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Abstract

Exercise has the ability to rejuvenate stem cells and improve tissue 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. 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, complemented by whole
transcriptome analysis of single myofibers. We found exercise ameliorated the upregulation of a
number of inflammatory pathways associated with old age, and restored aspects of intercellular
communication mediated by immune cells within these stem cell compartments. Exercise has a
profound impact in the composition and transcriptomic landscape of circulating and tissue resident
immune cells. Our study provides a comprehensive view of the coordinated responses of multiple
aged stem cells and niche cells to exercise at the transcriptomic level.

eTOC Blurb

Liu et al generate a transcriptomic single cell atlas of skeletal muscle, neural and hematopoietic
stem cells and their niche environment and progeny during aging and in response to exercise.
Exercise has a profound impact in inflammatory cytokine signaling pathways and immune cell
interaction within these stem cell compartments.
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INTRODUCTION

Aging leads to stem cell dysfunction resulting in deterioration in tissue homeostasis and
regeneration?. In the mouse brain, aging is associated with an increase in the heterogeneity
of the quiescent neural stem cells (QNSCs) in hippocampus and a decrease in committed
progeny including activated neural stem cells (aNSCs) and neuroblasts in both the
hippocampus and the subventricular zone (SVZ)2-°. Similarly, with age, skeletal muscle
stem cells (MuSCs) are reduced in number and exhibit increased heterogeneity in their
quiescent status and in their cell fate choice upon activation8-8. MuSCs from old mice are
more prone to cell death, senescence, and loss of myogenic potential®-11. On the contrary,
an expansion of hematopoietic stem cells (HSCs) is found in old animals!2. Despite this
increase in number, old HSCs become less functional and their differentiation is skewed
towards the myeloid lineagel3-14. Recent single cell RNA-sequencing (sScRNA-seq) and
proteomic studies have potential mechanisms by which changes in the stem cell niche in old
animals may impact stem cell function, including infiltration of immune cells and changes
in the extracellular matrix composition3:15:16. These studies highlight the importance of
examining changes in both the stem cells and their niche in expanding our systematic
understanding of stem cell aging.

Physical exercise counters the metabolic and immunological changes that underlie

various age-related diseases, lowering the mortality risk of cardiovascular diseases and
cancer”.18, Increasing evidence indicates physical exercise also has beneficial effects

on stem cell function, tissue homeostasis, and regeneration in old animals. Running
enhances neurogenesis and learning in the adult mouse brain, and counters the reduction
of hippocampal neurogenesis during aging®-21. MuSCs in aged animals exhibit reduced
expression of Cyclin D1 and a delay in activation in response to injury®. Exercise increases
Cyclin D1 expression and enhances muscle regeneration in old animals®. Running also
increases the number of common lymphoid progenitors in the bone marrow of old mice
without affecting HSC frequency?2. However, less well studied is the impact of exercise on
cells in the aged stem cell niche, which in turn directly influence and regulate stem cell
functions. An examination of the molecular changes induced by exercise across tissue types
is critical to understand how exercise enhances stem cell function to improve aged tissue.

In this study, we generated an integrative single cell atlas to examine the impact of exercise
on 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 hematopoietic
stem and progenitor cells (HSPCs), and peripheral blood immune cells of young and old
mice with and without a period of voluntary running. Exercise reduced inflammatory
signatures in cell types from all these stem cell compartments and restored youthful
intercellular communications in skeletal muscle. Our study provides a comprehensive
molecular framework for the effect of exercise on stem cells during aging.

Cell Stem Cell. Author manuscript; available in PMC 2024 May 04.
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RESULTS

Construction of an aging and exercise mouse single-cell atlas by scRNA-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 singly 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 brain S\VZ, bone marrow, and blood
from control and 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 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 SLA-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 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-EXx).
Among all cell types, activated neural stem cells (aNSCs) and neuroblasts exhibited the most
significant reduction with age, and exercise expanded these two populations in both young
and old animals (Figures 1C and 1D), supporting previous reports of the beneficial effect
of exercise on adult neurogenesis!®23. 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.

Cell Stem Cell. Author manuscript; available in PMC 2024 May 04.
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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 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 Y-C, O-C, Y-Ex and 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,
including TNFa signaling, apoptosis, IFN-y responses, hypoxia, and mTORCL1 signaling, 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 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?4. 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 using gene set enrichment
analysis (GSEA). We found that although different cell types from different tissues exhibited

Cell Stem Cell. Author manuscript; available in PMC 2024 May 04.
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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 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 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. 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

Cell Stem Cell. Author manuscript; available in PMC 2024 May 04.
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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 IFNvy 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 (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 IFN+y 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 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”2?,
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 SVVZ, 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 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

Cell Stem Cell. Author manuscript; available in PMC 2024 May 04.
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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
using Monocle 326, 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 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 DEGs
of these clusters in the UMAP space. While hematopoietic cell lineage genes (Cd7, Fit3,
Anpep, Itgal) were found to be enriched in cluster 7, functional phenotype-related genes,
including Clga, C3arl, and Plau, which encode complement coagulation cascade proteins,
and Colec12and Ifga5, which encode phagosome proteins, were found to be enriched in
cluster 3 (Figure 4D).

We then identified marker genes of each monocyte/macrophage cluster (Table S2). 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?”. We found that marker genes of
cluster 3 included the highest expressing signature genes (Pf4, C1ga, C1gb, C1lgc, Apoe,
Cfh, and Fegrf) as well as genes encoding surface markers (Cd63and C5arl) 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, Stabl, Gas6, and Cxc/2, and
lower levels of //16than 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 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

Cell Stem Cell. Author manuscript; available in PMC 2024 May 04.
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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 generated cell-cell communication networks in muscle usig

the sScRNA-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?8. 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. Using 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?%-31, Our 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 FAPs, 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 S3.

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 activity32. 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 Fpril/2-expressing macrophages was significantly reduced in muscle cross
sections from O-C mice, and the muscle of O-Ex mice 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
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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 5I). It is
worth noting that exercise was associated with Axl 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 progenitors33, it will be interesting to determine
whether MuSCs expressing Ax| 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 6 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 S4. 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 between the neural cell types, we found that the gNSCs
and aNSCs exhibited distinct signaling patterns with cells in the SVZ niche. For example,
gNSCs but not aNSCs expressed WNT7b and interacted with the Frizzle receptors on
aNSCs, OPCs and endothelial cells (Figure S6B), whereas aNSCs but not gqNSCs expressed
EFNAZ2 and EFNAGS 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 7nfrsf12aexpression

in endothelial cells and lack of TWEAK signaling in the SVZ (Figures 6E and 6G).
Exercise was associated with the restoration of 7nfrsfi12aexpression 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
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cytokine3435, Our findings suggest that it may be a key mediator of the beneficial effect of
exercise on vascular health in the 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 7/yZ expression by aNSCs
(Figure S6C). However, the expression of 7nfsfi3band 7nfin 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 death38. 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®’.
However, due to the multinucleated nature of muscle fibers, they are excluded from

the scRNA-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 S5. The most
prominent function of the DEGs that 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 interaction38, 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 Cxc/10, and
increased the expression of a number of growth factors, such as Insulin Growth Factor 1
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(IGF1), Secreted Phosphoprotein 1 (SPP1) and Fibroblast Growth Factor 2 (FGF2), which
were downregulated with age (Figure 7D). The increase in SppZ 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). SppI has
been shown to be a downstream target of Peroxisome Proliferation Activator Receptor y
Coactivator 1a (PGC-1a) to activate macrophages and enhance angiogenesis in skeletal
muscle3?. We used the NicheNet cell-cell interaction package to identify receptors and target
genes of SPP1 in muscle resident cells*0. 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 S6). These reversed SPP1

target genes include cytokine genes Cc/11, Ccl3, 1116, Csfl, BtgZ, and genes encoding
transcription factors, such as /rf8@and Stat, which play important roles in regulating
immune function (Figure S7D). We performed ELISA analysis to confirm the reduction

of Spp1 levels in both skeletal muscle and plasma in aged animals and that exercise was
associated with elevated Spp1 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.

DISCUSSION

Single cell transcriptome tissue atlases generated across animal lifespan in recent years
offers unprecedented insights into cell composition and transcriptomic changes in aged
animals®1-43, However, due to their rarity, stem cells are often underrepresented or not
identifiable in these atlases. Our study has generated a single cell transcriptomic atlas of
three types of stem cells and their progeny, as well as their niche cells, from young and

old mice and in response to voluntary exercise. This work expands our understanding of the
impact of exercise on various stem cell compartments in the context of aging.

Systemic chronic inflammation can lead to or exacerbate a number of diseases including
cancer, cardiovascular diseases, chronic kidney and liver diseases and neurological
disorders#445, These diseases collectively represent the leading cause of disability and
mortality in the elderly population. scRNA-seq studies using animals of various ages have
shed light on the cellular origins and molecular mechanisms that underlie the alterations
in the immune system and in inflammatory responses in old age. It has been reported

that the expression of inflammation related genes is elevated in a large number of tissues,
that lymphocytes in old animals undergo clonal expansion, and that T cells from older
animals have increased transcriptional variability during activation and infiltrate into tissues
much more than in young animals341-43, In addition, our study reveals an increase in

the expression of IFN- and TNFa-responsive genes in stem cells and their niche cells,
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suggesting that these two cytokines may be markers of the chronic inflammation associated
with old age.

Consistent with previous findings that aging interventions often have an anti-inflammatory
effect346, we found that exercise ameliorates the elevated inflammation in the muscle,
brain, and blood stem cell compartments. The expression of inflammation-related genes are
much reduced in HSPCs from exercised old mice. Exercised old mice also exhibit a reversal
of the inflammatory landscape in skeletal muscle compared to control old mice, including

a reversal of the expression of target genes of both the IFN and TNFa pathways. Exercise
also leads to an increase in the tissue-remodeling monocytes that are depleted in old animals
and the restoration of cell-cell communication between monocytes/macrophages and other
cell types. It is worth noting that in the MuSC compartment, myofibers and FAPs are the cell
types in skeletal muscle that show the most significant changes in terms of their interaction
with other cell types in response in exercise, suggesting that the beneficial effects of exercise
on MuSCs in old animals may be mediated by changes in key niche cells.

In contrast to what was observed in muscle, the upregulation of IFN signaling persists

in the SVZ in exercised old mice. This is likely due to the presence of IFNvy secreted

by infiltrating T cells in the brain in old mice2. 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 Cx3c/1 is induced by
exercise in old animals. Active CX3CL1 signaling has been shown to suppress neuronal
death in co-cultures of neurons with IFN-y-stimulated microglia and in mouse models of
Alzheimer’s disease (AD)36:47:48, Deficiency of CX3CL1 expression has also been found in
brain specimen from AD patients36. CX3CL1 signaling may mediate the beneficial effect of
exercise in reducing the risk of neurodegenerative conditions, including AD, by limiting the
neurotoxicity resulting from abnormal microglia activation.

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.

LIMITATIONS

The skeletal muscle of male and female mice have different fiber type composition due to
sex hormones. Endocrine changes during aging are likely to differentially affect how male
and female mice respond to exercise. The duration, intensity, and type (such as endurance
versus resistance training) of exercise are also likely to modulate the effect of exercise on
stem cells and their niches. Male mice with a fixed aerobic exercise regime were used in

this study to minimize individual variability and to improve statistical power. These data will
provide a framework for future studies comparing male and female animals for each of the
stem cell compartments across age and in response to various type of exercises.
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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 SVZ49, were present in extremely low numbers in our atlas.
It is possible ependymal cells are not efficiently loaded in droplets or are sheared during
cell capture due to their large size. In the MuSC compartment, the change in the ratio of
sub-populations of MuSCs requires validation with markers specific to these populations.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Thomas A. Rando
(TRando@mednet.ucla.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Single-cell RNA-seq and RNA-seq data have been
deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

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 singly housed in identical cages with the wheels
removed.

METHOD DETAILS

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. 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, cells were filtered through a 35-pm snapcap
filter (Corning, 352235), washed once with 1.5 ml of FACS buffer (HBSS (Thermo-Fisher,

Cell Stem Cell. Author manuscript; available in PMC 2024 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 15

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-um nozzle. Isolation of cells from skeletal muscle

by sequential enzymatic and physical dissociation was performed as previously described>C.
Briefly, hindlimb muscles were incubated with collagenase 11 and dispase sequentially
before physical trituration. The resulting cell suspension was filtered through 40 pm cell
sieges to remove myofiber debris. Cells were then sorted in the presence of DAPI using a 70
pum 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®®. 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 populationKLS, CD150%) were sorted in the presence of 1
pg/ml P1 with a 70 pum nozzle on a BD FACS Avria 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 according to manufacturer’s instructions. The
libraries were then pooled and sequenced on a NovaSeq6000 Sequencing System (I1lumina)
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

3.152, 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?®. 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. Trajectory analysis was performed with Monocle 326. Intercellular interaction
analysis was performed using the CellPhoneDB>3 and CellChat?8 packages with standard
parameters. Receptors and target genes for selected pathways were predicted using the
NicheNet package?C.
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Single fiber isolation—Single muscle fibers were prepared essentially as described®?.
Briefly, the extensor digitorum longus (EDL) muscles were carefully dissected from mice
following euthanasia and digested in 2 mg/ml collagenase Il 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 500g 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
(IMlumina) 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®®, The number of reads in each gene was summarized using
the package FeatureCounts®® and DEGs were detected using the DESeq2 R package®’. Gene
Set Enrichment Analysis®8 was performed using the MSigDB Hallmark gene set and KEGG
gene set.

RT-qPCR—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 Gapahwas 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 pl 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 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
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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

H»0) 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).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software).
Significance was calculated using two-tailed, unpaired Student’s #tests unless stated
otherwise. Differences were considered to be statistically significant at the £< 0.05 level (*p
< 0.05, **p<0.01, ***p < 0.001, ns: not significant).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Aging is associated with an increase in inflammation in stem cell
compartments.

Exercise ameliorates the upregulation of many inflammatory pathways in old
animals.

Exercise restores the number of muscle resident CD206* monocytes in old
mice.

Exercise increases Osteopontin expression in muscle and improves muscle
regeneration.
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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
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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.
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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
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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.
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Figure 3: Reversal of age-induced gene expression changes by exercise.
(A) Dot plot summarizing the number of Ex-DEGs 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
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to the level in young control animals (Y-C, indicated by the dotted line) were plotted. n=4
mice. Data are shown as mean + SEM. *p < 0.05, **p<0.01, ***p < 0.001 (unpaired t
tests). (E) Bar graph demonstrating the relative expression level of genes implicated in the
IFNy pathway in muscle T cells 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. (F) Summary of differential
inflammatory score in response to exercise in various cell types from young and old mice.
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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) UMAPs 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.
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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 communication mediated by the ANNEXIN, OSM, IL1, and THY1
pathways in the muscle stem cell niche. The lower section of the circle represents signal
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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
AxI 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. n=4 mice. Data are shown as mean + SEM. *p < 0.05, **p<0.01,
***n < 0.001 (unpaired t tests). (F) Violin plots showing the expression of FprZand Fpr2in
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 Fpr1/2 expressing monocytes/macrophages were quantified
on the entire cross section and plotted in the bar graph shown on the right. n=4 mice. Data
are shown as mean = SEM. *p < 0.05, **p<0.01, ***p < 0.001 (unpaired t tests). (H) Violin
plots showing the expression of //Z6and Osm in muscle monocytes. (1) Violin plots showing
the expression pattern of Ax/, Gasé, and Pros1 in MuSCs and muscle macrophages.
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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 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
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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-Ex (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. (1) Violin plots
showing the expression pattern of the BAFF, TNF, and THY 1 signaling components in
microglia.
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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 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
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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. n=4 mice. Data are shown as mean + SEM. *p < 0.05, **p<0.01, ***p < 0.001
(unpaired t tests). (H) Comparison of muscle regeneration in O-C, O-Ex, and O-Ex mice
injected with a neutralizing Spp1 antibody (O-Ex — Sppl). 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. n=4 mice. Data are shown as mean £ SEM. *p < 0.05, **p<0.01, ***p <
0.001 (unpaired t tests).
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-mouse CD8a PerCP-C5.5 BD Pharmingen Catalog # 551162
Anti-mouse CD4 PerCP-C5.5 BD Pharmingen Catalog # 550954
Anti-mouse TER-119 PerCP-C5.5 BD Pharmingen Catalog # 560512
Anti-mouse Ly-6G (Gr-1) PerCP-C5.5 BD Pharmingen Catalog # 560602
Anti-mouse CD11b (Mac-1) PerCP-C5.5 | BD Pharmingen Catalog # 550993
Anti-mouse CD45R/B220 PerCP-C5.5 BD Pharmingen Catalog # 552771

Anti-mouse cKit APC

eBioscience

Catalog # 17-1171-83

Anti-mouse Sca-1 PE

eBbioscience

Catalog # 25-5981-82

Anti-mouse CD117 microbeads Miltenyi Catalog # 130-091224
Anti-mouse CD45-FITC BioLegend Clone 30-F11;

Catalog # 103108
Anti-mouse F4/80 PE BioLegend Clone BMS; Catalog # 123110
Anti-mouse CD206 PE BiolLegend Clone C068C2; Catalog # 141705
Anti-mouse laminin 2a Abcam Catalog # 11576

Anti-mouse F4/80

eBbioscience

Catalog # 14-4801-85

Anti-mouse Fprl/Fpr2 Novus Biologicals Catalog # NLS1878
Anti-mouse eMHC Developmental Studies F1.652

Hybridoma Bank
Anti-mouse OPN Novus Biologicals Catalog # AF808
Chemicals, Peptides, and Recombinant
Proteins
4’ 6-diamidino-2-phenylindole (DAPI) Thermo Fisher Scientific Catalog # D1306
Propidium iodine Thermo Fisher Scientific Catalog # P3566
heparin sodium salt Sigma Catalog # H3149
Hoechst 33342 Sigma Catalog # B2261
Critical Commercial Assays
Mouse OPN (SPP1) ELISA Kit Thermo Scientific Pierce Catalog # EMSPP1

Deposited data

Raw and analyzed data This paper GEO: GSE196364
Experimental Models: Organisms/Strains

Mouse: C57BL/6J NIA JAX strain # 000664
Oligonucleotides

PCR primers for various genes Table S7 N/A

Software and Algorithms

Cell Ranger 10x Genomics https://support.10xgenomics.com/singlecell-geneexpression/
software/downloads/latest

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

Seurat Stuart et al., 2019 https://satijalab.org/seurat/articles/install.ntml
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REAGENT or RESOURCE SOURCE IDENTIFIER
Monocle3 Trapnell, 2014 https://cole-trapnelllab.github.io/monocle3/docs/installation/
CellTalkDB Shao et al., 2021 https://github.com/ZJUFanLab/Cell TalkDB
CellChat Jinetal., 2021 https://github.com/sgjin/CellChat

Gene Set Enrichment Analysis

Subramanian et al., 2005

https://www.gseamsigdb.org/gsea/index.jsp

NicheNet Browaeys el al., 2020 https://github.com/saeyslab/nichenetr

Trim galore Babraham Institute https://github.com/FelixKrueger/TrimGalore
FeatureCounts Liao et al., 2014 https://subread.sourceforge.net/featureCounts.html
DESeq2 Love etal., 2014 https://bioconductor.org/packages/release/bioc/html/

DESeq2.html

NIS Element Viewer

Nikon

https://www.microscope.healthcare.nikon.com/products/
software/nis-elements/viewer

ImageJ

Schneider et al.

https://imagej.nih.gov/ij/

Prism GraphPad

GraphPad Software

https://www.graphpad.com/features
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