, half of which were
restored or partially restored after exercise (Figures S5C and S5D), including ANNEXIN, OSM,
IL1 and GAS signaling that are primarily initiated by monocytes and macrophages (Figure 5D).
Annexin 1 (ANXAL) is a phospholipid binding protein that has anti-inflammatory activity
(Perretti and D'Acquisto, 2009). It is primarily produced by muscle monocytes/macrophages but
also by other cell types (Figure S5C). Monocytes and macrophages express FPR1 and FPR2,
which are receptors for ANXAL. We found no reduction in Fprl or Fpr2 expression in
macrophages by RT-PCR (Fig. 5E). However, the number of Fprl/2-expressing macrophages

was significantly reduced in muscle cross sections from O-C mice, and the muscle of O-Ex mice
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exhibited a modest increase in the number of these cells (Figures 5F and 5G). The change in
OSM and IL1 signaling was due to changes in both the number of macrophages that express the
ligands and the levels of their expression in these cells (Figures 5E and 5H), whereas the change
in GAS signaling was due to a change in the expression of the ligand Gas6 as well as the
receptor AxI (Figure 51). It is worth noting that exercise was associated with AxI expression also
in MuSCs in old animals. As the receptor tyrosine kinase AxI has been recently shown to be
associated with the self-renewal of human mammary epithelial progenitors (Engelsen et al.,
2020), it will be interesting to determine whether MuSCs expressing AxI exhibit improved self-
renewal potential in exercised old mice. Taken together, these findings suggest that exercise has
an immune modulating effect in skeletal muscle, and intercellular interactions in the MuSC niche

were largely restored to youthful levels by exercise.

Cell-cell communication network in the SVZ

We have also performed cell-cell interaction analysis in the SVZ. In young animals, we
identified a total of 52 potential signaling pathways mediated by secreted or cell surface
signaling molecules and six potential signaling pathways mediated by ECM components
(Figures 6A and 6B). Interactions between each two-cell pairs in the SVZ of young mice are
summarized in Table S5. OPCs mediated the most interactions by secreted and cell surface
proteins, whereas mural cells are the major initiator of ECM interactions (Figure 6C). Strong
interactions and a high degree of signaling similarity were found between the cell types of
ectodermal origin including gNSCs, aNSCs, neuroblasts, OPCs and oligodendrocytes, whereas
cells of the mesodermal origin, including mural, microglia and endothelial cells, exhibit similar

signaling patterns (Figure S6A). Although a high degree of signaling similarity was found
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between the neural cell types, we found that the gNSCs and aNSCs exhibited distinct signaling
patterns with cells in the SVZ niche. For example, qNSCs but not aNSCs expressed WNT7b and
interacted with the Frizzle receptors on aNSCs, OPCs and endothelial cells (Figure S6B),
whereas aNSCs but not gNSCs expressed EFNA2 and EFNAS5 and interacted with EPH
receptors on themselves, OPCs, and, to a lesser degree, qNSCs, neuroblasts and endothelial cells.
This cell-cell interaction analysis provides valuable insights into the common and distinct
signaling pathways that regulate NSCs and various niche cell types.

Overall, aging is associated with a reduction in the intercellular interactions in the SVZ
(Figure 6D, left). Neuroblasts and aNSCs exhibited a decrease in their interaction with all types
of SVZ cells in old animals. This decrease is attributable to the depletion of aNSCs and
neuroblasts with age (Figure 1D), as the cell communication calculation factors in the effect of
population size on interaction strength. Consistent with this, the expansion of aNSCs and
neuroblasts coincided with an increase in their interaction with all types of SVZ cells in O-Ex
mice (Figure 6D, right). We identified 27 signaling pathways that changed with age in the SVZ,
13 of which were restored or partially restored after exercise (Figures S6C and S6D). Our
analysis revealed that a number of cytokine signaling pathways change with age and exercise.
SVZ cell types interacted with endothelial cells via TWEAK signaling (Figures 6E and 6F).
Aging was associated with a loss of Tnfrsf12a expression in endothelial cells and lack of
TWEAK signaling in the SVZ (Figures 6E and 6G). Exercise was associated with the restoration
of Tnfrsf12a expression in endothelial cells and thus TNFSF12 signaling (Figures 6F and 6G).
TNFSF12 has been found to promote the proliferation and migration of endothelial cells and thus
considered a pro-angiogenesis cytokine (Lynch et al., 1999; Wiley et al., 2001). Our findings

suggest that it may be a key mediator of the beneficial effect of exercise on vascular health in the
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brain. On the contrary, the interaction between microglia and a number of SVZ cell types was
enhanced in old nice (Figure 6D, left) and was further elevated by exercise (Figure 6D, right).
Microglia in O-C animals gained active BAFF, THY1 and TNF signaling (Figure 6H). The
activation of these pathways was due to the expression of genes encoding TNFSF13b and TNF
by microglia and THY1 by aNSCs (Figure 61). Exercise was associated with an abolishment of
Thyl expression by aNSCs (Figure S6C). However, the expression of Tnfsf13b and Tnf in
microglia was not affected by exercise in old animals. Interestingly, while TNFSF13b and TNF
are generally believed to be pro-inflammatory, exercise of old animals was associated with the
endothelial expression of the anti-inflammatory cytokine Cx3cll (Figure S6C), resulting in the
activation of CX3C signaling in microglia. Active CX3CL1 signaling has been shown to protect
neurons from IFN-induced cell death (Cho et al., 2011). Taken together, these data reveal
potential mechanisms by which exercise mitigates the decline of brain health by reprogramming

the cell-cell communication network in the neurogenesis region.

Aging and Exercise-induced Changes in Myofibers

Not only are muscle fibers the structural basis for mobility during exercise, but they also
secret circulating factors termed myokines that can affect distant tissues and cells (Pedersen and
Febbraio, 2012). However, due to the multinucleated nature of muscle fibers, they are excluded
from the sScCRNA-seq analysis. To understand the effect of aging and exercise on muscle fibers,
we isolated individual muscle fibers free of attaching cells from the 4 groups of mice and
performed RNA-seq analysis (Figure 7A). Although Y-C and O-C fibers were transcriptionally
distinct, Y-Ex and O-Ex fibers shared a high degree of similarity in their transcriptomes (Figure

7A). DEGs of fibers are summarized in Table S6. The most prominent function of the DEGs that
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distinguished the fibers from exercised and control animals regardless of age was in the insulin
signaling pathway (Figure S7A). Exercise led to changes in distinct metabolic and immune
pathways in animals of different ages. In young animals, Ex-DEGs were implicated in the citrate
cycle, unsaturated fatty acid biosynthesis, and IFNy response, whereas in old animals, Ex-DEGS
were implicated in glycerophospholipid metabolism and TGF signaling (Figure S7B). We
found 24% of the downregulated age-DEGs restored in myofibers of O-Ex animals. The most
prominent pathway that these restored genes implicated in was the lipid metabolic process
(Figure 7B). Among the upregulated age-DEGs, 15% were restored, including those implicated
in TNFa signaling pathway (Figure 7C).

To determine how muscle fibers modulate the local niche environment for MuSCs and
the systemic milieu that may signal distant tissues and cells, we compared the RNA-seq output
data to a comprehensive database of ligand-receptor interaction (Shao et al., 2021), and we
identified age-DEGs and Ex-DEGs encoding secreted proteins (Figures 7D and S7C). Exercise
induced the expression of a larger number of secreted protein in young animals in comparison to
old animals (Figure S7C). The fold change exhibited by these Ex-DEGs encoding secreted
proteins was also greater in young animals. We found that exercise decreased the expression of
cytokine genes that were upregulated with age such as Cxcl10, and increased the expression of a
number of growth factors, such as Insulin Growth Factor 1 (IGF1), Secreted Phosphoprotein 1
(SPP1) and Fibroblast Growth Factor 2 (FGF2), which were downregulated with age (Figure
7D). The increase in Sppl expression in myofibers was consistent with our previous intercellular
interaction analysis that SPP1 signaling was induced in nearly all types of muscle resident cells
in O-Ex mice (Figure S5C). Sppl has been shown to be a downstream target of Peroxisome

Proliferation Activator Receptor y Coactivator la (PGC-1a) to activate macrophages and
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enhance angiogenesis in skeletal muscle (Rowe et al., 2014). We used the NicheNet cell-cell
interaction package to identify receptors and target genes of SPP1 in muscle resident cells
(Browaeys et al., 2020). Our analysis predicted that receptors of SPP1 are expressed in all major
cell types in muscle (Figure 7E), and that exercise was associated with the reversal of the change
in the expression of the majority of predicted SPP1 target genes across muscle cell types (Figures
7F and S7D, Table S7). These reversed SPP1 target genes include cytokine genes Ccl11, Ccl3,
[11b, Csfl, Btg2, and genes encoding transcription factors, such as Irf8 and Statl, which play
important roles in regulating immune function (Figure S7D). We performed ELISA analysis to
confirm the reduction of Spp1l levels in both skeletal muscle and plasma in aged animals and that
exercise was associated with elevated Sppl levels (Figures 7G and S7E). To determine whether
Sppl mediates the beneficial effect of exercise on muscle regeneration, we injured the tibialis
anterior (TA) muscles of control or exercised old mice and harvested the injured TA muscles 4.5
days after injury to assess regeneration. We compared the area with regenerating muscle fibers as
indicated by embryonic myosin heavy chain (eMyHC) expression from these mice. We found
that exercise improved muscle regeneration in old mice, and the inhibition of Sppl by a
neutralizing antibody attenuated the effect of exercise (Figure 7H). Taken together, these data
suggest that in response to exercise, myofibers produce SPP1 which may improve skeletal

muscle homeostasis and regeneration by immune modulation in old animals.
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DISCUSSION

Tissue atlases at the single cell transcriptome level have been generated across the
lifespan of mammalian species in recent years (Ma et al., 2020; Martinez-Jimenez et al., 2017,
Tabula Muris, 2020). These atlases have provided unprecedented resolution on cell composition
and transcriptomic changes in a broad range of tissues in aged animals. However, due to their
rarity, stem cells are often not identifiable in these atlases, or are present at a frequency that is
too low to reveal statistically significant changes between age groups. Our study set out to
understand the cell type composition changes in stem cell compartments and the molecular
changes that occur in stem cells and niche cells during aging and how exercise as an aging
intervention modulates these changes. Towards this end, we generated a single cell
transcriptomic atlas with sufficient representation of HSCs, MuSCs and NSCs, as well as their
surrounding niche cells and/or progeny, from young and old mice subjected to voluntary exercise
or conventional housing. This work complements existing atlases in expanding our knowledge
on the systemic changes that occur during aging, and provides a blueprint to compare changes in
the MuSC niches in muscles of different developmental origin and in the NSC niche in
hippocampus in response to exercise. Exercise clearly elicits metabolic and endocrine changes.
Although our study and analyses focuses on the effect of exercise on age-related changes in
inflammation, changes in metabolic genes and pathways are also readily extractable from our
atlas. As such, our work has the potential to be the foundation of many future studies to
understand the mechanisms that mediate the effect of exercise on the functions of stem cells and
their niche.

To ensure that the multinucleated myofibers, the cells responsible for locomotion, were

included in our transcriptomic analysis, we also performed RNA-seq with single myofibers that
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are devoid of neighboring mononucleated cells. Accompanying the development of SCRNA-seq
technologies, computational tools have also been developed to infer changes in cell type
composition and in the transcriptome of a defined cell type from whole tissue bulk RNA-seq data
(Newman et al., 2019). The combination of our sScRNA-seq with skeletal muscle, the single fiber
RNA-seq and existing bulk RNA-seq data from the entire muscle provides an ideal dataset to
develop and test such computational tools. Skeletal muscle is the largest organ of the mammalian
body. In addition to the contractile function, increasing evidence has indicated that skeletal
muscle is also a secretory organ in response to exercise (Pedersen and Febbraio, 2012).
However, the exact cellular source for many exercise-induced cytokines and growth factors in
muscle tissue remains unclear. The datasets generated in our study provide a foundation to
distinguish myokines, defined as cytokines secreted by myofibers (Pedersen and Febbraio,
2012), from those secreted by muscle resident cells. Understanding the regulation of these
secreted proteins will provide valuable insights in the molecular mechanisms by which
myofibers mediate the effect of exercise on muscle resident cells and distal tissues.

Previous scRNA-seq studies have provided compelling evidence that mammalian aging is
associated with alterations in the immune system and in inflammatory responses. Manifestations
of such changes include increased transcriptional variability during naive T cell activation,
infiltration of immune cells into the tissues where they are absent in young animals, and clonal
expansion of lymphocytes (Dulken et al., 2019; Martinez-Jimenez et al., 2017; Tabula Muris,
2020). Consistent with findings from these studies, our SCRNA-seq data reveal an increase in the
expression of IFN responsive genes in all cell types and an increase in the expression of TNFa
target genes in the majority of cell types from aged animals. In exercised old animals, the

increased expression of genes in the IFN pathway is reversed in many cell types in the muscle
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and blood, and the increased expression of genes in the TNFa pathway is reversed in various cell
types of the muscle, SVZ and blood. Unlike cells from the muscle and blood, most cells in the
SVZ of old animals, with the exception of microglia and endothelial cells, exhibit elevated IFN
but not IL6 or TNFa signaling. We also find that the age-induced upregulation of TNFa and IL6
target genes in microglia can be rescued by exercise while the upregulation of IFN signaling
persists. These analyses support the previous finding that infiltrating T cells in the brain secrete
IFNy (Dulken et al., 2019), and suggest that exercise does not lead to the elimination of these
infiltrating T cells. Interestingly, while the induction of IFN signaling in microglia in aged
animals is not ameliorated by exercise, the cell-cell network analysis of the SVZ reveals that the
expression of the cytokine gene Cx3cl1 is induced by exercise in old animals. Active CX3CL1
signaling has been shown to suppress neuronal death in co-cultures of neurons with IFNy-
stimulated microglia and in mouse models of Alzheimer’s disease (AD) (Bhaskar et al., 2010;
Cho et al., 2011; Mizuno et al., 2003). Deficiency of Cx3cl1 expression has also been found in
brain specimen from AD patients (Cho et al., 2011). Whether active CX3CL1 signaling mediates
the beneficial effect of exercise in reducing the risk of neurodegenerative conditions, including
AD, by limiting the neurotoxicity resulting from abnormal microglia activation requires further
study. Nontheless, our study and findings provide strong evidence that exercise ameliorates the
age-related increase of inflammation in multiple tissues.

Our analysis has revealed an important role of monocytes/macrophages as well as
microglia in the SVZ in the inflammatory changes in aging and after exercise. It has been
implicated recently that the mesenchymal cells in the muscle and adipose tissues are involved in
the remodeling of extracellular matrix in response to exercise and high-fat diet(Yang et al.,

2022). Our cell-cell communication network analysis has revealed that FAPs, the mesenchymal
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progenitor cells in skeletal muscle, are one of the most prominent cell types that mediate
intercellular signaling via extracellular matrix. Studies of the signaling pathways between FAPs
and monocytes/macrophages predicted in our analysis will provide insights on specific
mechanisms by which FAPs affect the inflammatory landscape in old animals and in response to
exercise.

In summary, our single-cell atlas, in combination with the single myofiber transcriptomic
profiles, provides a rich source to study the changes in the cell type composition, transcriptional
network, and communication patterns during aging and with physical exercise. Elucidating the
mechanisms by which exercise modulates these intercellular and intracellular processes has great
potential for the discovery of molecules and pathways that can be targeted therapeutically to

reduce age-related diseases and to increase organismal health span.
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LIMITATIONS

The skeletal muscle of male and female mice are different in strength and fiber type
composition which are affected by sex hormones. The change in the endocrine system of male
and female mice during aging is likely to affect how skeletal muscle and the hematopoietic
system respond to exercise. In addition, the duration, intensity, and type (such as endurance
versus resistance training) of exercise may also have different impacts on stem cells and their
niche, in particular in the muscle compartment. Due to the extraordinary cost of single cell RNA-
seq studies, this study is limited to the use of male mice with a fixed aerobic exercise regime to
minimize individual variability and to increase the likelihood of obtaining statistically significant
findings. These data will provide a framework for future studies of comparing male and female
animals for each of the stem cell compartments across age and in response to various type of
exercises.

Due to the rarity of HSCs in bone marrow, we used antibodies to enrich for
hematopoietic lineages prior to single cell capture. As such, the HSC compartment in our study
does not contain non-hematopoietic lineage such as stroma cells. Ependymal cells, which have
been reported to be numerous in the SVZ (Shook et al., 2012), were present in extremely low
numbers in our atlas. It is possible ependymal cells are not efficiently loaded in droplets or are
sheared in the Chromium cell capture device due to their large size. In the MuSC compartment,
although we performed single fiber RNA-seq to compensate for the lack of these large and
multinucleated cells in our sScRNAseq atlas, the incorporation of RNA-seq data into the

scRNAseq atlas requires additional computational processing.
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FIGURE LEGENDS

Figure 1: Changes in three stem cell compartments in response to aging and exercise
revealed by scRNA-seq.

(A) Schematic diagram of the multi-tissue SCRNA-seq experimental design. Y-C: young control
mice; O-C: old control mice; Y-Ex: young exercised mice; O-Ex: old exercised mice; SVZ:
subventricular zone; HSPCs: hematopoietic stem and progenitor cells, FACS: fluorescence-
activated cell sorting. (B) UMAP of the multi-tissue exercise single cell atlas. Cell clusters are
colored by the tissue type. The total number of cells in each tissue is indicated in the legend. BL:
blood; BM: bone marrow; MU: muscle; ECs: endothelial cells; FAPs: fibro-adipogenic
progenitors; OPCs: oligodendrocyte progenitor cells; MuSCs: muscle stem cells; aNSCs:
activated neural stem cells; gNSCs: quiescent neural stem cells; SMCs: smooth muscle cells. (C)
UMAP of cell types in the SVZ. Fraction of each cell type is shown on the right. Neural stem
and progenitor cell clusters are circled and used in the density calculation presented in (D). (D)
Cell density plots of the gNSCs, aNSCs and neuroblasts in control or exercised young and old
mice. The color scale represents cell density normalized to a scale of 0 to 1 where 0 indicates an
absence of cells and 1 represents the highest cell density. (E) UMAP of the HSPCs. Fraction of
each cell type is shown on the right. MyMPP: myeloid multipotent progenitor; LMPP: lymphoid-
primed multipotent progenitors; LyMPP: lymphoid multipotent progenitor; LT-HSC: long-term
hematopoietic stem cell; MEP: megakaryocyte/erythroid progenitor; CDP: common dendritic
cell progenitor. (F) Cell density plots of the HSPC compartment in control or exercised young
and old mice. (G) UMAP of subclusters in MuSCs. Fraction of each cluster is shown on the

right. (H) Heatmap of marker genes for the MuSC clusters.

29


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 2: Effect of aging on the transcriptome of stem cells and niches cells.

(A) Summary of the number of upregulated and downregulated age-DEGs in major cell clusters
in all 3 tissues. Cell types are ranked by the total number of age-DEGs. (B) Venn diagrams
demonstrating the percentage of common age-DEGs in specific cell types from different tissues.
The size of the circles is proportional to the number of age-DEGs. (C) The number of common
age-DEGs in the 3 stem cell compartments. (D) Dot plot demonstrating the expression of
selected genes encoding enzymes involved in oxidative phosphorylation in SVZ cells from
young and old animals. (E) Dot plot summarizing common biological pathways enriched among
upregulated age-DEGs in major cell types of muscle, the SVZ, and the hematopoietic system. (F)
Dot plot summarizing common biological pathways enriched among downregulated age-DEGs

in major cell types of muscle, the SVZ, and the hematopoietic system.

Figure 3: Reversal of age-induced gene expression changes by exercise.

(A) Dot plot summarizing the number of Ex-DEGSs in major cell types of muscle, the SVZ, and
the hematopoietic system. (B) Bar graph demonstrating the percentage of exercise-restored genes
in major cell types of the three tissues. Cell types are ranked from the highest percentage to the
lowest. (C) Dot plot summarizing the biological pathways enriched among exercise-restored
genes. (D) Bar graph demonstrating the relative expression levels of genes implicated in the
TNFa pathway in muscle monocytes from old control and old exercised mice determined by RT-
gPCR. For each gene, the fold changes in expression in comparison to the level in young control
animals (Y-C, indicated by the dotted line) were plotted. (E) Bar graph demonstrating the

relative expression level of genes implicated in the [FNy pathway in muscle T cells from old
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control and old exercised mice determined by RT-qPCR. For each gene, the fold changes in
expression in comparison to the level in young control animals (Y-C, indicated by the dotted
line) were plotted. (F) Summary of differential inflammatory score in response to exercise in
various cell types from young and old mice.

Data are shown as mean = SEM. *p < 0.05, **p<0.01, ***p < 0.001 (unpaired t tests).

Figure 4: Aging and exercise-induced changes in immune cells.

(A-C) UMAPs of HSCs, MyMPPs, and all monocytes/macrophages indicated by Louvain
clusters, by tissues, and by Pseudotime trajectory, respectively, using HSCs as the root cell type,
(D) UMAPSs showing the expression pattern of specific genes in clusters 3, 7, and 9
monocytes/macrophage. (E) Violin plots showing the expression of monocyte/macrophage
cluster 3 marker genes. (F) Dot plot summarizing the GO terms enriched among marker genes of

clusters 3 and 9 of monocytes/macrophages.

Figure 5: Cell-cell communication in the MuSC niche.

(A) Dot plot summarizing the signal sending and receiving cells for each listed pathway
mediated by secreted or cell surface molecules in skeletal muscle. The size of the dots is
proportional to the contribution of a cell type to a specific pathway. (B) Dot plot summarizing
the signal sending and receiving cells for each listed pathway mediated by ECM signaling in
skeletal muscle. (C) Scatter plot showing the contribution of each cell type in the muscle to
secreted/cell surface molecule-mediated communication (left) and to ECM-mediated
communication (right). The size of the dots is proportional to the total number of incoming and

outgoing signaling pathways associated with a cell type. (D) Chord plots showing cell-cell
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communication mediated by the ANNEXIN, OSM, IL1, and THY1 pathways in the muscle stem
cell niche. The lower section of the circle represents signal sending cells and the top section of
the circle represents signal receiving cells. At the lower section, the color bars at the outer circle
represent signal sending cells, and those at the inner circle represent signal receiving cells. The
arrows point to signal receiving cells. Note that ANNEXIN signaling and OSM signaling
become undetectable with age but are restored by exercise. (E) Bar graph demonstrating the
relative expression Fprl, Osm, ll1b, Gas6, and Axl in muscle macrophages from O-C and O-Ex
mice. For each gene, the fold changes in expression in comparison to the level in young control
animals (Y-C, indicated by the dotted line) were plotted. (F) Violin plots showing the expression
of Fprl and Fpr2 in muscle monocytes. (G) Representative images of muscle cross sections
stained with Fprl/2 antibodies. Monocytes/macrophages were co-stained with the F4/80
antibody and marked by the arrows. The number of total Fprl/2 expressing
monocytes/macrophages were quantified on the entire cross section and plotted in the bar graph
shown on the right. (H) Violin plots showing the expression of 111b and Osm in muscle
monocytes. (1) Violin plots showing the expression pattern of Axl, Gas6, and Prosl in MuSCs
and muscle macrophages.

Data are shown as mean = SD. *p < 0.05, **p<0.01, ***p < 0.001 (unpaired t tests).

Figure 6: Cell-cell communication in the NSC niche.

(A) Dot plot summarizing the expression pattern of secreted and cell surface signaling molecules
and their receptors in the SVZ. The size of the dots is proportional to the contribution of a cell
type to a specific pathway. (B) Dot plot summarizing the signal sending and receiving cells for

each listed pathway mediated by ECM signaling in the SVZ. (C) Scatter plot showing the
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contribution of each cell type in the SVZ to secreted/cell surface molecule-mediated
communication (left) and to ECM-mediated communication (right). The size of the dots is
proportional to the total number of incoming and outgoing signaling pathways associated with a
cell type. (D) Heatmaps showing the differential overall signaling strength in the SVZ between
Y-C and O-C (left) and between O-C and Y-EXx (right) mice. The top bars and right bars
represent the sum of incoming and outgoing signaling strength of each cell type, respectively. On
the left, red and blue represent higher and lower signaling strength in the O-C mice, respectively,
in comparison to Y-C mice. On the right, red and blue represent lower and higher signaling
strength in the O-C mice, respectively, in comparison to O-Ex mice. (E) Chord plots showing the
TWEAK and MK signaling network in the SVZ. Note that TWEAK signaling disappears in O-C
and recovers in O-Ex. The arrows point to signal receiving cells. (F) Circle plot demonstrating
the TWEAK signaling network in the SVZ. The thickness of the lines represents signaling
strength; the color of the lines represents the source of the signal and the arrows point toward
signal receiving cells. (G) Violin plots showing the expression pattern of the TNFSF12 ligand
and the TNFRSF12A receptor in SVZ cells. (H) Chord plots showing the CSF, BAFF, TNF,
THY1, and CX3C signaling networks in SVZ cells. (I) Violin plots showing the expression

pattern of the BAFF, TNF, and THY1 signaling components in microglia.

Figure 7: Aging- and exercise-induced changes in myofibers.

(A) Schematic diagram of the single fiber RNA-seq methodology (top) and PCA analysis of data
from fibers from young and old mice with and without exercise (bottom). (B) Venn diagram
demonstrating the percentage of downregulated age-DEGs that were restored in myofibers from

O-Ex mice (top) and dot plot summarizing the changes in the expression of genes in the lipid
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metabolic process (bottom). (C) Venn diagram demonstrating the percentage of upregulated age-
DEGs that were restored in myofibers from O-Ex mice (top) and dot plot summarizing the
changes in the expression of genes in the TNFa signaling pathway (bottom). (D) Dot plot
demonstrating the differential expression of age-DEGs encoding secreted or cell surface ligands
in myofibers from O-C mice in comparison to Y-C (left) and to O-Ex mice (right). The color
indicates fold change and the size indicates the significance of the change. Red indicates higher
and lower expression in O-C on the left and right, respectively. (E) UpSet plot showing the
predicted receptors for Sppl in cell types in skeletal muscle. (F) Dot plot demonstrating the
number of predicted SPP1 target genes whose expression changed in old mice and was restored
in exercised old mice, and the percentage of these genes among all SPP1 target genes whose
expression changed in old mice. (G) Bar graph showing the level of Sppl in Y-C, Y-EX, O-C,
and O-Ex mice detected by ELISA. (H) Comparison of muscle regeneration in O-C, O-EX, and
O-Ex mice injected with a neutralizing Sppl antibody (O-Ex — Spp1). Cross sections were
collected from the TA muscles of these mice 4 days after injury. Newly regenerated myofibers
were identified by an antibody specific to embryonic myosin heavy chain (eMyHC). Scale bars
represent 50 um. The eMyHC-positive area normalized by total injured area is plotted and shown
on the right.

Data are shown as mean = SEM. *p < 0.05, **p<0.01, ***p < 0.001 (unpaired t tests).
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SUPPLEMENTAL INFORMATION

Materials and Methods

Animals and treatments

Male C57BL/6J mice of 4- and 22-months of age were acquired from NIA and housed in the
Veterinary Medical Unit at the Veterans Affairs Palo Alto Health Care System. Animal protocols
were approved by the Institutional Animal Care and Use Committee. For voluntary wheel
running, mice were housed individually for 5 weeks in polycarbonate cages with 12.7-cm-
diameter wheels equipped with optical rotation sensors (Lafayette Instrument, 80820). Non-

exercised control mice were housed in identical cages with the wheels removed.

Cell isolation

Cardiac puncture was performed to collect blood from anesthetized mice using syringes and
tubes treated to prevent coagulation. The blood was diluted with equal volume of Dulbecco’s
phosphate-buffered saline (PBS) and overlaid onto Lymphoprep (Stem Cell Technologies).
Plasma and white blood cells were collected after gradient centrifugation. Live cells were sorted
in the presence of DAPI for single cell capture. SVZ neurogenic niches were collected and
processed as previously described (Dulken et al., 2019). Briefly, after blood collection, mice
were perfused with 15 ml of PBS with heparin sodium salt (50 U/ml) (Sigma-Aldrich, H3149-
50KU) to remove residue blood. Microdissection of the SVZ was performed immediately
following perfusion. The dissociated cells from the SVZ were then centrifuged through 22%

Percoll (Sigma-Aldrich, GE17-0891-01) in PBS to remove myelin debris. After centrifugation,

35


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

cells were filtered through a 35-pum snapcap filter (Corning, 352235), washed once with 1.5 ml
of FACS buffer (HBSS (Thermo-Fisher, 14175103), 1% bovine serum albumin (Sigma, A7979),
0.1% glucose (Sigma-Aldrich, G7021) and spun down for 5 min at 300g. Cells were then
resuspended in FACS buffer with 1 pg/ml propidium iodide (PI) (BioLegend, 421301). FACS
sorting was performed on a BD FACS Aria Il sorter using a 100-pum nozzle. Isolation of cells
from skeletal muscle by sequential enzymatic and physical dissociation was performed as
previously described (Liu et al., 2015). Briefly, hindlimb muscles were incubated with
collagenase 1l and dispase sequentially before physical trituration. The resulting cell suspension
was filtered through 40 um cell sieges to remove myofiber debris. Cells were then sorted in the
presence of DAPI using a 70 um nozzle on a BD FACS Aria Il sorter and live cells were
collected for single cell capture. HSCs were enriched from the bone marrow as previous
described (Challen et al., 2009). Briefly, bone marrow was isolated from femurs, tibiae and iliac
crests. Side population staining was performed with Hoechst 33342 (Sigma). Magnetic
enrichment was carried out on an AutoMACS using microbeads conjugated to antibodies
recognizing biotin or mouse CD117 (all from Miltenyi Biotec). HSCs (CD45.2%, side
population®tS, CD150") were sorted in the presence of 1 pug/ml PI with a 70 um nozzle on a BD

FACS Aria 3.3 sorter.

Single cell RNA sequencing
Single cells were captured in droplet emulsions using a 10x Chromium Controller (10x
Genomics) with a target output of 10,000 cells per sample. ScRNA-seq libraries were constructed

as per 10x Genomics protocol using GenCode Single-Cell 3* Gel Bead and Library V3 kit
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according to manufacturer’s instructions. The libraries were then pooled and sequenced on a

NovaSeq6000 Sequencing System (Illumina) according to manufacturer’s instructions.

scRNA-seq data processing

Sequences were demultiplexed using CellRanger version 2.0 (10x Genomics) with default
parameters. Reads were aligned to the mm10plus genome using STAR. Gene counts were
produced using HTSEQ with default parameters except “stranded” was set to false and “mode”
was set to intersection-nonempty. Only cells with >500 genes, >1000 UMIs, and <10%
mitochondrial reads were included in our analysis. Scaling, normalization, variable gene
selection, dimensionality reduction, and clustering were performed with default settings using
the Seurat package version 3.1 (Stuart et al., 2019). Cell types were assigned to each cluster
using known marker genes. Clusters of doublets were identified and removed by careful manual
inspection. DEGs were identified using the Seurat “FindAllMarkers” function. Cell density plots
were generated by first using the “scanpy.t.embedding” function in the Scanpy Python toolkit to
calculate the density of UMAP representation of the cell type of interest followed by using the
“pl.embedding.density” function to plot the results. To calculate the inflammatory score of each
cell type, we select genes in the GO term “inflammatory response” that are detected in our
scRNAseq analysis and added a module in Seurat using the AddModuleScore function(Tirosh et
al., 2016). The Differential Inflammatory Score was calculated by the subtraction of the
inflammatory score of exercise mice from that of control mice of the same age. A negative value
indicates a decrease and a positive value indicates an increase in the score in exercised animals.

Intercellular interaction analysis was performed using the CellPhoneDB (Efremova et al., 2020)
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and CellChat (Jin et al., 2021) packages with standard parameters. Receptors and target genes for

selected pathways were predicted using the NicheNet package (Browaeys et al., 2020).

Single fiber isolation

Single muscle fibers were prepared essentially as described (Rosenblatt et al., 1995). Briefly, the
extensor digitorum longus (EDL) muscles were carefully dissected from mice following
euthanasia and digested in 2 mg/ml collagenase II prepared in Ham’s F10 with 10% horse serum
at 37°C for 80 min with gentle agitation. The digested EDL muscles were then triturated with a
wide bore glass pipet in 20 ml 10% horse serum in Ham’s F10 in a 10 cm tissue culture dish.
Individual fibers were washed 3 times in medium and incubated with 0.25% trypsin for 15
minutes. Trypsinized fibers were then rinse 3 times and centrifuged at 5009 for 5 minutes. Fibers

were then snap-frozen in liquid nitrogen and stored at -80°C until RNA extraction.

RNA-seq

RNA was extracted from fibers using the RNeasy Micro Plus Kit (Qiagen) according to
manufacturer’s instructions. Reverse transcription was performed with 10 ng RNA using the
SMART-Seq v4 Ultra Low Input RNA Kit (Takara) according to manufacturer’s instructions.
The cDNA was then sheared with a Covaris ultrasonicator and library constructions were
performed with the Ovation Ultralow Multiplex system (NuGEN). Libraries underwent paired-
end 101-bp sequencing on a HiSeq 4000 sequencer (Illumina) at the Stanford Genome

Sequencing Service Center to a depth of 20-40 million reads. Reads were adapter- and quality-

trimmed with trim_galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore)

prior to mapping to the mouse genome assembly with STAR (Dobin et al., 2013). The number of
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reads in each gene was summarized using the package FeatureCounts (Liao et al., 2014) and
DEGs were detected using the DESeq2 R package (Love et al., 2014). Gene Set Enrichment
Analysis (Subramanian et al., 2005) was performed using the MSigDB Hallmark gene set and

KEGG gene set.

RT-gPCR

Total RNA was extracted from cells using the RNeasy Micro Plus Kit (Qiagen) according to
manufacturer’s instructions. Reverse transcription was performed with the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Quantitative PCR was performed on
LightCycler 480 (Roche) with matching SYBR Green master mix. Each measurement was
performed in triplicate. Relative quantification of gene expression normalized to Gapdh was

carried-out using the comparative Ct method.

ELISA

To prepare muscle extract for ELISA analysis, gastrocnemius muscles were homogenized in
RIPA buffer supplemented with protease inhibitors. The homogenates were centrifuged at
12,000 rpm, 4°C for 15 minutes. The supernatant was collected for analysis. Mouse Spp1(OPN)
ELISA (Invitrogen) assays were performed according to the manufacturer’s instructions. Briefly,
muscle extracts were diluted 100-fold, and plasma samples were diluted 250-fold using the
dilution buffer supplied by the manufacturer. The assay plate was incubated sequentially with the
diluted samples or standards for 2.5 hours, 100 ul biotin conjugate for 1 hour, and 100 pl of
streptavidin-HRP solution for 45 minutes. All incubation was at room temperature and with

gentle shaking. Each well was washed four times with wash buffer after each incubation. After
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the last wash, 100 ul of TMB substrate was added to each well. When the wells with most
concentrated standard turn deep blue, 50 pl of stop solution was added to each well and the
absorbance at 450nm was read immediately. The Sppl concentration in assay samples was
calculated according to the standard curve. The Sppl concentration in gastrocnemius muscles

was normalized to their weight.

Analysis of muscle regeneration

Male C57BL/6J mice of 22-months of age were subjected to voluntary wheel running for 3
weeks before muscle injury was induced. To test the role of Sppl in muscle regeneration, 50 pl
1.2% barium chloride (w/v in H20) with or without 2 pg of Osteopontin neutralizing antibody
(AF808, R&D Systems) was injected into a TA muscle. Injured TA muscles were collected 4.5
days after injury, embedded in OCT, and frozen in liquid nitrogen cooled isopentane. To assess
regenerating myofibers, 10 um cross sections were collected from the frozen TA muscles and
stained with laminin (anti-rabbit Sigma L9393) and embryonic Myosin Heavy Chain (eMHC,
DSHB F1.652) antibodies. Sections were imaged with a Nikon ECLIPSE Ti2 fluorescent
microscope. Quantification of eMHC staining was performed in ImageJ. Percent eMHC area was

calculated as sum of eMHC area per TA / (total TA area — uninjured area).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software).
Significance was calculated using two-tailed, unpaired Student’s t-tests unless stated otherwise.
Differences were considered to be statistically significant at the P < 0.05 level (*p < 0.05,

**n<0.01, ***p < 0.001, ns: not significant).
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Supplemental Figure Legends

Figure S1: Annotation of cell types in aging and exercise mouse single-cell atlases.

(A-D) Dot plot showing markers used for cell type annotation in the SVZ, in skeletal muscle, in
the HSC compartment, and in blood immune cells. (E) UMAP showing major immune cell types
in the blood. (F) UMAP of cell types in skeletal muscle. Fraction of each cell type is shown on
the right. (G) Heatmap of cell density of MuSCs. (H) Ridge plots of the expression of myogenic

markers Pax7 and Myod1 in the MuSC clusters illustrated in Fig. 1G.

Figure S2: Common patterns of transcriptomic changes in stem cell compartments during
aging.

(A) Dot plot summarizing the top 10 (ranked by P value) biological pathways enriched among
age-DEGs in endothelial cells of the muscle (MU) and the SVZ. (B) UpSet plot demonstrating
common upregulated age-DEGs among major cell types in the SVZ. The age-DEGs are
organized by the number of cell types in which they are found in common, with those expressed
in all six cell types on the far left and those found in only one cell type on the far right. The
common age-DEGs that were upregulated in all 6 types of cells are listed in the table. Oligo:
oligodendrocytes. (C) Table listing cell types in which members of the Hsp90 family were

downregulated with age.

Figure S3: The effect of exercise on gene expression changes in various cell types.
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(A) Venn diagrams demonstrating the percentage of common Ex-DEGs of each cell type in
young and old cells. (B-D) Violin plots showing the inflammatory scores of cells from muscle,

cells from the SVZ, and hematopoietic cells.

Figure S4: Aging and exercise-induced changes in monocytes/macrophages.

(A) Bar graphs representing the position of each clusters in Figure 4A along the pseudotime
trajectory. (B) Clustered heat map demonstrating the gene expression modules in all clusters in
Figure 4A. (C) UMAPs of the 20 monocyte/macrophage clusters in Y-C, Y-Ex, O-C and O-Ex
mice. Cluster 3 is marked by the red circle. (D) Bar graph demonstrating the relative ratio of
cluster 3 in all monocytes/macrophages in Y-C, Y-Ex, O-C and O-Ex mice. (E) Violin plots of
selected marker genes of cluster 9 of monocytes/macrophages. (F) Representative of FACS plots
of CD45*/CD3/CD19/CD206" and CD45*/CD3/CD197/CD206 cells from skeletal muscle. (G)
Bar graph demonstrating the relative expression Pf4, Stabl, Gas6, Cxcl2, and 1l1b in CD206"

and CD206™ monocytes/macrophages in skeletal muscle determined by RT-qPCR analysis.

Figure S5: Changes in intercellular communication networks in the MuSC niche during
aging and in response to exercise.

(A) Circle plots showing the NOTCH, FGF, OSM, and CXCL signaling networks in cells from
muscle of young mice. The arrows point to the cell types that express the receptors. The colors of
the lines represent the source of the ligands. The thickness of the lines represents signaling
strength between the signal sending and receiving cell. (B) Heatmaps showing the differential

overall signaling strength between young and old mice (left) and between old mice without and
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with exercise (right). The top bars and right bars represent the sum of incoming and outgoing
signaling strength of each cell type, respectively. In the left, red and blue represent higher and
lower signaling strength in the O-C mice, respectively, in comparison to Y-C mice. In the right,
red and blue represent lower and higher signaling strength in the O-C mice, respectively, in
comparison to O-Ex mice. (C) Heatmaps showing the outgoing and incoming signaling
pathways in various cell types in the skeletal muscle that change with age in Y-C, O-C and O-Ex
mice. The pathways are ranked by the differential overall signaling flow between the Y-C and O-
C conditions. The names of the pathways that were restored by exercise in old mice are labeled
in green. The names of the pathways that were activated by exercise are labeled in red. The top
colored bars represent the overall signaling strength in each cell type. The horizontal gray bars
represent the summarized strength of each signaling pathway from all cell types in the muscle.

The color scale represents the relative contribution of a cell type to the pathway.

Figure S6: Changes in intercellular communication networks in the NSC niche during
aging and in response to exercise.

(A) Heatmaps showing the outgoing and incoming signaling patterns mediated by secreted and
cell surface molecules in the SVZ. (B) Circle plot showing the WNT and EPHA signaling
networks in the muscle of young mice. (C) Heatmaps showing the outgoing and incoming
signaling pathways in various cell types in the SVZ that change with age in Y-C O-C and O-Ex
mice. The pathways are ranked by the differential overall signaling flow between the Y-C and O-
C conditions. The names of the pathways that were restored by exercise in old mice are labeled

in green. The names of the pathways that were activated by exercise are labeled in red. The top
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colored bars represent the overall signaling strength in each cell type. The horizontal gray bars

represent the summarized strength of each signaling pathway from all cell types in the muscle.

Figure S7: Gene expression changes in myofibers during aging and in response to exercise.
(A) Dot plot summarizing biological pathways enriched in the two major principle components
from the PCA plot in Figure 7A that distinguish fiber transcriptomes by age and exercise status.
(B) Dot plot summarizing biological pathways enriched in exercised-induced genes in muscle
fibers from young (left) and old (right) animals. (C) Dot plot summarizing genes encoding
secreted ligands that were induced by exercise in muscle fibers from young (left) and old (right)
animals. Red indicates higher expression in exercised animals. (D) Dumbbell plots
demonstrating SPP1 target genes whose expression was reversed in muscle cell types by exercise
in old mice. The x axis represents scaled relative expression to that in Y-C mice. (E) Bar graph
showing the level of Sppl, detected by ELISA, in plasma from control and exercised young and
old mice.

Data are shown as mean = SEM. *p < 0.05, **p<0.01, ***p < 0.001 (unpaired t tests).

44


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

REFERENCES

Bhaskar, K., Konerth, M., Kokiko-Cochran, O.N., Cardona, A., Ransohoff, R.M., and Lamb,
B.T. (2010). Regulation of tau pathology by the microglial fractalkine receptor. Neuron 68, 19-
31. 10.1016/j.neuron.2010.08.023.

Brett, J.O., Arjona, M., Ikeda, M., Quarta, M., de Morree, A., Egner, I.M., Perandini, L.A.,
Ishak, H.D., Goshayeshi, A., Benjamin, D.l., et al. (2020). Exercise rejuvenates quiescent
skeletal muscle stem cells in old mice through restoration of Cyclin D1. Nat Metab 2, 307-317.
10.1038/s42255-020-0190-0.

Browaeys, R., Saelens, W., and Saeys, Y. (2020). NicheNet: modeling intercellular
communication by linking ligands to target genes. Nat Methods 17, 159-162. 10.1038/s41592-
019-0667-5.

Brunet, A., and Rando, T.A. (2017). Interaction between epigenetic and metabolism in aging
stem cells. Curr Opin Cell Biol 45, 1-7. 10.1016/j.ceb.2016.12.0009.

Challen, G.A., Boles, N., Lin, K.K., and Goodell, M.A. (2009). Mouse hematopoietic stem cell
identification and analysis. Cytometry A 75, 14-24. 10.1002/cyt0.a.20674.

Chandel, N.S., Jasper, H., Ho, T.T., and Passegue, E. (2016). Metabolic regulation of stem cell
function in tissue homeostasis and organismal ageing. Nat Cell Biol 18, 823-832.
10.1038/ncbh3385.

Cho, S.H., Sun, B., Zhou, Y., Kauppinen, T.M., Halabisky, B., Wes, P., Ransohoff, R.M., and
Gan, L. (2011). CX3CR1 protein signaling modulates microglial activation and protects against
plague-independent cognitive deficits in a mouse model of Alzheimer disease. J Biol Chem 286,
32713-32722. 10.1074/jbc.M111.254268.

Conboy, I1.M., Conboy, M.J., Smythe, G.M., and Rando, T.A. (2003). Notch-mediated
restoration of regenerative potential to aged muscle. Science 302, 1575-1577.
10.1126/science.1087573.

De Miguel, Z., Khoury, N., Betley, M.J., Lehallier, B., Willoughby, D., Olsson, N., Yang, A.C.,
Hahn, O., Lu, N., Vest, R.T., et al. (2021). Exercise plasma boosts memory and dampens brain
inflammation via clusterin. Nature 600, 494-499. 10.1038/s41586-021-04183-X.

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson,
M., and Gingeras, T.R. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15-21. 10.1093/bioinformatics/bts635.

Dulken, B.W., Buckley, M.T., Navarro Negredo, P., Saligrama, N., Cayrol, R., Leeman, D.S.,
George, B.M., Boutet, S.C., Hebestreit, K., Pluvinage, J.V., et al. (2019). Single-cell analysis

45


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

reveals T cell infiltration in old neurogenic niches. Nature 571, 205-210. 10.1038/s41586-019-
1362-5.

Efremova, M., Vento-Tormo, M., Teichmann, S.A., and Vento-Tormo, R. (2020). CellPhoneDB:
inferring cell-cell communication from combined expression of multi-subunit ligand-receptor
complexes. Nat Protoc 15, 1484-1506. 10.1038/s41596-020-0292-X.

Engelsen, A.S.T., Wnuk-Lipinska, K., Bougnaud, S., Pelissier Vatter, F.A., Tiron, C., Villadsen,
R., Miyano, M., Lotsberg, M.L., Madeleine, N., Panahandeh, P., et al. (2020). AXL Is a Driver
of Stemness in Normal Mammary Gland and Breast Cancer. iScience 23, 101649.
10.1016/j.isci.2020.101649.

Fang, X., Han, D., Cheng, Q., Zhang, P., Zhao, C., Min, J., and Wang, F. (2018). Association of
Levels of Physical Activity With Risk of Parkinson Disease: A Systematic Review and Meta-
analysis. JAMA Netw Open 1, €182421. 10.1001/jamanetworkopen.2018.2421.

Gage, F.H., and Temple, S. (2013). Neural stem cells: generating and regenerating the brain.
Neuron 80, 588-601. 10.1016/j.neuron.2013.10.037.

Goodell, M.A., and Rando, T.A. (2015). Stem cells and healthy aging. Science 350, 1199-1204.
10.1126/science.aab3388.

Hambrecht, R., Adams, V., Erbs, S., Linke, A., Krankel, N., Shu, Y., Baither, Y., Gielen, S.,
Thiele, H., Gummert, J.F., et al. (2003). Regular physical activity improves endothelial function
in patients with coronary artery disease by increasing phosphorylation of endothelial nitric oxide
synthase. Circulation 107, 3152-3158. 10.1161/01.CIR.0000074229.93804.5C.

Hernando-Herraez, I., Evano, B., Stubbs, T., Commere, P.H., Jan Bonder, M., Clark, S.,
Andrews, S., Tajbakhsh, S., and Reik, W. (2019). Ageing affects DNA methylation drift and
transcriptional cell-to-cell variability in mouse muscle stem cells. Nat Commun 10, 4361.
10.1038/s41467-019-12293-4.

Horowitz, A.M., Fan, X., Bieri, G., Smith, L.K., Sanchez-Diaz, C.I., Schroer, A.B., Gontier, G.,
Casaletto, K.B., Kramer, J.H., Williams, K.E., and Villeda, S.A. (2020). Blood factors transfer
beneficial effects of exercise on neurogenesis and cognition to the aged brain. Science 369, 167-
173. 10.1126/science.aaw2622.

Jin, S., Guerrero-Juarez, C.F., Zhang, L., Chang, I., Ramos, R., Kuan, C.H., Myung, P., Plikus,
M.V., and Nie, Q. (2021). Inference and analysis of cell-cell communication using CellChat. Nat
Commun 12, 1088. 10.1038/s41467-021-21246-9.

Jones, D.L., and Rando, T.A. (2011). Emerging models and paradigms for stem cell ageing. Nat
Cell Biol 13, 506-512. 10.1038/ncb0511-506.

Kraus, W.E., Houmard, J.A., Duscha, B.D., Knetzger, K.J., Wharton, M.B., McCartney, J.S.,
Bales, C.W., Henes, S., Samsa, G.P., Otvos, J.D., et al. (2002). Effects of the amount and

46


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

intensity of exercise on plasma lipoproteins. N Engl J Med 347, 1483-1492.
10.1056/NEJM0a020194.

Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinformatics 30, 923-930.
10.1093/bioinformatics/btt656.

Liu, L., Cheung, T.H., Charville, G.W., and Rando, T.A. (2015). Isolation of skeletal muscle
stem cells by fluorescence-activated cell sorting. Nat Protoc 10, 1612-1624.
10.1038/nprot.2015.110.

Liu, L., and Rando, T.A. (2011). Manifestations and mechanisms of stem cell aging. J Cell Biol
193, 257-266. 10.1083/jcb.201010131.

Love, M.1., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 15, 550. 10.1186/s13059-014-0550-8.

Lynch, C.N., Wang, Y.C., Lund, J.K., Chen, Y.W., Leal, J.A., and Wiley, S.R. (1999). TWEAK
induces angiogenesis and proliferation of endothelial cells. J Biol Chem 274, 8455-8459.
10.1074/jbc.274.13.8455.

Ma, S., Sun, S., Geng, L., Song, M., Wang, W., Ye, Y., Ji, Q., Zou, Z., Wang, S., He, X., et al.
(2020). Caloric Restriction Reprograms the Single-Cell Transcriptional Landscape of Rattus
Norvegicus Aging. Cell 180, 984-1001 e1022. 10.1016/j.cell.2020.02.008.

Mahmoudi, S., Mancini, E., Xu, L., Moore, A., Jahanbani, F., Hebestreit, K., Srinivasan, R., Li,
X., Devarajan, K., Prelot, L., et al. (2019). Heterogeneity in old fibroblasts is linked to variability
in reprogramming and wound healing. Nature 574, 553-558. 10.1038/s41586-019-1658-5.

Manczak, M., Park, B.S., Jung, Y., and Reddy, P.H. (2004). Differential expression of oxidative
phosphorylation genes in patients with Alzheimer's disease: implications for early mitochondrial
dysfunction and oxidative damage. Neuromolecular Med 5, 147-162. 10.1385/NMM:5:2:147.

Martinez-Jimenez, C.P., Eling, N., Chen, H.C., Vallejos, C.A., Kolodziejczyk, A.A., Connor, F.,
Stojic, L., Rayner, T.F., Stubbington, M.J.T., Teichmann, S.A., et al. (2017). Aging increases
cell-to-cell transcriptional variability upon immune stimulation. Science 355, 1433-1436.
10.1126/science.aah4115.

Mizuno, T., Kawanokuchi, J., Numata, K., and Suzumura, A. (2003). Production and
neuroprotective functions of fractalkine in the central nervous system. Brain Res 979, 65-70.
10.1016/s0006-8993(03)02867-1.

Navarro Negredo, P., Yeo, R.W., and Brunet, A. (2020). Aging and Rejuvenation of Neural Stem
Cells and Their Niches. Cell Stem Cell 27, 202-223. 10.1016/j.stem.2020.07.002.

47


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Newman, A.M., Steen, C.B., Liu, C.L., Gentles, A.J., Chaudhuri, A.A., Scherer, F., Khodadoust,
M.S., Esfahani, M.S., Luca, B.A., Steiner, D., et al. (2019). Determining cell type abundance and
expression from bulk tissues with digital cytometry. Nat Biotechnol 37, 773-782.
10.1038/s41587-019-0114-2.

Nieman, D.C., and Wentz, L.M. (2019). The compelling link between physical activity and the
body's defense system. J Sport Health Sci 8, 201-217. 10.1016/j.jshs.2018.09.009.

Pawlikowski, B., Vogler, T.O., Gadek, K., and Olwin, B.B. (2017). Regulation of skeletal
muscle stem cells by fibroblast growth factors. Dev Dyn 246, 359-367. 10.1002/dvdy.24495.

Pedersen, B.K., and Febbraio, M.A. (2012). Muscles, exercise and obesity: skeletal muscle as a
secretory organ. Nat Rev Endocrinol 8, 457-465. 10.1038/nrendo.2012.49.

Perretti, M., and D'Acquisto, F. (2009). Annexin Al and glucocorticoids as effectors of the
resolution of inflammation. Nat Rev Immunol 9, 62-70. 10.1038/nri2470.

Rando, T.A., and Wyss-Coray, T. (2014). Stem cells as vehicles for youthful regeneration of
aged tissues. J Gerontol A Biol Sci Med Sci 69 Suppl 1, S39-42. 10.1093/gerona/glu043.

Ratajczak, M.Z., Majka, M., Kucia, M., Drukala, J., Pietrzkowski, Z., Peiper, S., and Janowska-
Wieczorek, A. (2003). Expression of functional CXCR4 by muscle satellite cells and secretion of
SDF-1 by muscle-derived fibroblasts is associated with the presence of both muscle progenitors
in bone marrow and hematopoietic stem/progenitor cells in muscles. Stem Cells 21, 363-371.
10.1634/stemcells.21-3-363.

Ren, R., Ocampo, A, Liu, G.H., and Izpisua Belmonte, J.C. (2017). Regulation of Stem Cell
Aging by Metabolism and Epigenetics. Cell Metab 26, 460-474. 10.1016/j.cmet.2017.07.0109.

Rosenblatt, J.D., Lunt, A.l., Parry, D.J., and Partridge, T.A. (1995). Culturing satellite cells from
living single muscle fiber explants. In Vitro Cell Dev Biol Anim 31, 773-779.
10.1007/BF02634119.

Rovio, S., Kareholt, 1., Helkala, E.L., Viitanen, M., Winblad, B., Tuomilehto, J., Soininen, H.,
Nissinen, A., and Kivipelto, M. (2005). Leisure-time physical activity at midlife and the risk of
dementia and Alzheimer's disease. Lancet Neurol 4, 705-711. 10.1016/S1474-4422(05)70198-8.

Rowe, G.C., Raghuram, S., Jang, C., Nagy, J.A., Patten, I.S., Goyal, A., Chan, M.C., Liu, L.X.,
Jiang, A., Spokes, K.C., et al. (2014). PGC-1alpha induces SPP1 to activate macrophages and
orchestrate functional angiogenesis in skeletal muscle. Circ Res 115, 504-517.
10.1161/CIRCRESAHA.115.303829.

Saint-Maurice, P.F., Coughlan, D., Kelly, S.P., Keadle, S.K., Cook, M.B., Carlson, S.A., Fulton,
J.E., and Matthews, C.E. (2019). Association of Leisure-Time Physical Activity Across the
Adult Life Course With All-Cause and Cause-Specific Mortality. JAMA Netw Open 2, e190355.
10.1001/jamanetworkopen.2019.0355.

48


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Salzer, M.C., Lafzi, A., Berenguer-Llergo, A., Youssif, C., Castellanos, A., Solanas, G., Peixoto,
F.O., Stephan-Otto Attolini, C., Prats, N., Aguilera, M., et al. (2018). Identity Noise and
Adipogenic Traits Characterize Dermal Fibroblast Aging. Cell 175, 1575-1590 e1522.
10.1016/j.cell.2018.10.012.

Sanin, D.E., Ge, Y., Marinkovic, E., Kabat, A.M., Castoldi, A., Caputa, G., Grzes, K.M., Curtis,
J.D., Thompson, E.A., Willenborg, S., et al. (2022). A common framework of monocyte-derived
macrophage activation. Sci Immunol 7, eabl7482. 10.1126/sciimmunol.abl7482.

Scarmeas, N., Luchsinger, J.A., Schupf, N., Brickman, A.M., Cosentino, S., Tang, M.X., and
Stern, Y. (2009). Physical activity, diet, and risk of Alzheimer disease. JAMA 302, 627-637.
10.1001/jama.2009.1144.

Shao, X., Liao, J., Li, C., Lu, X., Cheng, J., and Fan, X. (2021). CellTalkDB: a manually curated
database of ligand-receptor interactions in humans and mice. Brief Bioinform 22.
10.1093/bib/bbaa269.

Shen, B., Tasdogan, A., Ubellacker, J.M., Zhang, J., Nosyreva, E.D., Du, L., Murphy, M.M., Hu,
S., Yi, Y., Kara, N, etal. (2021). A mechanosensitive peri-arteriolar niche for osteogenesis and
lymphopoiesis. Nature 591, 438-444. 10.1038/s41586-021-03298-5.

Shook, B.A., Manz, D.H., Peters, J.J., Kang, S., and Conover, J.C. (2012). Spatiotemporal
changes to the subventricular zone stem cell pool through aging. J Neurosci 32, 6947-6956.
10.1523/JNEUROSCI.5987-11.2012.

Sigal, R.J., Kenny, G.P., Boule, N.G., Wells, G.A., Prud’homme, D., Fortier, M., Reid, R.D.,
Tulloch, H., Coyle, D., Phillips, P., et al. (2007). Effects of aerobic training, resistance training,
or both on glycemic control in type 2 diabetes: a randomized trial. Ann Intern Med 147, 357-369.
10.7326/0003-4819-147-6-200709180-00005.

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck, W.M., 3rd, Hao, Y.,
Stoeckius, M., Smibert, P., and Satija, R. (2019). Comprehensive Integration of Single-Cell Data.
Cell 177, 1888-1902 e1821. 10.1016/j.cell.2019.05.031.

Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A.,
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., and Mesirov, J.P. (2005). Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci U S A 102, 15545-15550. 10.1073/pnas.0506580102.

Tabula Muris, C. (2020). A single-cell transcriptomic atlas characterizes ageing tissues in the
mouse. Nature 583, 590-595. 10.1038/s41586-020-2496-1.

Tirosh, 1., Izar, B., Prakadan, S.M., Wadsworth, M.H., 2nd, Treacy, D., Trombetta, J.J., Rotem,

A., Rodman, C., Lian, C., Murphy, G., et al. (2016). Dissecting the multicellular ecosystem of
metastatic melanoma by single-cell RNA-seq. Science 352, 189-196. 10.1126/science.aad0501.

49


https://doi.org/10.1101/2022.01.12.475145

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

van Praag, H., Christie, B.R., Sejnowski, T.J., and Gage, F.H. (1999). Running enhances
neurogenesis, learning, and long-term potentiation in mice. Proc Natl Acad Sci U S A 96, 13427-
13431. 10.1073/pnas.96.23.13427.

van Praag, H., Shubert, T., Zhao, C., and Gage, F.H. (2005). Exercise enhances learning and
hippocampal neurogenesis in aged mice. J Neurosci 25, 8680-8685. 10.1523/JNEUROSCI.1731-
05.2005.

Wiley, S.R., Cassiano, L., Lofton, T., Davis-Smith, T., Winkles, J.A., Lindner, V., Liu, H.,
Daniel, T.O., Smith, C.A., and Fanslow, W.C. (2001). A novel TNF receptor family member
binds TWEAK and is implicated in angiogenesis. Immunity 15, 837-846. 10.1016/s1074-
7613(01)00232-1.

Xie, X.P., Laks, D.R., Sun, D., Poran, A., Laughney, A.M., Wang, Z., Sam, J., Belenguer, G.,
Farinas, 1., Elemento, O., et al. (2020). High-resolution mouse subventricular zone stem-cell
niche transcriptome reveals features of lineage, anatomy, and aging. Proc Natl Acad Sci U S A
117, 31448-31458. 10.1073/pnas.2014389117.

Yang, J., Vamvini, M., Nigro, P., Ho, L.L., Galani, K., Alvarez, M., Tanigawa, Y., Renfro, A.,
Carbone, N.P., Laakso, M., et al. (2022). Single-cell dissection of the obesity-exercise axis in
adipose-muscle tissues implies a critical role for mesenchymal stem cells. Cell Metab 34, 1578-
1593 e1576. 10.1016/j.cmet.2022.09.004.

50


https://doi.org/10.1101/2022.01.12.475145

Figu re b1)RXIV preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A C57BI/6J mouse
4-or 22-months

(n=4/ group) Aging and exercise atlas

435,628 cells
Svz
blood FACS live 10x Chromium_single Sequencing 458,754 QC regression
HSPCs cells cells cells >
muscle
B C 100%
. . . . u Epithelial
10 80% m Tcells
~ o [ ] g;t(::rophages
] o £ 609 " OPLs
10 £ § % m Mural cells
> o aNSCs
& 40% = Oligodendrocytes
= Neuroblasts
_ 10 20% = Endothelial
B cells m gNSCs/astrocytes
N ) L . N
&| 0+ o 0% m Microglia
< gnpges c Y-C Y-Ex O-C O-Ex
=} -
Tcells
&
s ECs 1.0
sl e e
o HRE MuSCs LE ’ 06
BL (n=115,414) 04
® BM (n=120,255) F
0| MU (n=118,449) ‘ 02
-20 © SVZ(n=85,585) Y-C Y-Ex o-C O-Ex 0.0
-20 -10 0 10
UMAP_1
100%,
80% 1.0
o » MyMPP 0.8
g 60% m LMPP 06
3 m LyMPP X
$ 40% m LTHSC () o4
u MEP
0.2
20% " e Y-C Y-E! C O-E:
. =X - =Xllo0
0 5 10 15 0%
UMAP_1 Y-C Y-Ex O-C O-Ex
100% — =2t
Y o . . ° I Cxcl1 ‘Hv 1Ml ||I‘I ’ w' H’\IH \F\IIIHH II\II\I \ fHIIIH
2 mo
S O X 80%
b 2 L & Sparc || || \ ‘ ||| 2
3 8 509 1 |
- S L il
-1 PR P ] w2 E'f“ebp1 ‘ ‘ ‘ ’HH\H [l \ ‘I\ 0
¢ ) P S & 40%
3 . ) m3 ‘HH ‘\‘HI\HH [ ‘ ’Iz
) : 20% mt C03 \ \H \ ” \H '
50 0% m4 mt-N ‘ ‘ H\’ ’ H W\ H ‘ ‘\
% 3 0 3 6 3 0 3 % 3 0 3 % 3 0 3 * V.C Y-Ex O-C O-Ex mt- Cytb L 0 A AT


https://doi.org/10.1101/2022.01.12.475145

Figure
A

l)2inv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

B

100 W upregulated age-DECs -
800 B downregulated Monocytes
]
S 9.6%
o 600 u MU
k] B cells ‘
e W BL
3 400 7.8%
£
Z 200 T cells /‘
18.3% -
P PP OO OL S OO O PSIOSDSS i 1
oz?@ @ \\@8’ \\roA %@406@ @ e® 9@ \%\Q r&® e® \\68’ e§ @AQ@A \\98)06@ 5.:@ e® e,@ \es «\@ Endothelel m MU
8 N @ P @ N X @ @ P P @ @° O N S
0:5\ @S‘ <& & &OQ@Q & o& &o & & ((\?‘3 S OG‘\\ \e} & & @\)c,. & OQO & & 21.8% vz
R S T T & FEL T VS S S
<& o Y Ve & SMCs
o'\\g 7.3%
8 80 YO YO YO YO YO YO YO YO
| lated
w upregulate aNsCq1 oo (1 Average Expression
3 60| B downregulated
] Endothelial{| e® o® ©® ©® <o o0 00 oo 1
0
c
g 40 Neuroblasts{ e® ee @O o eo 00 oo I -1
£
g 20f gNSC [ 1) 00 o0 oo o0 Percent Expressed
u— « 20
S 0 Oligodendrocytes]| ®® ©® ©® 00 00 e® oo o 40
<& ® 60
g &5 <V
S & © Microglia{ e® e® 6@ @® <o o0 00 oo ® 80
~ KR
) AN O O qo al > Nl ot
< oot ue® o oot \@\s\"’ \@&"’ NN
o Skeletal Muscle svz Hematopoietic system
©
E Interferon y response [ ]
‘g Interferon o response
> IL2-Stat5 signaling
S
s Complement
E IL6-Jak-Stat3 signaling
S TNFo signaling via NF-KB [ ] [ ]
= Ribosome . . . ‘ . -LogPvalue
@ KRas signaling up 125
@ p53 pathway i 75
§ Apoptosis 25
a | Reactive oxygen species pathway GeneRatio
8 mTORCH1 signaling ® 10.00
% Hypoxia @ 20.00
o Protein export . 40.00
° Circadian rhythm mammal
E Oxidative phosphorylation . . . . . [ ) . 78.41
E Glycolysis
S Cholesterol homeostasis
2 Glutathione metabolism
o .
2 Pyruvate metabolism
° g Steroid biosynthesis
o Adipogenesis
o Alzheimer’s disease e 0600 O
a
P Q7 @ & P &P P é\e P P O @ \\<§ eid 2>\e P ® N P e
& & Qoé‘ & roi.‘ S E S0 & & K& o
«\6 <3 @O <5 %Q N ((}\b @0 @0(\ A
N4 &
Skeletal Muscle Svz Hematopoietic system
mTORC1 signaling
o | Antigen processing and presentation
k= . -LogPvalue
= Coagulation 50
5 TNFa signaling via NF-KB 0
2
3 Complement 10
o MAPK signaling pathway GeneRatio
Neurotrophin signaling pathway ®
Apoptosis
3 Myc targets v1 . 20
2
Q G2M checkpoint . 40
o
3 )
& Ribosome . . . .
& ECM-receptor interaction .
% Myogensis
o Epithelial mesenchymal transition . ‘ [ )
SR A R AR IR A P S I A R XS G - TR RN
S F LTI F 8 P SN TR ¥ @ @ @
< 66&«0‘\0 © & @Q‘\Ib ey cf’\o @'\é Qbo&o o« F 0006\ et
W ,bé% & &


https://doi.org/10.1101/2022.01.12.475145

Figure

b3inv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Skeletal Muscle Ssvz Hematopoietic System
DEGs
YoungOoQoQQo»OOOOOOOOoo()Oo8100
200
OIdOOOOoOOOOOoooaoOOoOOO0300
O 400
SN I SN ST B S SR S < T Gl e SN G AN R P
& &S ¢ 0@9 & o & 0«5’@ & & ° SR CHRINE
S ° & Q ¢ I
N & ¢
&
>
70
M Muscle
60 W svz
8 50 M Blood
5
o 40
K
§ 30
17
2 20
=
" IiEEEE
o EEEE s
NN N R GO RGN O N S R R AR GRS e S O SR
G P S NS ¢ S N I I SRR OO P SR
Fof T LI LI LS E NG PSS C S
S & O RN S R P SN L SN &
o > Q [ %) & \@ © [N O & S
X K 5 & S S < S
$ S Xy AR &
< <& & O
<& o
c Skeletal Muscle svz Hematopoietic system
o TNFa signaling via NF-KB ) " )
g Interferon y response )
<
‘g Interferon o response
E‘ IL6-JAK-Stat3 signaling
g |L2-Stat5signaling
£ .
& Coagulation Genes
£ Complement o 2
o8 ECM-receoptor interaction ‘ [ 4 ;
£ g KRas signaling up o
5% MTORCH signaling Pvalue
(7]
= p53 pathway 20
° Ribosome . . 15
2 Epithelial Mesenchymal Transition
: Myogencsis  © @ @ 10
§ yogenesis 5
o Hypoxia
% Oxidative phosphorylation ‘
. G2M checkpoint
Apoptosis
ISR S SN NG N I N IR A N N Rl < I S
@\,"o AN roi‘ & Qoé\ Q&Q & & oé'o &60\0 @_\0@%&5&0 &o“&\ & \,@0 Q\%Q ro’{\ <9 Q’oe J\_o"‘
& <8 RS & & A\ Ky
N S ¥
o N
S [®)
o ST kxx
-% o MuSCs @ Increase with Ex
g 4t ﬁ ok FAPs @ Decrease with Ex
3.LPY * N 5 Endothelial @ No change
c 5 — 5 o Tenocytes
ot gﬁ& ? PO $g smes
2 2 Ay T—a T A 2 3 | Monocytes
=y 2= Abr-oo-pda--v-C ® = | Macrophages ) )
2, RINNINNECSS Tools
Bcells
N} & Q ] 2
N K & 06"?‘ F & Schwann cells
A
gNSCs (@)
E aNSCs/Neuroblasts
Microglia Q
_asp R S | Endothelial
2 o Oligodendrocytes Q
@2'0- >* il *% OPCs Q
g o — * Mural cells Q :
2mr) |2 % ol el £ | HSPCs ® )
2., el 121 & i o [T ve ‘s £ | Monocytes )
= IS A g2 T cell -
2 £ | Teells @)
Sost £ ® | Beells )
k] 2 NK cells
g, L] z — e . —
2> N -0. . -0. .
.rﬁ{v \&Q \@:‘ & 6‘0\ é\ 0.5 0 0.5 2 -05 0.5 2
& Differential inflammatory score


https://doi.org/10.1101/2022.01.12.475145

Figure

A

14|inv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

B C
Tissue Psudotime
BL 60
o i
MU 20
0
~ N 2'
o o
< < <
2 5 5
UMAP_1 UMAP_1 UMAP_1
cluster 3 cluster 7 9
5 4 Clqa BP0, C3art Cd7 Fit3 Fegrd Ceacam1
Y = g
; £
[\
@ €
log10(Expression) Plau Colec12 Anpep Cbfa2t3 Ear2 Itgax
1.0 i G 3 f
' - » }} b~ F
5 CE
0.0 NI - N o~
B A 3
s < <
] D =}
UMAP_1 UMAP_1 UMAP_1
— F
AT (EEUL S TUEVSUE ¥ L oo o®
AV )
ST ) (R R RIS S § o7 o
RESPONSE TO CHEMICAL
ctab | YL LY 2 8 ®
e N T L1 YL | N 1 RESPONSE TO ORGANIC SUBSTANCE .
ac | 1 — Ll AL REGULATION OF DEVELOPMENTAL PROCESS ‘
Y80 » (IRANIA 073 472 JMIANEEY ) H? CELLULAR RESPONSE TO STRESS .
cth || | 1 HUER JENUEEE WY \ !i RESPONSE TO STARVATION | (@) -Pvalue
Fegrt || | i | 4 ALQLLLLAL,&LL‘L‘ g RESPONSE TO MOLECULE OF BACTERIAL ORIGIN | @) 7
6
coss ||, 96 1111111 1Tadl 0 f; amononeosnss @ | N
NEGATIVE REGULATION OF EXTRINSIC APOPTOTIC SIGNALING PATHWAY
csart || | Q0| 14011, 40,2 8 B 5
, N N N L INORGANIC ION HOMEOSTASIS
Mret || IS, | O O T P i INFLAMMATORY RESPONSE 4
Lyve1 I 1 | PROTEIN REFOLDING
i ‘ A 15 LogSize
Tnf|| | ‘ [ [ R :13 POSITIVE REGULATION OF MACROPHAGE CYTOKINE PRODUCTION Y
Stab1 | i l 1 L | - 18 NEGATIVE REGULATION OF G2/M TRANSITION OF MITOTIC CELL CYCLE ) .
6
Gas6 | i Lo LA A MONOCYTE AGGREGATION
cez L . . 1 I I SPERMINE CATABOLIC PROCESS
1 HYALURONAN METABOLIC PROCESS
Cel? e A 1 INTRACELLULAR SEQUESTERING OF IRON ION
Cxel2 | | 1 | ! 5 W AT 5 W | POLYAMINE CATABOLIC PROCESS
mo| L4 (MR 2. QI1i2[R19. 0



https://doi.org/10.1101/2022.01.12.475145

Figure
A

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

tﬁinv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint

Endotheliaq o0 o0 (] o0 O e O ® [ ] [}
K”] Schwann{®e @ ¢ @ o ] o (X N ] [ X ] o o o [ J
© FAPs1® o @®eo e eoco0o0 ° o 00 ° ° [ X N ) ( X ] ° °
© MuSCs{e e e o o0 ° ® [ X) °
o
i< B cells §
“q:; Tenocytes
5] T cellsq
3 SMCs{e = oo (X} ° ° ° o ° ° o ° Contribution
Macrophages o 02
Monocytes 1 e e (] o o000 o [ ] (] [ (] (X ] :
T o g4
Endotheliaq ] ° (N NN J ° ° L] ° ° o o000 (] o
» Schwann ° . o0 ] . [ ] L] . [ ] o ° ° ° 0.6
3 FAPs{ @ eo O ] ( X N3 (N ] oe o o o000 o o0 0o ® O 08
3] MuSCs{ @ oo O [ ] . ° ° ° ° o oo ° °
2 B cells{
= Tenocytes 4
3 T cells §
Q SMCs ° ° ° °
O | Macrophages -
Monocytes {®@ @ e o [ ] [ X ] [ ] [ J ® 000 [ ] [ [ X
A R AR ANV ENDD OA N & D XK LK N0 A= O K O O NNV
AN O R P P2 R R O e X TR AT AR L S O R P 5 A R R N R R PP R
O P B R G I R P RN g
v A RAES ) KX J
N\ & S
X <
K] endothelial 3 C - f Si f
3 Schwann L1l Signals by ECM proteins ignals by secreted factors
o o "
g Mﬁégz Tt I Coon:)n:)utlon @ schwann ,
@ Tenocytes 0 06 1
S MCs 0 0.8
& | Macrophages 'y £104 MUSC
5 usts Count £ 204 Monocytes Count
2|  endothelial . s | @ ® 10 2 @
3 Schwann . e o o o I3 End @ 120
> FAPs o o o |[Contribution £ @svics @ 200 o " 160
£ MuSCs|e o + o o o 02 E FAPs @ 300 2" () ®
3 Tenocytes ° 04 51 € FAPs
3 S’\);ICS . . o | O 06 E @Endo .400 g @ MuSCs Schwann .200
& | Macrophages O ionocytes 210 4 (]
O
L& | e@swcs
) 5 0 15 20 05 1 P 3
Outgoing strength Outgoing strength
o-C 0-Ex 25 44Fprt
c
= kel
\ P . N % 20
N 9
\ Osmy Ca\WE 5.
i THY1 ANNEX\Nl\l\ /| '"ANNEXIN s mY-C
W 27 vy €10 4{Fpr2 m OC
% NP ;
¥ £ &Yz T os
> s I v 8
g - %
= Z 0.0
<
M Endothelial M Schwann  BFAPs B MuSCs Tenocytes
Monocytes
T cells M smMCs Macrophages I Monocytes
Laminin FPR1/2 2 300, 2% Osm 11b Gas6 Pros1 Ax| u Y-C
3 5 6 3 2
o 3 m O-C
é 200 B O-Ex
2
w
+ 100
]
E ol
R\ 0‘00' Monocytes Monocytes Macrophages Macrophages MuSCs Macrophages



https://doi.org/10.1101/2022.01.12.475145

Figure
A

t6inv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

gNSCs{® @ @ ¢ o @ ® @ O [ ] ° [ J [ BN B B J [ 3]
i) aNSCs{e® @ @ o [ 3 3 J ° { 3 ] ] (] [ N J ° { 3}
3 Microglia | L) ° ce0e0ceo o
2 [ Oligodendrocytes { ® o0 c0 000 oo 0000 ° ° ° o0 e ° ° .
'@ Neuroblasts
® Endothelial {
%]
Mural 4 Contribution
OPCs{® ®© @@ ¢ @0 00 0 o L ) ° ° ° oo o000 o0 ° . o 025
gNSCs|0o e @ @0 00 ©00 e o000 ° e eo0eo0000 o o o o 0.50
» aNSCs{® o o s 00 ° ° ° o0 o000 ° ° ° o0 0 ° o o 0 o o 075
§ Microglia { ° c0o0 o0 o °
g) Oligodendrocytes{® ® ® @ o { ] { ] ® o0 0 o0 0 ° ® { ] ° { ] { ] ° ( B ®
= Neuroblasts §
§ Endothelial 1
o Mural q
OPCs{® © @ @ o 0 © o o o . [ ] [ ] . ° [ ] [ 2 J [ 3 3N J e o
AENR DS S S K RN TR T S R O o R0 O S P> o o 00 . O ST SR S st
NIE TE QRS @ NS F FENF N RTHE T OR L NP F T v %«3‘@0 NEE T NN
% & OLES & e L@ <
B secreting cells target cells C Signals by secreted factors Signals by ECM proteins
gNSCs { gNSCs . B oPCs@
aNSCs . aNSCs { » » . o OPCs
Endo ° . Microglia{ . . < o aNSCs 2)L:r;to ol @
N [ £ Count
Mural { e ° Oligo{ e o o o 5 ® 20 5 @aNSCs .o:g
OPCs Endo @ o ® 50
SR N~ Mural o 6 @ 250 3 )
\e\y@({’é Q%OO\?QQ‘ OPCs 'g @0i%° @ g 05"O|.IQO @ 0
\yoV &Qfe S ((/é/& N o\%q? E 4 @ a\SCs 3 Microglia
¢ ®é N < o ' £ aNSCs
— s NS Microglia ®
[Contribution o 06 o 09 | N & oo
O
3 4 5 6 7 0 1‘ 2 3
[Contribution o 04 o 08 | Outgoing strength Outgoing strength
Differential interaction strength (O-C - Y-C) Differential interaction strength (O-Ex - O-C)
0.4 1
| Y n [ gy i Y-C oC 0-Ex
gNSCs ] ] /)7/ 2,
= NSC 6;/xr & > &
= a S
3 e [ | i [ | . 7 i ,\\& ” 7 \ ,‘\
S Microglia . B %g10 I 3 Mk TWE
@ = l = MK M MK| MK
s Oligo me me. K
3 o 0 ° N3 //14,(
5 Neuroblasts 2 2 0 \NE / e ™,
o o S
@ Endothelial s B-10 . <h Qy{_— = > \g/ @?/ = S
M ST = g 7
ural . a S
IS
OPCSI [} I m
e ———— — ——— — Il aNSCs B aNSCs B Microglia Neuroblasts
88282383 © 882843384
2332289 5o 322235 5¢ Endothelial Mural M orcs
zZz £90 5 £ 20 zZ 2z 2035 £ £ 5
T © &8 ° 8 T © 2 o ©
= 3 = 5 2
z U G 2w
TWEAK signaling network Tnfsf12_4
Microglia
| NI
° ®aNsCs | | | | |
Tnfrsf12a4 4 M Y-C
Neuroblasts NSCs moc
[ 1] HINEEN N
| [ [ |
®opcs T | 6' l : T | | N N |
i O @) NG e o W@ 2 )
Endothelial Mural @% a$‘5 « oo? &004\ ‘on\’és 0\‘\2\\ W C)?G
o e o
RS W 2
o
BAFF signaling TNF signaling THY1 signaling
Y-C o-C O-Ex 4 4 TnfrsF13b 5 4 Tfrsf1b 54 Itgh2
CSF ( ( ))THy1 \ ] 5 JTnfrsf17 4 4 Tnfrsf1a 44 ltgam
o \ y csF ) TNE B Y-C
& e SNL o~ 44
f % &5 N B oc
i © @ o 4Tnfsf13b oy Tnf _Thyt W O-Ex
| ] Microglia Mural .Oligodendrocytes ‘ | | ‘ L J i é Q
Endothelial M aNSCs W oprcs —— P I — T
Microglia Microglia aNSCs Microglia


https://doi.org/10.1101/2022.01.12.475145

Figure

B

Cc

D

O,.4-months Mmp14 @
22-months
MuSC-free o-c<v-gf O-Bx0C o-coy-c fAO-Ex<O-C Col1a2
EDL muscle Single fibers = Single fibers Lgals9
Pltp
Angpt2
RNAseq Dkk3
23.9% 14.9% c O|s1t8
xc
Pd1 | @ @ |LogFC KIf10 LogFC e
o| Mppel | @ @ @ | Bhlhe40 I p Icam1
© [ Grn
8| Sgms2 0 i Maff o Gng7
S| Sdc2 | @ 5 > Cxlt0 | @ @ NcTam;
L cn
® Y-C é Fgfr3 | @ I % Fosb n-1 Fgf1
° Z)ECX 2| ostpis -LogPvalue S| a1 -LogPvalue VF‘,’Q;}S
- [z}
® 0-Ex 2| Neent o 2 gl B3| @ | ¥ Csf1
S| mimrto [ = Atf3 | E Tiﬁ'{;ﬁ?
Me1 ®: 1 @ .
ot ‘0\;5 o o ’C:e o Zﬁ?
O er o &t Spp1
oo o Teosl
Gal
E F ot @
Cd44 19 oC
Ncstn NEJ
Itgb1 oot
3 MuSCs [ J Restored %
2
FAPs
# receptors . ltigav  ltga5 Sdc1  ltgb5 ltga9 Iligh3 ligad  lga8 ® I 80
Set size Endothelial cells
0 °ye 60
FAPs ] Tenocytes . 40
Tenocytes | SMCs
Macrophages | # Genes
SMCs - Monocytes . . 10
Endothelial cells | Macrophages o
Monocytes - T cell . @
T cells | ] cells . 0
MuSCs | B cells [ )
B cells [ |
_ *% H
800 rns—1 O control 3 *k *k
— A exercise E f
= 600 o 159
£ s
£ i
= 400 5 5
& ~ 104
» d
200 I
3
B
o - + +
- - +

waxiv preprint doi: https://doi.org/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

LogFC

5.0
0.0
o -5.0

-LogPvalue
® 2
®:
. 10

Exercise
Spp1Ab


https://doi.org/10.1101/2022.01.12.475145

Supplementg)

A

icf\i/ig !%trc{:gltl 1ed

.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
y peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

P E
Macrophages | @ ® .ez)cent xpressed MusCs] o o Percent Expressed
OPCs o0 ° .25 FAPs ) -0
Mural [ X} e 50 i e 25
pge Endothelial [ J ° 50
aNSCs [ X J Tenocytes [ N} ®75
Oligodendrocytes o0 Average Expression SMCs [ N J .
Neuroblasts oo I2-5 Schwann cells oo Average Expression
o
Endothelial o0 1.5 Macrophages [ Iz
05 Monocytes [ X J 1
Astrocytes_qNSCs [ X} : T cells ) °
Microglia [ X J -05 B cells (] 0
9NN LIS DL QLON DD OO D O @D DO BNN O N
GOSN RV 12 IR P & R P K PN L@ S AE A S @ G208
S Q@‘K&*g\@%o (s 0\%\@&& SRR 2O bgeoé%\\ ’\@@*Q\e@%& S PP
MyMPP{ @ Percent Expressed CD4Tcells {@ o o Percent Expressed
¢ 25
LMPP{ ® ® e 50 CD8Tcells {@  © @ @ .=
uverl @ - @ o . ® 75 p ©CD4 T cells
Y @ 100 B cells 'Y E CD8 T cells
LTHSC [ ] e o O Average Expression o lé/lonﬁcytes
Average Expression e B cells
MEP ° ) Monocytes [ N} I ; o NK cells
CDP °« . ® o I1 NK cells ° - 00 0
NI NS O > N &9 D N @ -1
o & & e ™ K - o P F O )
§ TS SF S 1 RN SR d&q‘ IS

10

G

I uDCs
Epithelial

L.Endo 10
m Schwann
= Monocytes 0.8
m Macrophages
= SMCs Y-C v-Ex| |[ 8
T cells
B cells 04
Tenocytes 0.2
= MuSCs
u FAPs 00
0% V.Endo
Y-C Y-Ex O-C O-Ex

O-C

Pax7 Myod1

I

Identity
O -=-2NWwWhH

0o 1 2 3 0 2 4 6
Expression Level Expression Level


https://doi.org/10.1101/2022.01.12.475145

am i 1e. .1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
S u ppl en%lt!}cfm’glr‘%t certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

N
=)
=a
OxPhos downregulated age-DEGs
Alzheimer’s disease
Myc targets LogPval Hematopoietic: B cells, Monocytes, NK cells, T cells
IFNo. response TRorvaie Hsp90aa1| Muscle: B cells
60 SVZ: endothelial, Microglia, Mural cells, neuroblasts, aNSCs, gqNSCs, oligodendrocytes, OPCs
TNFa si EIMT H 40
a:‘;%:fggig : 20 Hematopoietic: B cells, HSPCs, Monocytes, NK cells, T cells
Ribosome ‘ Genes Hsp90ab1| Muscle: endothelial

IL2_STAT5_Signaling ® 15 SVZ: endothelial, Microglia, Mural cells, neuroblasts, gNSCs, oligodendrocytes, OPCs

IFNy rzsponsg o O Hematopoietic: B cells, Monocytes, NK cells, T cells
ypoxia @ Hsp90b1 | Muscle: endothelial, FAPs, MuSCs, SMCs, tenocytes

Myogenesis . )
MTORC signaling SVZ: endothelial, neuroblasts, gNSCs

Focal adhesion

upregulated age-DEGs (SVZ)

Oxidative UQCR11,COX8A,UQCR10,COX6C, COX5B, COX6B1,
phosphorylation | COX7A2,COX7C, UQCRB,NDUFA5, NDUFA3,NDUFA?,
NDUFC1,ATP5E ATP5J2,MT-ND4L, ATP5K

RPL34,RPL36,RPL35,RPL22L1,FAU, RPL27,RPL30,RPL31,

154
150 Ribosome RPL37,RPL37A, RPL38,RPL41,RPL36A,RPLP2,RPS21,
& RPS26,RPS27,RPS28,RPS29,UBA52
UDIJ ELOB,ANAPC13,ATOX1,GNG5,SNRPF, SEC61G,DPM3, 118 117
% Others 0OST4,ROMO1,COPS9, TMEM256,H2-D1,TOMM7,UBL5,
- 100 RBM3, SLIRP,2010107E04Rik, GM10076 96
g /
s 73
s 57 59
‘S5 50
z
§ 11 15 o 18 1 1210 17 Set size
JHN 322zlzéizlzzzzlzilézhlélllﬁélll aulcsai - & § 8
Microgia @OPPPP 99999 9900009 o0 ° ]
Endothelial @OO00 | 9000 | | 990600 L 1] ® o -
OPC+Oligo @000 0000 | 00 ® L -
aNsCs 900 | 9900 | 99900 ® ® N
aNSCs+neuroblasts @O [ 0000 000 (60 6| 600 66|60 ) e B

Mial @ 00000 06 O O 00 o o |


https://doi.org/10.1101/2022.01.12.475145

i f ) i . .1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
Su pple‘“enmgﬁv!g%ﬁguﬁ% y peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A MuSCs FAPs endothilal Tenocytes SMCs Monocytes  Macrophages T cells B cells
o XX X I X ' I
Astro/qNSCss  blasts/aNSCs Microglia endothelial Oligodendrocytess OPCs Mural
©® Young Ex-DEGs
HSCs Monocytes T cells B cells NK cells Old Ex-DEGs
endothelial cells | | FAPs | | MuSCs | | Tenocytes | | Schwann cells
|
(%]
o
<]
O
(%]
c 0
[=}
o
7]
Q
4
2
% O-Ex
E 5 SMCs || T cells || B cells || Monocytes || Macrophages o-C
£ Y-Ex
£ Y-C
o
o
4
0 ll l l llll l l l
O-Ex O-C Y-Ex Y-C 0O-Ex O-C Y-Ex Y-C O-Ex O-C Y-Ex Y-C O-Ex O-C Y-Ex Y-C 0O-Ex O-C Y-Ex Y-C
Microglia | [ Oligodendrocytes I [ qNSC I Neuroblasts
6
(%]
e 3
3
(%]
2 !
s 0
Q
7]
)
x 0-Ex
g3 . oc
®©
E Endothelial [ aNSC I Mural I OPCs V-Ex
< Y-C
EI 6
(]
o
3
0
O-Ex O-C Y-Ex Y-C O-Ex 0O-C Y-Ex Y-C O-Ex O-C Y-Ex Y-C O-Ex O-C Y-Ex Y-C
@ HSCs | | T cells | | Monocytes | | B cells | | NK cells |
3
@
2 6
S
& 0-Ex
jo}
L3 o-c
<] Y-Ex
g LL$$ -
€ 0
[
=
£
|
o
o O-Ex O-C Y-Ex Y-C O-Ex O-C Y-Ex Y-C O-Ex O-C Y-Ex Y-C O-Ex O-C Y-Ex Y-C O-Ex O-C Y-Ex Y-C


https://doi.org/10.1101/2022.01.12.475145

S u pp|ementalntﬁ)&guv@i4g/1o.1101/2ozz.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
(which not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cell clusters
. ' e N
4 . O— — T —
1] e ss emamme— [ — . — \ H; LE
17 —T11 | 3 2
15 =} 2
2| — - —Em - u 9
19 | . 23 -
24
L0 = —mm— O - i P
5o amon—{[ }— snes o . 2 7
20| — — 10— 3 15
o 1] eo— [T 0 o 1 S 11
o 4
g3 — .- . g 4
el =
5 51 —I+ o~ - 2 N | 18
¢ 81 1l 5 8
7 - 3 21
()
12{ oo . | % gs
181 —fit t o 12
141 I 14
61 |eme [ 6
131 ¢ (S . || 1;
16{ W = 10
0 10 20 0 10 20 | 20
pseudotime pseudotime ;550’01;;'00:@—‘3@@\'5;3355;:#
2%
Og
Cluster 3
®0
1 20
e 2 a O control
: 3 A exercise
5 ~ 15
S
8
9 S 40
® 10 8
1 c
e 12 ]
® 13 o
® 14 @ 5
15 o
® 16
® 17
® 18 0
e 19 young old

m
M
@

smoc| L 1114 Jolle kg B S-OL o CD206+
e L I I - , | -
setsas 1 b4 WL uQlia1 TAIO AR gy o o
busos| 1 4 1 (11 1@ O idbab iin lé E "
||1b‘LllliLLt4QLJLL!LQ‘L<PLI 1 g" 4 i ‘ 51_ "le & T
cas| 11 1Q0 | @l A QL @ W L) : T_) 3 )
ERITET INRE Y S IPYVIR Y YER EE —>CD3+CD19 —>FSA ° fgj
corte [STRP 1 L0 | e 1L |1 &GN 0 RN

>
o
I &S F


https://doi.org/10.1101/2022.01.12.475145

Supplementg} Figyre]

NOTCH signaling network
MuSCs

B

FGF signaling network
MuSCs

Differential interaction strength (O-C - Y-C)
04

/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
d by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Differential interaction strength (O-Ex - O-C)

FAPs s FAPs ’ j 08
B cells A Bcells 02-.-.- -.I O o — —Il
& Schwann L4 ‘@ Schwann Endothelia [ | |
Tenocytes Tenocytes Schwann [ | [ ]
- endothelia endothelia S FAPs [ | - [ | "
T cell / T cells 5 8 B
e Monocytes @ Monocytes & N;uSis ! 3 lo . : c;gn l
7 cells
SMCs ~¢ Macrophages SMCs @ © Macrophages § I ; :,
A S Tenocytes % I—5 . 2 I
o = -
OSM signaling network CXCL signaling network @ T cells . ¢ ¥-10 . &
MuSCs MuSCs SMCs I .
B ol FAPs FAPs Macrophages [ ] [ |
cells
. ® Schwann B cells, ® Schwann Monocytes [} B [ ]
o o N
Tenocytes Tenocytes | Scpoogaoan o o oo R = I B I R I
S, 2 =2 22009009 = c o O 2 o 92
endothelia A\ endothelia £ S 53828% 229 S3 8= @ 3
! SEZE " 2m8rFr®vs o 3E Smor® 59
T cells ° 9 = S g 5 =] 5 & 5
Monocytes F \ Monocytes ATl = g = I = g =
SMCs Macrophages Tcells Macrophages = =
SMCs
C 3 Y-C 0-C 0O-Ex
2 I : I 2
1 o< © 1 O~ Nm 1 o < ©
cimEEE - - L1 o mEHE = m e olM iIn= m w1
ANNEXIN . B T o ANNEXIN 1 ANNEXIN | [ | ]|
FGF 1 FGF 1 FGF I s 1
OSM [ 1 OSM 1 OSM 1] 2
LCK [ | 1 LCK I LCK 1 [
VAN | 1 MPZ | MPZ | 1 ?
ICOS . 1 ICOS 1 ICOS 1 0
CEACAM 1 CEACAM 1 CEACAM 1 =
EPHA IH 1 EPH 1 EPHA 1 2
CALCR 1 CALCR 1 CALCR | 1 r g4
NEGR 1 NEGR | NEGR 1 :
PERIOSTIN ] PERIOSTIN 1] PERIOSTIN 1
N [ PTN = PTN [
®» ANGPTL [ | [] ANGPTL | ] ANGPTL [ | =
© JAM = JAM == JAM [
g PROS 1] PROS o PROS 1]
2 CD23 1 CD23 1] CD23 1
o NCAM = NCAM == NCAM =
c GAS 1] GAS [ | [=] GAS | 1]
3 VCAM 1 VCAM Il o VCAM m
=) CDH 1 CDH ] CDH 1
=] VEGF ] VEGF [u] VEGF 1
o TGFb ] TGFb | o TGFb | 1
CD86 1 CD86 1] CD8 1
MIF = MIF [ | MIF [
TWEAK o TWEAK (=] EAK o
VISFATIN ] VISFATIN Il o VISFATIN Il | ]
& | &S ! |
ALCAM ALCAM
IL1 ] IL1 = IL1 rl
CcCL [ CCl = CCL =]
L1CAM 1 Licav Il 1] Licav Il 1
EDN I EDN 1 EDN 1
PSAP 1 PSAP [ B[] PSAP 1
i 1 s m 0 it -
L6
1 IGF . 1 IG . 1
1 BMP 1] BVP 1
1 ncWNT [ ncWNT 1
2 3
S 0% P 3. P N (P & & S 0% P 3. P N (P & &
0\@ L& \)a,,{boo (&&%@&%g o‘& RS g.v‘b& (ﬁ«&%@‘@@o&
Qb "oé\ W & S k3 "oé\ S O RS
& A2 & @ & A2 & @
N Ny
D 1 Y-C 1 0-C 15 O-Ex
] anlla0.. 11 ST I | e
0 [ | | LATT 0 [ | ] LT 0 I [ - R
ANNEXIN [ _Ji] ANNEXIN | ANNEXIN 1
FGF [ ] 1 FGF | FG I st
OosM 1 OSM 1 osvM Il HEE 1 24
CK || 1 LCK | LCK | 3
MPZ 1 MPZ | MPZ | ! 5
ICOS | 1 ICO. 1 ICOS ! °
CEACAM I CEACAM | CEACAM [ 2
EPH 1 EPHA I EPHA | kS
CALCR 1 CALCR 1 CALCR | 1 7}
NEG 1 NEGR | NEGR I 0
PERIOSTIN [} PERIOSTIN 1] PERIOSTIN 1
® PT| [ PTN = PTN =
[ ANGPTL [ == ANGPTL I == ANGPTL U ==
> PROS - g S i g 208 m = T
® PROS
g CD23 1] CD23 I 0 CD23 L ]
£ NCAM . [=] NCAM . == NCAM . [=]
£ GAS o GA =] GAS [
IS VCAM 1 VCAM o VCAM ]
£ VEGF mm i VEGF mm a vEor mm ]
TGFb - TGFb || I o TGFb | - M
CD86 | 1 CD86 | ] CD86 1
o m— m—— ik ==
VISFATIN Hl - . ‘l VISFATIN -- . ] VISFATIN -- . -
CD6 1 CD I CD6 |
ALC/W [ | = |I ALCAM || - I- ALCAM - II
CCL r ] CCL = CCL N o
L1CAM 1 L1CAM [ L1CAM I 1
EDN I EDN | 1] EDN |
PSAP 1 PSAP 0 PSAP 1
MK 1 MK ] o MK [
IL6 -I o -I
IGF 1 IGF | o IGF - 1
i : e ; i !
nc nc nc'
SPP1 1 SPP1 1 SPP1 . ||
LIFR l LIFR | LIFR 1
2 Qo2 o 9 D P2 2 2 9 2 o2 2 QO 9 ]
P Q2P NP NP P& SO SR (P 3 @ N (P P E SO Q2P W & PP
6‘6‘0 & "(vg &, @c’% G{t\« oe‘%@ (\’DQ' R’y N ((?? P @"e’ 04\« &%\&‘\,&Qoo N Q?g \)%O G (ﬁ\ 00%\&‘\00"00
& %c}\ N © R Fef N © RS Ee WO o R
& <@ R @ <@ PP D <2 SO
Ng 4 E


https://doi.org/10.1101/2022.01.12.475145

S u pplment?!t flig%;r?l /10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
which wad not certi

1ed by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

OPCs Neuroblasts WNT signaling network EPHA signaling network
Neuroblasts gNSCs Microglia Microglia
[ ; [ ]
g gNSCs Oligodendrocytes Oligg . ° (
£ aNSCs ” aNSCs aNSCs aNSCs
c
; Oligodendrocytes E OPCs Neuroblasts Neuroblasts
S Mural 3 Mural ¢ GNSCs - :NSCS
E Microgia | g Microgia |
. £ ) OPCs v & OPCs
Endothelial § Endothelial Endothelial Endothelial
A 2 = A 2 > Mural Mural
G‘°°Q 0‘°°Q G@&’ 0‘0\)? 0‘0\9
Y-C - -Ex
3 0-C 3 (o)
2 2
I||I SOTRN: | ITIRT] ST | [T X%
[ | I_I_I_L 0 (] [E— 0 [ | L1l 1
TWEAK [ | TWEAK TWEAK | '%,
FGF FGF . 1 FGF I =
JAM _ JAM == JAM == 2
MPZ MPZ 1] MPZ ] g
NGL - NGL [ | 1 NGL [ | I =
NOTCH NOTCH [ ] . ] NOTCH [ ] . 1 ®
PTPRM PTPRM 1 PTPRM | &9 0.1
MK MK MK ._ .
» PSAP - = PSAP N PSAP | s—
© CLDN o CLDN ] CLDN 1
g, MAG o MAG 1] MAG )
B SEMA7 . 1} SEMA7 . ] SEMA7 . ]
o CDH5 1] CDH5 ] CDH5 |
£ VISTA [ | ] VISTA [ | 1 VISTA [ ] 1
8) OCLN 1] OCLN 1 OCLN |
5 VCAM ] VCAM 1 VCAM |
o ENHO N ] ENHO N 1 ENHO I |
CHEMERIN 1 CHEMERIN 1 CHEMERIN |
COH HEEE [ == CDH | = CDH HIEE [ ==
CSF 1] CSF ] CSF )
MIF =] MIF 5] MIF 1]
CCL ] CCL ] CCL 1
GALECTIN [ | [ GALECTIN [ GALECTIN |
GDF | GDF [ I GDF [ |
BAFF | BAFF ) BAFF [ | |
THY1 | THY1 [} THY1 |
TNF | TNF ] TNF [ | |
L1CAM | L1CAM | L1CAM [ |
CX3C | CX3C | CX3C [ | |
ANGPTL | ANGPTL | ANGPTL [ 1
APP | AP | APP I B |
_ - —- | _ |
S & £ BB Eeey @\ & o @ P P 2 @ B
&SI S NOGSSGEE RIS
S
obe? e@ Q}‘ obé\ evz; Q}‘ obe? e@ (é\
o® o® o®
D o-C 0-Ex
3 2 3
2
2 o o
1 I oNw © 1 I o w 2 1 I © &
o ™ L1 JH N ™ T T 7 oMMl ™ L )
TWEAK [ ] ] | [ ] |
FGF Il ] - | - [ 5
JAM . ._ . ._ . = 5}
MPZ 5] ] 1 =
NGL Il | 1 | | 1 I )
NOTCH m 1] 1 2
PTPRM 1 1 | %
MK r | — r | — r | — 4 0.1
K%] PSAP = | m— | s—
AN Ll : L : I |
S MAG 7] 1 1
ul | -
g VST e 1 me - ' e - '
£ VISTA 0 1 1
5| o - - -
g NHO . ] 1 . |
CHEMERIN ] ] |
%%ﬂ | -l_ -I_ -I_
iy - - -
GALECTIN . 1] ] I
GDF | | |
BAFF | ) |
THY1 | [} = |
TNF | ] |
L1CAM | | = [ 1
CX3C | | |
ANGPTL | | [ | |
APP | | [ ] |
_ | _ | _ |
P {3’% ° 50 s PP S & P @ B G_)cfﬂ & §° {\ = \{,, L&
N é@\o@&o 0@ Yo & o c@”&@ o NS \sé"&& IO
N
e@ Q}‘ Obé\ e@ Q/(‘ e@ Q/(‘
o\\Q o® o\\‘b


https://doi.org/10.1101/2022.01.12.475145

i}t feif i.0f0/10.1101/2022.01.12.475145; this version posted December 25, 2022. The copyright holder for this preprint
Supplementg} Figure, ¥

tified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A B Cc

—_—
-1 0 1

Citrate cycle - TCA cycle Mmp14
Biosynthesis of unsaturated fatty acids Tnc [ ]
Lysine degradation Dkk3
NOD-like receptor signaling pathway Cel2
) . Ccl25
ECM-receptor interaction lcam1
Insulin signaling pathway . Interferon y response Vegfa
Ribosome Glycerophospholipid metabolism ‘ Col4a1
. . Inflammatory response Pgf @
ECM-receptor interaction Protein secretion Ten2
Focal adhesion Lysosome Col;le:;
Neurotrophin signaling pathway p53 path\n{ay . Thpo -LogPvalue
mTOR signaling pathway Coagulation GeneRatio Pthih [
X Unfolded protein response ‘ 133 @
RNA catabolic process ~LogPvalue Complement . Col3a1 . 10
Oxidative phosphorylation . KRas signaling up . 10 P(r:li .
Adipogenesis 4 Hypoxia Cdzg4 . 1
Proteasome ® 3 Ubiquitin-mediated pr.oteolysis Mfap5
Parkingson’s disease 2 Pathv.vaysy in cancer 20 Itgb1bp1 LogFC
Alzheimer's disease Gal I 9
Cellular response to oxygen levels Gene Ratio Myc targets v1 Calm2 6
NIK NF-KB signaling ® 5.00 E2F targets -LogPvalue Cxiﬂ] . 3
Cellular amino acid metabolic process @ 10.00 Purine metaboI!sm ' 10 Cxcl14 0
Cellular ketone metabolic process @ 500 ) H'erlne metabolllsm 8 Lgals3bp
X . . : Pyrimidine metabolism 6 Lif e
TNFo mediated signaling pathway Neurotrophin signaling pathway 4 DIl
mRNA processing Insulin signaling pathway gtSd
i i cl7
Regulation of protein stability Erbb signaling pathway Posin
Gnrh signaling pathway Tnfsf1 '
ATP metabolic process ) nfsf10
Ribosome Sema3c
Regulation of Wnt signaling pathway DNA repair Efnal
?G'\ QO’L Long term potentiation Btc
Proteasome /'_\':fg
RNA degradation
Aminoacyl tRNA biosynthesis qgi’i’eo’c
i i +
TGFB signaling 3 *0,?,
4 O‘O
P
RN
Mu§Cs SMCs Tenocytes Monocytes T cells
Kif 4 —o Irf8 | e Mat2a | oo Spagd| e——e HIf | e® 500, %
Ng’igl :.:.. pcaﬁn% L ®  7ip36I1 —e Txnip —e Areg ‘—e — o control
calid] ! %F:]a'gn 1 Ndrg1 | o0 Nfil3{ e——e Tpm1 —eo wol T a exercise
Slc39a14{e—e! Gsn | Myc . ®  Gabarap e Gapdh Y _ a
Cd9{ e ! Thbs1 : Kdm6b —e Dusp6 - Aldoa o—e z
! S o—o Junb >—e : ' 3
Col3al{ e—o Fnll e® | ler5 U e Fti1 —e Zeb2 | e o 30
N 1 i | ' £
1.0 1 Col3a1{ ee® ; ler3 —e Fth1 10—0 |q2 ) £ **
FAPs Collal{ @@ . 143 ‘o—e Tpm4 L Vim —e 2 200
cy61{ o-—e 1 0 1 Gadd4sH eé—e Tgmi o—e Stat1 —o &
Thbs1 ) Fosl2 —e Ml o—eo Col3aly e-e 100,
Pim1 | oo Ma°’°p;hages Eif5a ‘oo KIf6| e———e Myb{ e—e |
Odc1/ l—o Tﬂ?g"ﬁ 1o Egri oo Kdméb|{ e——e  Colla2{ @ |
Nrdal{ e—e S | o Cebpb ) Jund{ e——e —_ 0
5] | ee Sle16as | oo Cdd4 e Junb{ e——e e young  old
Ccl114 ‘ Py Arhge:ﬂ)zll . &0 Icam1 : o 11b ._._.: B cells
Libpd | &—e Sdc4 | e—e | Adgmi .: ! e : Tomt :
o Poe’ Rbpj | e | Ltbp | o—e! Ehdl; e-—e Lb{ e—e
Col3al{ @® | ngﬁ o= Ltop4 | @® ! Dlési;} o Stat!{ e———e
Adamts2{ e—e! *—e Ltbp3 { @—e! S *—e )
®=2 __  Gadd4sb{ e-e | oo 1% Cdknta] e—@ Aldoa —o
ot Col3aly ee® Col3al{ e-® ! Cd44{ e—e Myb | &——e
Endothelial cells ~ Col1a21 e Fn1{ e-e | Blg2|{ e—e Hspala| @® !
cc3{e——e : 9 ‘ ‘
Egr3{ ———o = Ctgf { @ : Nfe2| o——e Gsn{ &—o
Gsn{ e | 10 1 Colaz) @ | c3{ o——o Btg2 je——e
vim{ e | Colla’l{ ® ; oo  Apibl{e——e
lcam1{ e—® o0 1 Mmp9 P :
Ein{ ee® 10 1 -1 0 1


https://doi.org/10.1101/2022.01.12.475145

