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A B S T R A C T   

Altered cell-cell communication is a hallmark of aging, but its impact on bone marrow aging remains poorly 
understood. Based on a common and effective pipeline and single-cell transcriptome sequencing, we detected 
384,124 interactions including 2575 ligand-receptor pairs and 16 non-adherent bone marrow cell types in old 
and young mouse and identified a total of 5560 significantly different interactions, which were then verified by 
flow cytometry and quantitative real-time PCR. These differential ligand-receptor interactions exhibited 
enrichment for the senescence-associated secretory phenotypes. Further validation demonstrated supplementing 
specific extracellular ligands could modify the senescent signs of hematopoietic stem cells derived from old 
mouse. Our work provides an effective procedure to detect the ligand-receptor interactions based on single-cell 
sequencing, which contributes to understand mechanisms and provides a potential strategy for intervention of 
bone marrow aging.   

1. Introduction 

Aging is a physiological process involving the decline of organ 
function, loss of homeostasis, and increased risk of disease [1]. Altered 
intercellular communication is one of the twelve major markers of aging 
[2]. For example, changes in FGF receptor 1 and p38αβ MAPK signaling 
pathways can cause senescence of resident muscle MSCs [3]. Some 
secreted factors mediate the senescence of neighboring cells by blocking 
growth factor signaling [4]. By blocking the activation of IκB kinase beta 
(IKK-β) and nuclear factor kappa B (NF-κB) in the aging hypothalamus or 
brain, aging can be delayed and lifespan extended [5]. Thus, decipher
ing the changes in intercellular communication associated with aging 
will help us understand the onset of aging and the diseases caused by 
aging. As an important hematopoietic organ, bone marrow is also 
significantly affected by aging [6,7]. Previous research has revealed the 
interaction of non-hematopoietic cells of the niche and hematopoietic 
stem cells (HSCs) by flow cytometry [8]. However, a global view of 
changes of intercellular communication related to bone marrow aging 

remains insufficient. 
While proteomic technologies are preferable method for the direct 

measurement of protein abundances, proteomics at single-cell resolu
tion is still not mature. In contrast, transcriptome are easier to measure 
and straightforward to analyse. Therefore, single-cell transcriptome 
sequencing is an alternative method for detecting cell-cell interactions 
[9]. In previous work, single-cell transcriptome sequencing reveals the 
aberrant communications between stromal cells and hematopoietic cells 
in leukemia [10,11]. There are also several tools have been developed to 
analyze cell-cell interactions based on single-cell data, such as Single
CellSignalR [12], icellnet [13], Giotto [14], CellPhoneDB [15] and 
Cellchat [16]. Combined with the known ligand-receptor (LR) database, 
potential LR interactions between different cells can be easily inspected 
[9]. Therefore, it is reasonable to use single-cell sequencing to investi
gate changes of cell interactions in bone marrow aging. 

In this study, we performed single-cell sequencing for bone marrow 
samples from old and young mice and used a common and effective 
pipeline to systematically identify the differential ligand-receptor 
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interactions between old and young mice. The results reveal global al
terations of ligand-receptor interactions in aging bone marrow, 
providing clues for the research of novel aging markers and potential 
intervention targets. 

2. Results 

2.1. Single-cell profiling of non-adherent bone marrow cells of old and 
young mice 

Single-cell transcriptome sequencing was performed on bone 
marrow samples from 6 mice (3 old mice and 3 young mice). After 
quality control, a total of 32,172 and 42,827 high-quality cells from the 
old and young groups were retained for subsequent analysis (Fig. 1A). 
Using bone marrow cell makers collected from public databases and 
literature (See Methods), 16 cell types were finally annotated: B cell, 
Basophil, Erythroblast, Erythroid progenitor cell, Hematopoietic stem 
cell, Macrophage, Plasma cell, Monocyte, Naive B cell, Natural killer 
cell, Neutrophil, CD8 naive T cell, CD8 effector memory T cell, CD4 
regulatory T cell, CD4 helper T cell 1 and CD4 follicular helper T cell. 
The proportion of cells with differentiation potential in the old group 
was significantly reduced, such as Hematopoietic stem cells, Erythroid 
progenitor cells, Naive B cells and CD8 naive T cells. In contrast, the 
proportion of terminally differentiated cells, such as Macrophage, 
Monocyte, CD8 effector memory T cells, CD4 regulatory T cells and B 
cells, increased significantly in the old group (Fig. 1B). This is consistent 
with previous reports [17,18]. 

2.2. Differences in ligand-receptor interactions between old and young 
mice 

We used a common and effective pipeline to analyze differences in 
ligand-receptor (LR) interactions between multiple cells in old and 
young mice. We estimated the ligand and receptor interaction scores (LR 
scores) between each pair of ligand and receptor in different cells. The 
difference of LR scores between the two groups were then evaluated by a 
permutation test and a MS value was calculated (See Methods). We 
analyzed a total of 384,124 interactions including 2575 pairs of ligand 
and receptor expressed in 16 cell types (each cell may serve as a sender 
cell or a receiver cell). While the significance threshold (P value < 0.05) 
was met, a total of 13,186 interactions with |MS| >= 0.05 (including 
10,000 pairs of MS > 0.05 and 3186 pairs of MS < − 0.05) among all cell 

types were observed. Using a more stringent threshold, there are 5560 
interactions with |MS| >= 0.1, including 4323 with MS > 0.1, which 
indicates higher interactions in old group and 1237 with MS < − 0.1, 
which indicates higher interactions in young group (Table S1). These 
5560 differential LR interactions involving 160 ligand genes, 144 re
ceptor genes, and 256 cell pairs (16 ×16 cell types) were used for sub
sequent analysis (Fig. 2B). 

We next examined which cell pairs had the most LR pairs that 
differed between old and young group. We found that among all cell 
interactions, Basophil - CD8 naive T cells involved the most differential 
LR pairs (52 pairs). Naive B cell - Erythroblast involves the least number 
of differential LR pairs (3 pairs). For sender cells, CD4 follicular helper T 
cells participate in the most differential LR interactions, with a total of 
488 pairs of LRs. For receiver cells, CD8 naive T cells participated in the 
most differential LR interactions, with a total of 639 pairs of LRs 
(Fig. 2C). 

Among all 5560 differential LR interactions, Thbs1|Cd47, Thbs1| 
Itga4, and Thbs1|Itgb1 were involved in the largest number of in
teractions, 221, 180, and 178, respectively (Fig. 2D). Previous work 
revealed Thbs1 (thrombospondin 1) is an adhesion glycoprotein that 
mediates cell-cell and cell-matrix interactions [19] and expressed during 
inflammation and exerts functions such as inhibiting angiogenesis and 
immune activity [20,21]. CD47 serves as both a ligand for signal regu
latory protein α (SIRPα) and a receptor for Thbs1, mediating the 
phagocytosis of aging red blood cells [22]. The cell adhesion mediated 
by integrin family genes such as Igta4, Igtb1 and Itgb2 also plays an 
important role in cellular aging [23], which is also revealed by our 
analysis. 

Among all differential LR interactions, Ccl5|Ccr5 between CD8 naive 
T cell and CD8 effector memory T cell, Ccl5|Ccr1 between CD8 naive T 
cell and Basophil, Hmgb1|Cxcr4 between Erythroid progenitor cell and 
CD4 follicular helper T cell, Hmgb1|Cxcr4 between Erythroid progenitor 
cell and CD4 regulatory T cell and Hmgb1|Cxcr4 between Erythroid 
progenitor cell and CD8 effector memory T cell has the largest MS value 
(>0.5), indicating that these LR interactions have the most significant 
increase in the old group. Ccl5 has been shown to be increased in the 
cortex of aging mice, which may be related to various aging processes 
[24]. Hmgb1 is involved in the function of muscle cells and participates 
in the appearance of aging phenotypes [25,26]. In contrast, Calm1|Sell 
between Natural killer cell and CD4 follicular helper T cell, Calm1|Sell 
between CD4 helper T cell 1 and CD4 follicular helper T cell, Calm1|Sell 
between B cell and CD4 follicular helper T cell, Calm1|Sell between 

Fig. 1. Profiling of non-adherent bone marrow cells from old and young mice. A. Umap diagram shows clustering and annotation of old and young mouse non- 
adherent bone marrow cells. B. Histogram showing the proportion of non-adherent bone marrow cells in old and young mice. 
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Neutrophil and CD4 follicular helper T cell and Calm1|Sell between 
Monocyte and CD4 follicular helper T cell had the smallest MS values 
(<− 0.4) (Fig. 2E), indicating that these LR interactions were most 
significantly reduced in the old group. As Calm1 (encoding CaM) tend to 
decrease in aging organs such as the brain [27] and Sell (L-selectin) 
decreases with the aging of polymorphonuclear neutrophils [28,29], our 
results also suggest the importance of these molecules in bone marrow 
aging. 

To validate our calculations, we used differential LR interactions 
between Monocytes and CD8-naïve T cells. Bone marrow samples from 
old and young mice were obtained respectively, and their Monocytes 
and CD8 naïve T cells were sorted using corresponding flow cytometry 
antibodies (Fig. S1). We extracted the most significant 8 pairs of LR 
between Monocytes and CD8 naive T cells, 4 pairs were up-regulated 
and 4 pairs were down-regulated in aged mice. RT-qPCR confirmed 

the expression trend of 7 pairs of LR, except one pair had no significant 
difference between old and young bone marrow (Fig. 2F). 

2.3. Functional implications of differential ligand-receptor interactions in 
bone marrow aging 

As ligand-receptor interactions mainly affect downstream signaling 
pathways [30], we analyzed the downstream pathways of differential LR 
interactions in old and young mice. We performed KEGG pathway 
enrichment on 144 receptor genes involved in 5560 differential LR in
teractions and found that these receptors are mainly enriched in the cell 
adhesion molecules, hematopoietic cell lineage, cytokine-cytokine re
ceptor interaction and ECM-receptor interaction pathways (Fig. 3A). 
These pathways have been reported to be closely related to aging. For 
example, cell adhesion molecules play an important role in brain aging 

Fig. 2. Differential ligand-receptor interactions in old and young bone marrow. A. Schematic diagram of ligand-receptor interactions in old and young bone marrow. 
B. Left. The number of different LR interactions between old and young bone marrow when the threshold is |MS| >=0.05 and P < 0.05. Middle. The number of 
different LR interactions between old and young bone marrow when the threshold is |MS| >=0.1 and P < 0.05. Right. The number of ligands and receptors involved 
in differential LR interactions when the threshold is |MS| >=0.1 and P < 0.05. C. Distribution of differential LR pairs among 16 cell types. D. The top 15 pairs of LR 
that participate in the most differential LR interactions. E. The 10 most significant different LR interactions between the bone marrow of old and young mice. Five 
were up-regulated and five were down-regulated in old group. The size of the points represents the average LR score of each group of samples. F. RT-qPCR veri
fication of 8 different LR pairs between Monocyte and CD8 naïve T cells. * P-value< 0.05, ** P-value< 0.01, *** P-value< 0.001. 
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[31]. The expression of ECM-receptor interaction-related genes changes 
significantly in fetal and elderly adult bone marrow mesenchymal stem 
cells [32]. 

Among the 144 receptor genes, the integrin family member Itgb1 is 
involved in the largest number of differential LR interactions as a re
ceptor, with 697 interactions. Itgb1 serves as a key gene in ECM-integrin 
receptor interaction to regulate aging-related phenotypes [33]. The 
second largest number is another integrin gene Itga4, which is involved 
in 393 LR interactions. GO biological processes (GOBP) analysis of the 
top 10 receptor genes showed that the functions of these genes are 
mainly enriched in heterotypic cell-cell adhesion, cell adhesion and 
cell-matrix adhesion pathways (Fig. 3B). 

The top 20 LR interactions with the largest differences between old 
and young (10 each with MS>0 and MS<0) are involved in 11 types of 
sender cells and 5 types of receiver cells. Among them, CD4 follicular 
helper T cell serves as the receiver cell most frequently. Follicular helper 
T cells (Tfh) are a T helper cell subset that play an important role in the 
differentiation of B cells into plasma cells [34]. In aging, the function of 
Tfh changes, resulting in a decrease in germinal center response, thereby 
reducing the immune response ability of the elderly [35]. These 20 
differential LR interactions involve 7 receptor genes Il1r2, Ccr5, Ccr1, 

Cxcr4, Nt5e, Itgb1 and Sell. GOBP functional enrichment showed that 
these receptor genes were mainly enriched in dendritic cell chemotaxis, 
leukocyte cell-cell adhesion, and cell chemotaxis pathways (Fig. 3C). 

2.4. Senescence-associated secretory phenotypes (SASPs) are involved in 
differential ligand-receptor interactions 

SASP is a representative phenotype of cellular senescence and 
involved in cell-cell interactions [36]. Using the human homologous 
genes, we detected the distribution of SASP-related genes in different LR 
interactions. Among all 5560 differential LR interactions, 903 contained 
SASP-related genes, accounting for 16.2 % (Fig. 4A Left). A total of 20 
SASP-related genes participated in these 903 significantly different LR 
interactions (Fig. 4B). Among them, Icam1 participates in 176 differ
ential LR interactions, which is the most. Icam1 is intercellular adhesion 
molecule 1, which is usually expressed on the surface of endothelial cells 
and immune cells and is related to the occurrence of various diseases and 
organ aging [37–39]. This was followed by Tgfb1 and Mif, which 
participated in 159 and 157 differential LR interactions respectively. 

In addition, 903 LR interactions including SASP-related genes 
involved 237 pairs of cells, accounting for 92.6 % of the total 256 cell 

Fig. 3. Functional enrichment of differential LR interactions in old and young bone marrow. A. KEGG pathway enrichment of 144 receptors involved in 5560 
significantly different LR interactions. Displaying the top 20 pathways (ordered by significance). B. Frequency statistics of receptors participating in significantly 
different LR interactions. The histogram shows the top 10 receptors. GOBP pathway enrichment was performed on these 10 receptors, and the top 5 pathways were 
displayed (ordered by significance). C. The cytoscape network diagram depicts the top 20 most significant differential LR interactions (10 up- and down-regulated in 
the old group). Blue represents the ligand and sender cell, and yellow represents the receptor and receiver cell. GOBP pathway enrichment was performed on the 
receptors, and the top 5 pathways with the highest significance were displayed. 
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pairs, indicating that most cell-cell interactions involve SASP-related 
genes (Fig. 4A Right). Among them, we examined the cell pairs that 
contained the most LR interactions involving SASP-related genes, and 
found that the autocrine interaction of CD4 regulatory T cells contained 
16 LR interactions involving SASP-related genes, which is the most. This 
is followed by the interaction between CD4 regulatory T cells and CD4 
follicular helper T cells, and the interaction between CD4 regulatory T 
cells and natural killer cells, both containing 13 differential LR in
teractions involving SASP-related genes (Fig. 4C). This is consistent with 
previous reports that SASPs enhance and spread senescence in an 
autocrine and paracrine manner, and activates immune responses that 
eliminate senescent cells [40,41]. 

In the cell types containing in SASP-related genes (whether it is a 
sender cell or a receiver cell), CD4 regulatory T cell takes up the largest 
proportion (involving 163 interactions), followed by Erythroid progen
itor cell (involving 125 interactions) (Fig. 4D). These results indicate 
that SASPs are deeply involved in cell-cell interactions in bone marrow 
aging. 

2.5. Senescent signs of HSCs are regulated by extracellular ligands 

As HSCs are the hematopoietic center of the bone marrow [42], we 
further examined whether aging affects ligand-receptor interactions 
between HSCs and other bone marrow cells. Among the 5560 signifi
cantly different LR interactions, a total of 598 interactions involved HSC. 
Among them, 301 interactions with HSCs serving as sender cells and 297 
interactions with HSCs serving as receiver cells (Fig. 5A). Pathway 
enrichment of these receptors in 297 interactions are mainly enriched in 
cell adhesion, hematopoietic cell lineage, regulation of actin cytoskel
eton and ECM-receptor interaction (Fig. 5B), which are related to HSC 
activities [43]. 

Among the 297 interactions with HSC serving as receiver cells, the 

LR score of 46 interactions decreased in the old group (MS < − 0.1). We 
then considered whether increasing the interaction of these ligands and 
receptors could alter the senescent state of HSCs. Considering that li
gands are easier to manipulate in vitro, we looked for those decreased 
ligand expression in aging bone marrow cells. In those 46 interactions, 
we observed the expression of three Ligands (Igfbp4, Mmp9, and Sele
nop) from CD8 naïve T cells decreased significantly and their corre
sponding receptors (Lrp6, Cd44, Itgb2 and Lrp8) in HSCs remained 
unchanged or increased in the elderly group. This indicates that the 
decrease in the expression of these ligands (Igfbp4, Mmp9, Selenop) may 
be the main factor leading to the decrease in LR scores in the old group. 

As Igfbp4, Mmp9 and Selenop are all secreted proteins (UniProt 
database), we collected the supernatants of 293 T cells overexpressing 
these ligands to incubate HSCs extracted from the old mouse bone 
marrow. The supernatant of wild-type 293 T cells was used as a control. 
Flow cytometry analysis revealed that compared with the control su
pernatant, the percentage of β-Gal-positive HSCs treated with the three 
protein supernatants was significantly reduced (Fig. 5C). RT-qPCR 
experiment indicated the expression of aging-related genes p16 and 
p21 in HSCs were also decreased after ligand incubation (Fig. 5D). These 
results indicate that the addition of extracellular ligands have the po
tential to alter the senescent signs of hematopoietic stem cells, which 
provides new targets into the intervention of HSC senescence. 

3. Discussion 

By scoring the strength of ligand-receptor interactions, we detected a 
large number of differential ligand-receptor interactions between old 
and young bone marrow cells. These differential interactions arise from 
multiple cell types. For example, CD4 follicular helper T cell is the 
sender cell that participates in the most differential LR interactions and 
CD 8 naïve T, as a receptor cell, participates in the most differential LR 

Fig. 4. SASP-related genes involves in differential LR interactions in old and young bone marrow. A. Left, among the 5560 significantly different LR interactions, 903 
contain the SASP-related genes. Right, of the 256 pairs of cells with differential LR interactions, 237 pairs are involved in the SASP-related genes. B. Number of 
significantly different LR interactions involved in all 20 SASP-related genes. C. Top 10 cell pairs containing the significantly different LR interactions involved in 
SASP-related genes. D. Proportion of cell types involved in 903 LR interactions. SASP-related genes may act as ligands or receptors. 
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interactions. Furthermore, some LR pairs appear frequently in differ
ential interactions, such as Thbs1 and the integrin family members 
(Itgb1, Itgb2, Itga4), indicating their potential roles in bone marrow 
aging, which is consistent with previous reports [44,45]. The receptors 
in differential LR interactions are mostly involved in cell adhesion and 
hematopoietic cell lineage, which are related to bone marrow hemato
poiesis and homeostasis [46,47]. These results confirm the significance 
of cellular communication in bone marrow aging. 

In addition, SASP-related genes are frequently involved in the dif
ferential intercellular communication in aging. Our results indentified 
SASP-related genes such as Icam1, Tgfb1, etc. are involved in a number 
of differential LR interactions. These genes have been revealed to be 
involved in the emergence of cellular senescence phenotypes [39,48, 
49]. Furthermore, all 16 annotated cell types are involved in 
SASP-mediated LR interactions, further confirming that key roles of 
SASPs in bone marrow aging. 

Interactions between HSCs and non-hematopoietic bone marrow 
cells are extensive and related to HSC states [8,43]. Our results confirm 
the extensive interactions between HSCs and non-adherent bone 

marrow cells and demonstrate that changes in extracellular ligands may 
influence HSC senescence. These ligands have been reported to be 
related to stem cell senescence, HSC regeneration, etc. [50–52]. How
ever, since several non-hematopoietic cells such as mesenchymal stem 
cells (MSCs) were not identified in our dataset due to the sample prep
aration and sequencing resolution, the interactions between MSCs and 
HSCs are not inspected. This limitation can be addressed by performing 
specific cell sorting prior to single-cell library construction in the future 
work. 

In summary, our work systematically identified and validated ligand- 
receptor interaction changes in the old and young bone marrow. These 
different interactions correspond to multiple cell types, exhibiting the 
extensive changes of intercellular communication in bone marrow 
aging. Our procedure can be used to discover potential markers of 
senescence and provide new clues for intervention in hematopoietic 
senescence. 

Fig. 5. Different LR interactions involving hematopoietic stem cells in old and young bone marrow. A. Left, the number of significantly different LR interactions with 
hematopoietic stem cells (HSC) as sender cell between the old and young group; Right, the number of significantly different LR interactions with HSC as receiver cell 
between the old and young group. MS> 0.1 and MS< − 0.1 indicate up-regulation and down-regulation in the old group respectively. B．KEGG pathways enriched by 
receptors in the significantly different LR interactions with HSC as receiver cells. C, D. HEK293T cells were used to overexpress the three ligands Igfbp4, Mmp9 and 
Selenop respectively. Then the supernatant was then collected to incubate HSCs. WT is the supernatant of wild-type HEK293T without overexpressed protein. Then 
SPiDER-βGal flow cytometry was used to detect the fluorescence intensity of HSCs (C) and RT-qPCR was used to detect the expression of p16 and p21 in HSCs (D). * P 
value < 0.05, ** P value< 0.01. 
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4. Materials and methods 

4.1. Sample collection 

Bone marrow samples were acquired from six mice (C57BL/6 strain, 
three in 88 weeks and three in 6 weeks). All mice were housed and 
treated under the protocol approved by Animal Care and Use Committee 
of Huazhong Agricultural University. Mice were euthanized by cervical 
dislocation and femurs were removed. Non-adherent Bone marrow cells 
were flushed from the bone marrow cavities and brought into single-cell 
suspension by pipetting up and down. Cells were mixed with 3 ml of 
Mouse 1 × Lymphocyte Separation Medium (DAKEWE, 7211011) and 
covered on the surface of the cell suspension with 1 ml IMDM (Gibco, 
12440053) medium. Residual red cells were lysed with red cell lysate 
(Solarbio life science R1010) on ice for 10 min, then washed twice 
(250 g for 10 min at 4 C) with ice-cold phosphate buffer saline (PBS). 

4.2. 10x Genomics single-cell transcriptome sequencing 

The protoplast suspension was loaded into Chromium microfluidic 
chips with 30 (v2or v3, depends on project) chemistry and barcoded 
with a 10X Chromium Controller (10X Genomics). RNA from the bar
coded cells was subsequently reverse-transcribed and sequencing li
braries constructed with reagents from a Chromium Single Cell 30v2 (v2 
or v3, depends on project) reagent kit (10X Genomics) according to the 
manufacturer’s instructions. Sequencing was performed with Illumina 
(NovaSeq 6000) according to the manufacturer’s instructions 
(Illumina). 

4.3. Single-cell transcriptome analysis 

Single-cell sequencing reads were aligned to the mouse reference 
genome (mm10) using Cellranger (v7.1.0) with default parameters. 
Genes expressed in at least three cells were retained in the results. Cells 
with fewer than 200 genes and with mitochondrial gene expression 
greater than 5 % were excluded. Additionally, doublets were identified 
and removed using DoubletFinder [53]. The cleaned alignment results 
were then subjected to the standard Seurat [54] analysis pipeline for 
data dimensionality reduction and clustering of single-cell data. Each 
cluster was annotated based on marker information and differentially 
expressed genes identified by Seurat. Furthermore, integration of 
single-cell data from different samples was performed using Harmony 
[55]. All tools were run with default parameters. 

4.4. Bone marrow cell annotation 

Each cell type was annotated based on specific marker gene 
expression. The marker genes of 11 types of mouse bone marrow cells 
were obtained from CellTaxonomy [56], including: B cell, Basophil, 
Erythroblast, Erythroid progenitor cell, Hematopoietic stem cell, 
Macrophage, Plasma cell, Monocyte, Naive B cell, Natural killer cell, 
Neutrophil. In addition, in order to further subdivide T cell sub
populations, we obtained five T cell subtype marker genes from ther
mofisher (https://www.thermofisher.cn/): CD4 helper T cell 1, CD4 
follicular helper T cell, CD4 regulatory T cell, CD8 effector memory T 
cell, CD8 naive T cell. All markers used for annotation are included in 
Table S2. 

4.5. Pipeline to identify different ligand-receptor interactions 

1) Use Seurat to obtain the gene expression (normalized counts) 
matrix and cell annotations of all cells in all samples. 

2) Calculate the ligand and receptor expression of all cell pairs based 
on the normalized counts matrix, cell annotations, and published ligand- 
receptor database. 

3) Calculate the interaction score of each pair of LR (LR score) 

according to the following formula: LR score = Lexp*Rexp / (Lexp+Rexp). 
Lexp and Rexp correspond to the ligand and receptor expression on the 
sender cell and receiver cell respectively. 

4) The mean difference of LR scores in two groups (MS) is calculated 
and P value is determined by permutation test (1000 times). 

4.6. LR database collection 

The interactions of mouse ligand and receptor were collected from 
CellChat [16], CytoTalk [57], and celltalkDB [58]. A total of 3781 
ligand-receptor pairs are included. Among them, 2575 LR pairs whose 
expression was observed in the annotated cells were retained. 

4.7. Pathway analysis 

Functional enrichment analysis was completed using DAVID 
(https://david.ncifcrf.gov/). Pathway information comes from KEGG 
(https://www.kegg.jp) [59] and GO (https://geneontology.org/) [60] 
databases. Human homologous SASP-related genes were extracted from 
previous work [36]. 

4.8. Flow cytometry 

Bone marrow cells were collected with the same to 10x genomics 
single-cell sample preparation. The cells were blocked with anti-mouse 
CD16/32 (BD Biosciences, 553141), and divided equally into two parts. 
For the isolation of CD8 naïve T cells, cells were stained with APC-Cy7- 
conjugated CD3 (BD Biosciences, 557596), FITC-conjugated CD8 (BD 
Biosciences, 553030), APC-conjugated CD44 (BD Biosciences, 559250), 
PerCPCy5.5-conjugated CD62L (BD Biosciences, 560513) antibodies, 
and for the isolation of monocyte, cells were stained with PerCPCy5.5- 
conjugated CD11b (BD Biosciences, 561114), APC-conjugated Ly6C 
(BD Biosciences, 560595) antibodies. The fluorescence associated with 
live cells was measured with a FACS Calibur (BD Biosciences) and data 
were analyzed with FlowJo software. 

4.9. RNA extraction and quantitative real-time PCR 

Total RNA was isolated from cells using RNAiso plus (Takara, 
108–95-2). A total of 0.5 μg RNA was reverse transcribed using Prime
ScriptTM RT reagent kit (Takara, RR037A). The first-strand cDNA 
products were further diluted by seven-fold and used as PCR templates. 
RT-qPCR was performed on the BioRAD CFX96™ Touch (Bio-Rad Lab
oratories Inc.,) using SYBR Green Supermix (Vazyme, Q312–02). All 
samples were normalized with the expression level of Gapdh and 
primers used are listed in Table S3. 

4.10. In vitro HSC cell senescence-associated β-galactosidase assays 

Mouse Igfbp4 (Refseq ID: 16010), Mmp9 (Refseq ID: 17395), and 
Selenop (Refseq ID: 20363) were cloned into protein expression plas
mids (Sino Biological Inc., Beijing, China). For polyethylenimine (PEI) 
transfection, each plasmid was transfected into HEK293T cells in two T- 
75 flasks. Untransfected wild-type HEK293T cells were used as control. 
The culture medium was harvested two days later and concentrated 
using a cutoff centrifugal filter unit (Millipore Sigma, Burlington, MA). 
Bone marrow cells were isolated from the leg bones of two 20-month-old 
female C57BL/6 mice, and then lymphocyte separation medium was 
used to isolate mononuclear cells. We then used a CD117 + sorting kit 
(Miltenyi Biotec, 130–097-146, CD117 MicroBeads) to select mouse 
CD117 + HSCs from mononuclear cells and seeded them into six-well 
plates. HSCs were cultured in BM medium containing CD3, CD6 and 
SCF to stimulate cell proliferation. Supernatants from HEK293T cells 
were added to incubate HSC cells in the next day. Cells were collected 
after 48 h and treated with a cellular senescence detection kit (SPiDER- 
βGal, Catalog number SG03) (Dojindo, Tokyo, Japan), followed by flow 
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cytometric analysis. 

4.11. Statistical analysis 

All statistical analyzes were performed using GraphPad Prism 
(GraphPad Software, La Jolla, CA) and R package (https://www.r-pro 
ject.org/). Cytoscape (https://cytoscape.org/) is used to draw network 
diagrams. 

Data and code availability 

The raw sequence data reported in this paper have been deposited in 
the Genome Sequence Archive (https://ngdc.cncb.ac.cn/gsa/) (GSA: 
CRA012404, https://ngdc.cncb.ac.cn/gsa/s/l48JgxCz). The Perl code to 
implement the pipeline is available on github (https://github.com/ 
GeneFeng/compareCCI). 
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