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Aging-induced immune microenvironment
remodeling fosters melanoma in male mice
via y617-Neutrophil-CDS8 axis
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Aging is associated with increased tumor metastasis and poor prognosis.
However, how an aging immune system contributes to the process is unclear.
Here, single-cell RNA sequencing reveals that in male mice, aging shifts the
lung immune microenvironment towards a premetastatic niche, characterized
by an increased proportion of IL-17-expressing yST (y517) and neutrophils.
Mechanistically, age-dependent downregulation of the immune trafficking
receptor Slprl drives the expansion of y617. Compared to young mice,
expanded y517 recruit tumor-promoting neutrophils with lower expression
levels of CD62L and higher levels of C-kit and CXCR4. These neutrophils
suppress the stemness and tumor-killing functions of CD8+ T cells in aged
male mice. Accordingly, antibody-mediated depletion of yS8T or neutrophils
reduces tumor metastatic foci in aged animals, and the administration of the
senolytic agent procyanidin C1 reverses the observed immune-mediated,
tumor-promoting effects of aging. Thus, we uncover a y617-Neutrophil-CD8
axis that promotes aging-driven tumor metastasis in male mice and provides

M Check for updates

potential insights for managing metastatic tumors.

Cancer is a principal cause of death worldwide, and population aging is
a vital determinant of most cancer-related deaths. Approximately half
of all new cancer cases are diagnosed in adults older than 65 years, and
this ratio is expected to increase in the future with the elderly popu-
lation becoming larger. More importantly, cancer patients mainly die
from metastasis rather than the primary tumor due to the higher
likelihood of developing invasive cancer in patients older than 60 years
compared to younger patients"*. However, the role of aging on tumor
metastasis is still inconclusive. Cancer and aging share several char-
acteristics such as genomic instability and chronic inflammation®;
meanwhile, certain types of cancers are more aggressive when diag-
nosed in younger patients*. Given the expanding aged population and
the World Health Organization’s prediction that up to 16% of the
population will be over 65 years of age by 2050, further studies are

needed to explore the impact of aging on cancer metastasis and
progression.

Immune surveillance is indispensable for preventing tumor
escape and suppressing cancer metastasis, and aging has been found
to significantly undermine this aspect of the immune system**. Studies
have shown that the immune system enters a systemic low-grade
chronic inflammation state, known as “inflamm-aging”, when aging
progresses’. This persistent inflammatory condition not only causes
tissue degeneration and dysfunction, but it is also highly correlated
with tumor metastasis®. Additionally, other age-related immune sys-
tem alterations are also long noticed, including immunosenescence
and the increase in immunosuppressive cell populations’. Our pre-
vious studies®’ revealed that aging reduces both naive and memory T
cells and polarizes them into effector, cytotoxic, exhausted, and
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regulatory cells. Meanwhile, the expression of a cluster of
inflammation-related genes was globally upregulated. These studies
explored systemic immune alterations during aging; however, the
impact of aging on modulating the local immune microenvironment
and ultimately influencing tumor metastasis has not been fully
investigated.

Malignant melanoma is a highly aggressive type of cancer char-
acterized by an escalating incidence and a relatively high tendency to
metastasize. This cancer affects primarily older individuals and aging is
an indicator of its poor prognosis'’. Unfortunately, current studies
mostly utilize young animal models, which possess distinguished
tumor immune microenvironment from the older individuals. This
discrepancy may at least partially explain the gap of the results
between the animal model and the patients.

In this work, we reveal that aging promotes metastasis of
melanoma in male mice. Based on the classical melanoma lung
metastasis model, we construct a comprehensive single-cell atlas
of the local immune microenvironment of lung tissue in young and
aged mice with and without tumor burden. Furthermore, we
uncover that aging hampers the tumor-killing capacity of CD8+
T cells through the y&17-Neutrophil-CD8 axis, which ultimately
facilitates tumor metastasis. Additionally, the administration of
procyanidin C1 (PCC1), a kind of senolytic agents, ameliorates the
impact of aging. Our findings elucidate the role of the aged
immune microenvironment in eliciting a premetastatic niche and
targeting the y&17-Neutrophil-CD8 axis, which represents an
effective strategy to inhibit tumor metastasis.

Results

Aging result significant alteration in tissue-resident immune cell
To understand the role of aging in the pathogenesis of melanoma, we
adopted a lung metastatic tumor model" by injecting B16F10 cells into
the tail veins of both young and old C57BL/6] mice. Compared to the
young mice, we observed three-fold increase in the number of pul-
monary metastatic foci in the aged mice three weeks after injection
(Fig. 1a). This observation was further validated by hematoxylin-eosin
staining (Supplementary Fig. 1a). Since melanoma also occurs in chor-
oid, we compared the metastasis pattern between the older and young
mice in an orthotopic ocular melanoma model by subretinal injection.
Shown in Fig. 1b, intraocular tumors formed in both young and old mice.
The number of liver micrometastatic foci was significantly higher in the
aged mice, suggesting that aging promotes metastasis.

We speculated that the above phenomenon was due to altered
immune microenvironment by aging. To test such speculation and
further uncover the underlying mechanism, we generated single-cell
RNA-seq (scRNA-seq) profiles of the lung tissue-resident immune cells
from four groups of mice, including young control (YC), aged control
(AC), young model (YM) and aged model (AM) mice. The model group
was injected with B16F10 cells via the tail vein to establish the afore-
mentioned lung metastasis, while the control group was not inocu-
lated with tumor cells. The graphic presentation of experiment
procedures is shown in Fig. 1c, highly purified immune cells in lung
tissue were sorted for the following scRNA-seq (Supplementary
Fig. 1b). No batch effect was seen between the four groups after cor-
rection with Harmony (Supplementary Fig. 1c). Based on the expres-
sion of classical lineage markers", we identified five major immune cell
lineages (Fig. 1d and Supplementary Fig. 1d, e), including T cells, B cells,
natural killer cells (NK), neutrophils, monocytes as well as “macro-
phages and dendritic cells” (MOMgDC).

We firstly examined the effects of aging on YC and AC groups.
Aging increased the proportion of neutrophil, decreased the propor-
tion of B cells and NK, and had less effect on MOMgDC (Fig. 1d). To
determine the aging-associated gene expression signature, we further
analyzed differentially expressed genes (DEG) of all immune cells
between YC and AC mice (Fig. 1e). We noticed that the inflammatory

factors $100a8, $100a9, Il1b, and the activation marker Cd44 were
among the upregulated DEGs. S100a8 and S100a9 are known to fre-
quently exist as homodimers and function as chemotactic factors in
neutrophils. They have also been reported to be important compo-
nents of the premetastatic niche™. Il1b induces metastasis through
IL-17 stimulation. Some melanoma metastasis-associated genes such as
Cxcr2, Mmp9 and Tgfbi were also upregulated in AC mice. The down-
regulated genes in AC mice included the naive phenotype-associated
gene Ccr7, combined with a higher expression level of the activation
marker Cd44 (Fig. 1e), probably indicating that aging results in immune
cells with a polarized phenotype®. These genes were also upregulated
or downregulated in various cell types (Supplementary Fig. 1f, g).
Consistent with the largest change observed in neutrophils popula-
tion, the Gene Ontology (GO) and pathway analyses showed a series of
neutrophil-related pathways including degranulation, migration, che-
motaxis and activation among the upregulated pathways. The inflam-
matory response and positive regulation of angiogenesis pathway
were also upregulated (Fig. 1f). Interestingly, 1I-17 signaling pathway
was identified as one of the major interleukin pathways. In consistency
with the decreased B cell population in AC mice, among down-
regulated pathways (Fig. 1g) are lymphocyte-associated including
lymphocyte differentiation, signaling by the B cell receptor, antigen
processing and presentation, together with translation-associated
pathways (ribosomal large subunit assembly, translational initiation).
Since translation is among the top list for energy consumption, its
downregulation may reflect the reduction of energy production,
synergized by downregulated cellular respiration. Generally,
decreased energy metabolism is a phenomenon known in aging. In
addition, the T cell-related pathways are among those downregulated
signaling, indicating their functional changes. We also calculated the
scores of several inflammation-related pathways, which showed
increased abundance across multiple cell types with aging (Supple-
mentary Fig. 1h). In B cells and NK cells (both ratios decreased), we also
observed an increase in inflammation-related pathways such as
inflammatory response and IL-17 signaling pathway, along with a
decline in pathways related to lymphocyte activation and differentia-
tion with aging (Supplementary Fig. 2a, b). Gene Set Variation Analysis
(GSVA) of each cell type showed that during the aging process, DNA-
repair-related pathways such as sensing of DNA double-strand breaks
were downregulated, while angiogenesis-related pathways, including
integrin biosynthetic process and matrix metalloproteinases, were
upregulated in all cell types (Supplementary Fig. 2c). Senescence-
associated secretory phenotype (SASP) is a series of bioactive mole-
cules produced by senescent cells which may promote tumor
metastatic*. Our data showed the abundance of SASP genes increased
with aging (Fig. 1h), and the senescence-associated (-galactosidase
(SA-B-Gal) staining, a classical marker of cellular senescence, was also
increased in all immune cells and neutrophil subset (Fig. 1i). In addi-
tion, we performed a comprehensive comparative analysis between
aging DEGs and melanoma-related genes using the DisGeNET data-
base. We found that aging mice had a higher abundance of melanoma-
related genes compared to young mice, suggesting that aging might
upregulate the expression of genes that promote tumor progression
(Supplementary Fig. 2d). Furthermore, the score of cancer-related
pathway gene sets in AC mice was higher than the YC in B cells and
T cells (Supplementary Fig. 2e).

Collectively, we established an integral profile of aged lung tissue-
resident immune cells and found that aging led to a pro-inflammation
and pro-angiogenic phenotype with the recruitment and activation of
neutrophils.

Aging alters the function and differentiation of MOMgDC

and T cell

We then focused on two cell clusters whose proportional changes
might not be readily apparent but played crucial roles in tumor
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metastasis. MOM@DCs were found to drive cancer metastasis via
immunosuppression* and angiogenesis®. Therefore, we further re-
clustered MOMgDC into macrophages, monocytes, type 1 conven-
tional dendritic cells (cDCI), type 2 conventional dendritic cells
(cDC2), plasmacytoid dendritic cells (pDC), and mature dendritic cells
enriched in immunoregulatory molecules (mregDC)* (Fig. 2a and

<9
—0;4
3]
2

YC AC

Supplementary Fig. 3a, b). The proportion of each cell subset did not
significantly differ between the young and aged control groups (Sup-
plementary Fig. 3c). Analysis of DEGs showed that aging primarily
affected dendritic cells, with a notable downregulated DEGs in mregDC
and pDC (Supplementary Fig. 3d). Among the upregulated genes, pro-
inflammatory genes, such as Wfdc17, S100a8, S100a9, and Hsp90aal,
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Fig. 1| Study design and scRNA-seq analysis of aged lung immune micro-
environment. a Representative images and quantitative results of lung metastases
in young and aged mice. Each mouse was injected with 5 x 10° B16F10 cells via the
tail vein. Each group contains six mice. Young mice are 2 months old, aged mice are
20 months old. Data expressed as mean + SD. P=5.0E-05. Significance was deter-
mined using unpaired two-tailed Student’s ¢ test. ***P < 0.0001. YM young model,
AM aged model. Scale bars: 200 mm. b Representative images and quantitative
results of liver metastases (arrow) after intraocular tumor establishment in young
and aged mice. Each mouse was injected with 2.5 x 10° B16F10 cells via subretina.
Young mice are 2 months old, aged mice are 20 months old. Each group contains
eight mice. Data expressed as mean + SD. P=1.7E-04. Significance was determined
using an unpaired two-tailed Student’s ¢ test. **P < 0.001. Scale bars: 100 um,
200 um. ¢ Schematic of the experimental design for scRNA-seq. YM and AM groups
were respectively injected with B16F10 cells via the tail vein at day 0, and then the
lung immune cells of YC, AC, YM, and AM groups were sorted for scRNA-seq at day
21. YC young control, AC aged control. Each image was drawn by PaintTool SAI
(version 1.2) and Adobe illustrator 2023 (version 27.0). d Uniform manifold
approximation and projection (UMAP) plot showing the cluster of cell types, pie
charts showing the percentages of the immune cells in AC and YC groups. MoMgDC
macrophages, monocytes and dendritic cells, NK natural killer cells. e Volcano plot

showing upregulated and downregulated DEGs of all immune cells (as a whole)
between AC and YC mice. Significance was determined using “FindMarkers” func-
tions of Seurat package with Wilcoxon Rank Sum test and adjusted by Bonferroni
correction. Representative GO terms and KEGG pathways enriched in upregulated
DEGs (f) and downregulated DEGs (g) of all immune cells (as a whole) in the AC/YC
comparison. Significance was calculated based on the accumulative hypergeo-
metric distribution by Metascape webtool. h Kernel density estimation plot
showing the shift of senescence-associated secretory phenotype (SASP) gene set
score with age in total immune cells from mouse lung, calculated based on gene
expression. The x-axis shows the range of scores, the y-axis indicates the calculated
density, representing the likelihood of data falling within each range on the x-axis
SASP: Senescence-associated secretory phenotype. i MFI of SA-B-Gal in all immune
cells and neutrophils in lungs from YC/AC groups, which were measured by flow
cytometry, calculated on CD45+ cells or CD45+CD11B+LY6G+ cells. Each group
contains six mice. Data expressed as MFI of SA-B-Gal (mean + SD). All immune cell
(P=1.2E-03), neutrophil (P = 2.0E-05). Significance was determined using unpaired
two-tailed Student’s ¢ test. SA-B-Gal senescence-associated [3-galactosidase, MFI
mean fluorescence intensity. ***P < 0.0001, **P < 0.01. Source data are provided as
a Source Data file.

were commonly observed across various subtypes (Supplementary
Fig. 3e). The GO and pathway enrichment analysis indicated that IL-
17A-related pathways were upregulated in all subsets of myeloid cells
in AC mice; angiogenesis-related pathways were enriched in mono-
cytes and pDC, cell death- and cellular senescence- related pathways
only in dendritic cells (Fig. 2b). The score of inflammation-related
pathway was significantly increased in various subtypes during aging
(Supplementary Figs. 3f and 4a). Furthermore, downregulated path-
ways were primarily found in dendritic cells and related to adaptive
immunity, implying their decreased functions in modulating B cells
and T cells. (Supplementary Fig. 4b). As monocytes can differentiate
into both macrophages and dendritic cells, we investigated the dif-
ferentiation trajectory of MOMgDC. Interestingly, the aging process
affected the differentiation of mregDC, a type of dendritic cell with
immunoregulation abilities found in various cancer types”. Along the
pseudo-time course, MOM@DC cells exhibited two distinct states: state
1and state 4 (Supplementary Fig. 4c). MregDCs in YC mice exclusively
differentiated into state 4, while a substantial proportion in AC dif-
ferentiated towards state 1 (Supplementary Fig. 4d). A comparison
between these two states showed that mregDCs in state 1 exhibited an
immunosuppressive state, with lower expression level of /[i2b and
CLEC7A (Dectin-1) signaling pathway components (Supplementary
Fig. 4e, f), both of which are involved in anti-tumor immunity”"*, In
addition, pathways related to immune activation, such as downstream
TCR signaling and the positive regulation of T cell activation, were also
downregulated in cells of state 1 (Supplementary Fig. 4f). Thus, aging
induces a combination of pro-inflammatory and immunosuppressive
phenotypes in MOMgDC.

Tumor-infiltrating T cells play a dual role in tumor metastasis,
such as regulatory T cells (Treg) being tumor-promotive and CD8+
T cells being tumor-suppressive. This prompted us to make a more
detailed examination of T cells. We classified T cells into five subtypes
(Fig. 2c and Supplementary Fig. 5a, b): CD4+ T cells, CD8+ T cells,
natural killer T cells (NKT), gamma delta T cells (y8T), and proliferative
T cells. The AC mice had a reduced proportion of CD4+ T and pro-
liferative T cells, an increased proportion of CD8+ T cells, y8T cells, and
NKT cells (Fig. 2¢). Given that a reduced CD4+/CD8+ T cell ratio is
indicative of an immunosenescent state’, we further substantiated this
observation through flow cytometry analysis (Fig. 2d). Considering the
pivotal role of lymph nodes and spleens as secondary lymphoid organs
in mediating systemic immune responses to tumors®, we extended
our validation efforts to include these anatomical sites (Supplemen-
tary Fig. 5c). The GO and pathway analyses for each T cell subtype
revealed that inflammation-associated pathways were upregulated in

all subtypes, with the IL-17 signaling pathway showing the highest
levels in y8T cells and inflammatory response pathways being most
prominent in NKT cells, implying the involvement of T cells in aging-
related inflammation (Fig. 2e). The pathways in cancer and the PD-1
related pathway were enhanced in most subtypes, whereas adaptive
immune response related pathways were downregulated in pro-
liferative T cells and CD8+ T cells, again pointing out the potential
connection between aged T cells and cancer development (Fig. 2e and
Supplementary Fig. 5d). Next, we used SCENIC package to predict the
transcription factor regulatory network underlying aging to determine
how the complex transcription regulation network is modulated by
aging. By comparing the relative regulon activity of all cells from AC
and YC mice, we obtained the top 10 age-dependent upregulated and
downregulated transcription factors. Among them, Rora, a pivotal
regulator of IL-17, showed the highest increase in transcriptional
activity in AC mice compared to YC (Fig. 2f). Rorc, another transcrip-
tion factor that regulates the IL-17 family members also showed higher
activity (Fig. 2f). And these transcription factors were more closely
associated with DEGs in yOT cells (Supplementary Fig. Se). To deter-
mine the T cell subtypes in which these transcription factors were
active, we conducted a regulon specificity score analysis across dif-
ferent cell subtypes in both YC and AC mice. In AC mice, the regulon
specificity score of Rora and Rorc regulons in yST cells were higher
compared to any other subsets, and their activity levels were also
much higher than those in YC mice (Fig. 2g and Supplementary
Fig. 5f, g). Further, among all T cell subpopulations, IL-17A showed the
highest expression level in yST cells based on scRNA-seq data (Fig. 2h).
y617 cells have been reported to exert pro-tumorigenic effects?,
combined with the result showing the increased y5617 population in AC
mice (Fig. 2c), we speculated that aging-enhanced tumor metastasis
may be related with expansion of y517 cells.

Previous studies have reported that IL-17 can recruit neutrophils?,
which are able to suppress CD8+ T cell-mediated tumor killing®.
Therefore, we speculated that the aging process may contribute to
tumor metastasis through mechanisms involving the upregulation of
Y617 cells, recruitment of neutrophils, and suppression of CD8+ T cells.
We used the CellphoneDB and CellChat packages to analyze inter-
cellular communication including secreted signaling analysis and
extracellular matrix-related signaling analysis. The results supported
our hypothesis. The secreted signaling analysis from y8T to neu-
trophils was only seen in AC mice and the extracellular matrix-related
signaling analysis from neutrophils to CD8+ T cells was much stronger
in AC mice than in YC mice (Supplementary Fig. 6a, b). We then
examined the top three enhanced ligand-receptor pairs between yST|
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infiltration’’. CD47-SIRPG* and CCL4-CCR5* have been shown to emerged as top5 transcription factors in y8T cells of YM mice (Sup-
contribute to tumor progression. The similar phenomena were plementary Fig. 6d). In AM mice, Rorc remained among the top5
observed in the modeled mice. T cells from YM mice showed increased  transcription factors, and Hif, an oncogenic transcription factor, also
relative regulon activity of Tcf7 and Lefl, indicating enhanced displayed a high regulon specificity score (Supplementary Fig. 6e). In
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Fig. 2 | scRNA-seq reveals the changes in aged myeloid and T cell subsets.

a UMAP plot of myeloid cell subsets. cDCI type 1 conventional dendritic cells, cDC2
type 2 conventional dendritic cells, mregDC mature dendritic cells enriched in
immunoregulatory molecules, pDC plasmacytoid dendritic cells. b Dot plot
showing representative GO terms and KEGG pathways enriched in upregulated
DEGs of myeloid cell subsets in the AC/YC comparison. Significance was calculated
based on the accumulative hypergeometric distribution by Metascape webtool.

¢ UMAP plot of T cell subsets and Pie charts showing the percentages of the T cell
subsets in AC and YC groups. NKT natural killer T cells, y6T gamma delta T cells.
d Proportions of lung CD4+ and CD8+ T cells were measured by flow cytometry,
gated on CD45+CD3+ cells. Each group contains six mice. Data expressed as % of
CD4+ T cells or CD8+ T cells (mean + SD). CD4+ (P=1.3E-04), CD8+ (P=0.04).
Significance was determined using unpaired two-tailed Student’s ¢ test. *P< 0.05,

***P < 0.001. e Dot plot showing representative GO terms and KEGG pathways
enriched in upregulated DEGs of T cell subsets in the AC/YC comparison. Sig-
nificance was calculated based on the accumulative hypergeometric distribution by
Metascape webtool. f Heatmap exhibiting the top 10 active transcription factors of
AC and YC groups, color key from blue to red indicates expression levels from low
to high. g Dot plot showing top 5 regulon specificity score across T cell subsets in
AC group. h Heatmap showing the average IlI-17a expression levels across T cell
subsets between AC and YC groups. i Cell-cell communication was analyzed by
cellphoneDB, obtaining the expression level of interaction pairs among cell sub-
types between AC and YC groups. Heatmap showing the expression of top three
interaction pairs: TNF_TNFRSFI1A, TNF_TNFRSF1B and CD47_SIRPG between

yST cells and neutrophils; SPP1_PTGER4, CCL4_CCRS and CCL4_SLC7A1 between
neutrophils and CD8+ T cells. Source data are provided as a Source Data file.

AM mice, the secreted signaling analysis from yS8T to neutrophils was
more visible and the extracellular matrix-related signaling analysis
from neutrophils to CD8+ T cells was much stronger than in YM mice
(Supplementary Fig. 6f, g). IL-17A continued to show the highest
expression in yST cells (Supplementary Fig. 6h). Additionally, the
tumor-promoting pairs CCL3-CCR5* and PDCDI-CD274%, were upre-
gulated (top 3) with aging in ySTIneutrophil and neutrophil|CD8+
T cells, respectively (Supplementary Fig. 6i). Taken together, these
findings indicate the y617, neutrophils, and CD8+ T cells may be
involved in the increased metastatic propensity induced by aging.

Aging facilitates the expansion of y617 and the recruitment of

neutrophils

Following the identification of deviations in y&17, neutrophils, and
CD8+ T cells in aged mice, we decided to analyze whether these
alterations indeed hold substantial importance in age-induced cancer
metastasis. We first assessed the proportions of these cells in YC, YM,
AC and AM mice. In the lungs, the proportion of yST cells significantly
increased with age, and this difference was further exacerbated in
tumor-bearing mice, indicated by scRNA-seq and further verified by
flow cytometry (Supplementary Fig. 7a and Fig. 3a). This was consistent
with the quantitative data (Fig. 3b). We also analyzed the cells from
lymph nodes and spleens to explore the correlations between local
and systemic responses. The results from lymph nodes showed a
pattern like that observed in the lungs (Supplementary Fig. 7b, c),
spleens displayed a moderate different pattern, with a lower ratio of
YST cells in aged mice (Supplementary Fig. 7d, e). To further investi-
gate the factors contributing to that increase in lungs, we analyzed the
DEGs of yS6T between the four pair-wise comparisons (Fig. 3c). Two
DEGs, Cd69 and Siprl aroused our special attentions. CD69 is an early
immune system activation marker®’, which functions as a negative
regulator of Slpr1®. Slprl is an egress receptor required for lympho-
cyte trafficking®. yST cells are a kind of tissue-resident cell, primarily
self-renewing and partially migrating from peripheral immune
organs*. We observed a higher expression of CD69 in y5T cells of aged
mice in the lungs, lymph nodes and spleens (Fig. 3d and Supplemen-
tary Fig. 7f, g). Correspondingly, the expression of Slprl was down-
regulated in lung tissue-resident yST cells (Fig. 3e), upregulated in
lymph nodes and it did not exhibit statistical significant in spleens
during the aging process (Supplementary Fig. 7h, i). This differential
expression of Slprl could retain lung-resident yST cells and indicate
the migration of yST cells from lymph nodes to the lungs. GO and
pathway analyses of yOT cells indicated that both aging and tumor
burden increased IL-17 signaling pathway in these cells (Supplemen-
tary Fig. 7j). Interestingly, neutrophil degranulation pathway and
neutrophil chemotaxis pathway were enhanced in the presence of
tumor burden and aging process, which may indicate the increased
interaction between yST cells and neutrophils. Data from scRNA-seq
and flow cytometry further supported the upregulation of the IL-17
expression in aged groups, and tumor burden further increased IL-17

expression in ages mice, with no discernible difference observed in
young mice (Fig. 3f, g). The alteration of y617 in lymph nodes and
spleens were consistent with that observed in the lungs (Supplemen-
tary Figs. 7k and 8a). It has been reported that y8T cells have a dual role
towards tumor, with y517 cells promoting tumor growth and IFN-y-
producing y8T cells (y51) inhibiting®. The proportion of y51 showed
no significant difference among the four groups in all examined tissues
(Supplementary Fig. 8b-d). We further examined the expression levels
of S1prlin y817 cells across the four groups and found that the changes
in Slprl expression followed the same trend as observed in the overall
yST cell population (Supplementary Fig. 8e). These results suggest that
aging could increase the proportion of y817 cells possibly via differ-
ential expression of Slprl and the presence of a tumor seems to further
enhance this difference.

Given that IL-17 can recruit neutrophils, we subsequently exam-
ined changes in the neutrophil ratio during aging. Single-cell and flow
cytometry data consistently revealed that aging increases lung-
resident neutrophils (Supplementary Fig. 8f and Fig. 3h, i). Addition-
ally, flow cytometry analysis confirmed that tumors exhibit a syner-
gistic effect with aging in this context (Fig. 3h, i). On the other hand, in
lymph nodes and spleens, aging increases the proportion of neu-
trophils in tumor-bearing mice (Supplementary Fig. 8g, h). Bone
marrow is an important storage pool for neutrophils and serves as a
source of peripheral neutrophils®. Therefore, we also collected cells
from bone marrow, disclosing a similar pattern aligned with lungs
(Supplementary Fig. 8i). Together, aging increased the proportion of
neutrophils, and this increase was specifically more pronounced in
tumor-bearing aged mice.

Y617 skew neutrophils toward a more pro-tumoral phenotype
in aging

Given the results showing neutrophil expansion and increased IL-17
pathways, we investigated their connections to explore the possible
mechanisms of immune remodeling during aging. It is known that
CXCR2 is a chemokine receptor primarily expressed in neutrophils®. It
responds to IL-17A and mediates neutrophil migration towards tumor
sites®®. Thus, we examined the CXCR2 levels expressed in neutrophils
of bone marrow and found increased CXCR2 levels in the aged groups,
regardless of the presence of tumors, indicating a stronger mobiliza-
tion signal from the bone marrow to the peripheral tissues with aging
(Fig. 4a, b).

Next, we further investigated the alterations in neutrophil func-
tion caused by aging. Through GSVA analysis of neutrophils, we dis-
covered that the predominant pathways increased by both tumor
bearing and aging are among the kit-related pathways (Fig. 4c). C-kit is
a hallmark of premature neutrophils associated with tumor invasion®’.
We observed its significant increase in the lungs during aging, whether
with tumor bearing (Fig. 4d). Additionally, the expression of c-kit
exhibited an increase in bone marrow neutrophils from aged mice,
with a statistically significant difference between YM and AM mice
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(Supplementary Fig. 9a). From GO and pathway analyses, we found
that neutrophils in aged mice demonstrated reduced overall metabolic
activity (Supplementary Fig. 9b), relatively higher level of Rho GTPase-
related signaling and reactive oxygen species process-related signaling
(Fig. 4e). Both Rho GTPase and reactive oxygen species have tumor-
, and their related pathways are more

promoting effects®®*

significantly elevated in the AM mice. Importantly, in tumor bearing
mice, we found that aging promoted neutrophil extracellular traps
formation (Fig. 4e). Neutrophil extracellular traps are extracellular
structures released by active neutrophils and are linked to promoting
inflammation for tumor progression*’. These changes together poin-
ted to active neutrophils which had been shown to promote
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Fig. 3 | Aging facilitates the recruitment of tissue-resident y617 and neu-
trophils. a Proportions of lung y8T cells were measured by flow cytometry, gated
on CD45+ cells. Each group contains six mice. Data expressed as % of y6T cells
(mean + SD). YC-AC (P=0.01), AC-AM (P=0.04), YM-AM (P =3.5E-03). Significance
was determined using one-way ANOVA. *P< 0.05, *P < 0.01, **P< 0.001, ns no
significance, P> 0.05. b Quantity of yST cells in per 0.1 g lung. Each group contains
six mice. Data expressed as number of y8T cells (mean = SD). YC-AC (P=0.02), AC-
AM (P=6.0E-04), YM-AM (P =2.0E-04). Significance was determined using one-
way ANOVA. *P < 0.05, **P < 0.01, **P < 0.001, ns no significance, P> 0.05. ¢ Volcano
plot showing DEGs in AC/YC, AM/YM, YM/YC, and AM/AC comparison. Significance
was determined using the “FindMarkers” functions of the Seurat package with the
Wilcoxon Rank Sum test and adjusted by Bonferroni correction. Proportions of
lung CD69 +y8T (d) and S1PR1 +y8T (e) cells from AC and YC mice were measured
by flow cytometry, gated on CD45+CD3+yS8TCR+ cells. Each group contains six
mice. Data expressed as % of CD69 +yST or SIPR1 + y8T cells (mean + SD). P=3.4E
-04 (d); P=0.03 (e). Significance was determined using an unpaired two-tailed

Student’s t test. *P < 0.05. f Violin plot showing average expression levels of IL-17A in
YS8T cells in each group, based on the scRNA-seq data. g Proportions of lung IL-
17A +y8T cells were measured by flow cytometry, gated on CD45+CD3+y8TCR+
cells. Each group contains six mice. Data expressed as % of y817 cells (mean + SD).
YC-AC (P=0.01), AC-AM (P=7.1E-05), YM-AM (P = 2.8E-07). Significance was
determined using one-way ANOVA. *P < 0.05, ***P < 0.0001, ns P> 0.05.

h Proportions of lung neutrophils were measured by flow cytometry, gated on
CD45+ cells. Each group contains six mice. Data expressed as % of neutrophils
(mean = SD). YC-AC (P=0.02), AC-AM (P=1.1E-03), YM-AM (P =1.6E-05). Sig-
nificance was determined using one-way ANOVA. *P < 0.05, **P< 0.01,

***P < (0.0001, ns P>0.05. i Quantity of neutrophils in per 0.1g lung. Each group
contains six mice. Data expressed as number of neutrophils (mean + SD). YC-AC
(P=0.02), AC-AM (P=3.5E-06), YM-AM (P =1.7E-07). Significance was determined
using one-way ANOVA. *P< 0.05, ***P < 0.0001, ns P> 0.05. Source data are pro-
vided as a Source Data file.

metastasis, characterized by higher expression level of CXCR4 and
lower CD62L**2, Using flow cytometry, we confirmed that aging ele-
vated CXCR4 expression, with a more pronounced effect in model
mice, and reduced CD62L expression in both AC and AM lung tissues
(Fig. 4f and Supplementary Fig. 9c). A similar trend was also observed
in the bone marrow (Supplementary Fig. 9d, ). Next, we investigated
the potential molecular factors behind increased neutrophil activity in
aging mice. Toll-like receptors and CD54 are known to boost neu-
trophil activity*®. We found aging did not alter TLR2 expression in lung
and bone marrow neutrophils (Supplementary Fig. 9f, g), but it
increased TLR4 expression in the lung (Supplementary Fig. 9h) with no
changes in the bone marrow (Supplementary Fig. 9j). Aging also ele-
vated CD54 expression in lung neutrophils of AM (Supplementary
Fig. 10a), not in the bone marrow (Supplementary Fig. 10b). These
findings may partly explain the increased neutrophil activity observed
in aging mice.

To determine whether these neutrophil phenotype changes were
associated with y817 cells, we depleted yST cells in mice using an anti-
YSTCR antibody** (Supplementary Fig. 10c). The number of pulmonary
metastatic foci decreased significantly in AM mice, but not in YM mice
(Fig. 4g, h and Supplementary Fig. 10d, e). Whereas yST-depletion
decreased the proportion and number of total neutrophils in both YM
and AM mice, it only reversed the increased proportion of immature
neutrophils, elevated CXCR4 expression, and decreased CD62L
expression in AM mice (Fig. 4i, j and Supplementary Fig. 10f, g). In
conclusion, aging increased the abundance of y617 cells, which can
recruit neutrophils and potentially induce their transition to a pro-
tumorigenic phenotype.

Neutrophils inhibit the proliferation of CD8+ T cell
through Arg2
As shown in Fig. 4e, AM mice exhibited increased negative regulation
of the T-cell proliferation pathway compared with YM mice. Since
CD8+ T cells play a vital role in anti-tumor immunity, we proceeded to
investigate the impact of neutrophils on CD8+ T cells. From these
GSVA analysis of neutrophils in the YC, YM, AC and AM mice, we
observed that several arginine-related pathways were altered by aging,
such as arginase activity, arginine metabolic and catabolic processes
(Fig. 5a). Arginase catalyzes the breakdown of arginine, thereby inhi-
biting the proliferation of activated T cells®. Our further scRNA-seq
analysis showed that arginase 2 (Arg2) was expressed at a higher level
in the neutrophils of AM than YM mice (Fig. 5b). Flow cytometry also
revealed a higher expression of Arg2 in neutrophils from the lungs and
bone marrow of tumor-bearing mice (Fig. 5c, d). This difference was
not observed in tumor-free mice (Supplementary Fig. 10h-j).

To further explore the impact of neutrophil-derived Arg2 on CD8+
T cells, we first examined the levels of Arg2 in both serum and the
supernatant of bone marrow-derived neutrophil cultures. The

concentration of Arg2 in the serum and neutrophil culture medium
was found to be increased in both aged groups (Fig. Se, f). Subse-
quently, we designed an in vitro co-culture experiment. CD8+ T cells
isolated from the spleen of YC mice were cultured with bone marrow
neutrophils from YM and AM mice, with or without BEC hydrochloride,
which functions as an inhibitor of Arg2 (Fig. 5g). We found that neu-
trophils from AM mice significantly suppressed the proliferation CD8+
T cells, and this inhibition was reversed by the additional BEC hydro-
chloride (Fig. 5h). Since PD-1 is commonly utilized by cancer cells to
evade immune detection and can inhibit T cell proliferation, we also
assessed the expression levels of PD-1in CD8+ T cells. CD8+ T cells co-
cultured with neutrophils from AM mice exhibited a significantly
higher ratio of exhausted PD-1+ CD8+ T cells (Fig. 5i).

Neutrophils from the aged male mice suppress the stemness of
CDS8-+ T cell

Considering the pro-tumor role of neutrophils within the aging
microenvironment, we used Ly6G-specific antibodies to deplete
neutrophils*®. Depleting neutrophils resulted in notable pulmonary
metastatic foci decrease in AM mice, with no apparent impact in YM
(Fig. 6a, b and Supplementary Fig. 11a, b). Furthermore, the percentage
and number of tumor-infiltrating CD8+ T cells significantly increased in
aged mice, but not in the young (Supplementary Fig. 1ic, d). Similar
results were observed in the lymph nodes (Supplementary Fig. 11e, f).
Therefore, we focused on CD8+ T cells to dissect the detailed
mechanism regarding how neutrophils modulated T cells dur-
ing aging.

First, we examined age-related transcriptional alterations in CD8+ T
cells. During aging, the proportion of naive CD8+ T cells (Cd44-Cd62l+)
decreased, and the percentage of terminally exhausted CD8+ T cells
(Havcr2+Pdcdl+) increased (Supplementary Fig. 11g, h), indicating a
gradual decline of CD8+ T cells functionality. A subset of DEGs results
from AC/YC and AM/YM were similar: markers of exhaustion such like
Pdcdl, Tox and Tigit were upregulated, while markers of stemness*’ such
as Tcf7, Ccr7, and Sell were downregulated (Supplementary Fig. 11i). The
number of overlap DEGs between AC/YC and AM/YM comparison was
significant (Supplementary Fig. 11j). GSVA analysis revealed upregulation
of the immunosuppression pathways in aged CD8+ T cells, along with
downregulation of proliferation and cell killing-related pathways
(Fig. 6¢). All the aforementioned alterations pointed towards the loss of
CD8+ T cells stemness during aging. We then contemplated whether the
decrease of CD8+ T cell stemness could be attributed to neutrophils.
Therefore, we proceeded with the neutrophil depletion strategy. It
presented a noteworthy upregulation in the expression of TCF1 (enco-
ded by T¢f?) and Ki67 (a biomarker for proliferation) within the CD8+
T cells at the tumor site in aged mice (Fig. 6d, e), suggesting an
enhanced state of stemness. This difference was not observed in young
mice (Supplementary Fig. 12a, b). Similar results regarding TCF1 were
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observed in lymph nodes (Supplementary Fig. 12¢, d). The pattern of
Ki67 expression showed similarity in spleens (Supplementary Fig. 12e, f).
Intriguingly, in lymph nodes, neutrophil depletion lowered the ratio of
Ki67+CD8+ T cells in young mice but did not alter it in aged animals
(Supplementary Fig. 12g, h). After removing neutrophils from aged mice,
the tumor-infiltrating CD8+ T cells exhibited a higher percentage of

CD44-CD62L+ (naive), CD44+CD62L+ (central memory), and a lower
percentage of CD44+CD62L- (effector memory) phenotype (Fig. 6f and
Supplementary Fig. 12i). Given that T cells differentiate from naive to
memory, progressing from central memory to effector memory, this
transition signifies a shift towards a stem cell-like phenotype. In contrast,
this shift was not statistically significant in young mice (Supplementary

Nature Communications | (2024)15:10860


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55164-3

Fig. 4 | y617 rendered neutrophils to present a more pro-tumoral phenotype in
an aging state. Proportions of CXCR2+ cells in neutrophils in bone marrow from
AC/YC groups (a) and AM/YM groups (b), measured by flow cytometry, gated on
CD45+CD11B+LY6G+ cells. Each group contains six mice. Data expressed as % of
CXCR2+ neutrophils (mean + SD). P=4.8E-03 (a); P=2.1E-05 (b). Significance was
determined using unpaired two-tailed Student’s ¢ test. **P < 0.01, ***P < 0.0001.

¢ Based on the scRNA-seq data from lung, heatmap showing representative KEGG
pathways of neutrophils across AC, YC, AM and YM groups, calculated by GSVA
packages. Color key from white to red indicates expression levels from low to high.
d Proportions of lung c-Kit+ neutrophils were measured by flow cytometry, gated
on CD45+CDI11B+LY6G+ cells. Each group contains six mice. Data expressed as % of
c-Kit+ neutrophils (mean + SD). YC-AC (P = 0.01), YM-AM (P =1.0E-04). Significance
was determined using one-way ANOVA. *P< 0.05, **P < 0.001, ns P> 0.05. e Dot
plot showing representative GO terms and KEGG pathways enriched in upregulated
DEGs of neutrophils in the AC/YC and AM/YM comparison. Significance was cal-
culated based on the accumulative hypergeometric distribution by Metascape
webtool. f MFI of CXCR4 in neutrophils of lung from AM/YM/AC/YC groups, which
were measured by flow cytometry, gated on CD45+CD11B+LY6G+ cells. FMO

fluorescence minus one control. Each group contains six mice. Data expressed as
MFI of CXCR4 (mean + SD). YC-YM (P=8.4E-03), AC-AM (P=1.1E-06), YM-AM
(P=3.5E-04). Significance was determined using one-way ANOVA. **P< 0.01,

***P < 0.001, ***P<0.0001, ns P> 0.05. Representative images and quantitative
results of lung metastases in aged (g) and young (h) mice with anti-ySTCR or
isotype (control) treated. Each group contains six mice. Data expressed as number
of metastases (mean + SD). P=0.01 (g); P=0.7 (h). Significance was determined
using unpaired two-tailed Student’s ¢ test. *P < 0.05, ns P> 0.05. Proportions and
quantity of neutrophils (i) and c-Kit+ neutrophils (j) were measured by flow cyto-
metry, gated on CD45+ cells or CD45+CD11B+LY6G+ cells. Each group contains six
mice. Data expressed as % or number of neutrophils, c-Kit+ neutrophils

(mean * SD). Neutrophils-ratio: AM (P=2.3E-05), YM (P = 6.5E-03); Neutrophils-
number: AM (P=14E-04), YM (P=0.03). c-kit+ neutrophils-ratio: AM (P=6.74E-03),
YM (P=0.93); c-kit+ neutrophils-number: AM (P=18E-03), YM (P=0.08). Sig-
nificance was determined using unpaired two-tailed Student’s ¢ test. *P< 0.05,
*P<0.01, **P<0.001, ***P< 0.0001, ns P>0.05. Source data are provided as a
Source Data file.

Fig. 12j). A similar trend was observed in spleens (Supplementary
Fig. 13a, b). However, the CD8+ T cells stemness of lymph nodes showed
a decrease in young mice after neutrophil depletion (Supplementary
Fig. 13¢c, d). Together with the results of Ki67, it may suggest an age-
based effect of neutrophils on CD8+ T cells. In addition, neutrophil
depletion diminished the ratio of Tim3+PD-1+CD8+ T cells (terminally
exhausted) in lungs from AM mice, not in YM mice (Fig. 6g and Sup-
plementary Fig. 13e). In the peripheral lymphoid organs, the proportion
of Tim3+PD-1+CD8+ T cells appeared to be unaffected by neutrophils;
but the PD-1 single-positive CD8+ T cells possessed the same pattern
(Supplementary Fig. 14a-d). The cytotoxicity of CD8+ T cells against
tumor cells was characterized by the secretion of IFN-y, TNF, and GZMB.
We discovered that the percentage of IFN-y+TNF+CD8+ T cells and
GZMB+CD107a+CD8+ T cells (CD107a is a marker of active
degranulation*) were both increased in the tumor microenvironment of
aged mice after neutrophil depletion (Fig. 6h, i), but not in young mice
(Supplementary Fig. 14e, f). The same age-based alteration of IFN-y+TNF
+ double-positive CD8+ T cells could also be observed in lymph nodes
(Supplementary 14g, h). All these results highlight that neutrophil
depletion could rescue the stemness of CD8+ T cells in aging mice.
Stem cell-like CD8+ T cells, annotated as PD1+TCF1+Tim3-CD8+
T cells, are a recently identified cell population responsible for immune
checkpoint blockade®. In our study, we further clustered the CD8+
T cells*® (Supplementary Fig. 15a) and observed a decrease in stem cell-
like CD8+ T cells ratio in aged mice (Fig. 6j). This decrease was reversed
by neutrophil depletion (Fig. 6k and Supplementary Fig. 15b). Once
again, our findings revealed that neutrophil depletion does not sig-
nificantly influence the stem cell-like CD8+ T cells population at the
tumor site of YM mice, and even decrease the stem cell-like CD8+
T cells ratio in spleens (Supplementary Fig. 15c-e). Subsequently, we
seek to elucidate the possible mechanism through which neutrophils
influence CD8+ T cell stemness. It is established that PD-L1 (a ligand of
PD-1) expressed on neutrophils can facilitate tumor progression and
induce CD8+ T cell exhaustion®. In our study, PD-L1 expression on
neutrophils was elevated in AM mice compared to YM mice (Supple-
mentary Fig. 15f), and neutrophil depletion could decrease the
exhaustion ratio of CD8+ T cells as found before. Additionally, we
found that neutrophil depletion increased the ratio of CD4+ T cells
without altering Treg cells in YM mice, while it decreased Treg cells
without affecting CD4+ T cells in AM mice (Supplementary Fig. 15g, h).
Neutrophils can promote Treg cell differentiation®’, which can cause
CD8+ T cell exhaustion® in tumor. Overall, our findings suggest that
lung neutrophils in aged male mice have a detrimental effect on the
stemness of CD8+ T cells and promote the transition of CD8+ T cells
towards an exhaustive phenotype. A comparable pattern was observed
in peripheral immune organs. The depletion of neutrophils enhances

the stemness of CD8+ T cells to inhibit tumor metastasis in aged male
mice, potentially by regulating the PD-1/PD-L1 axis and Treg cells, while
offering no advantages and could even cause adverse effects in
young mice.

Procyanidin C1 reversed the tumor-promoting effect of aging
PCC1, a recently identified phytochemical senolytic agent, has been
reported to effectively eliminate senescent cells induced by various
stressors®>*>. Given the results above indicating aging played a critical
role, we therefore attempted to explore whether this senolytic agent
could ameliorate age-related immune-suppression and subsequently
inhibit tumor metastasis. We administered PCC1 to AM mice and an
equivalent volume of solvent to the control group. Encouragingly,
the application of PCC1 significantly reduced the number of lung
tumor metastatic foci (Fig. 7a, b). To further understand the under-
lying mechanism, we assessed the proportions of key cells involved
in the yS17-Neutrophil-CD8 axis. Following the administration of
PCC1, a noticeable reduction in the y8T and y817 ratio was observed
in both the tumor microenvironment and the peripheral lymphatic
organs (Fig. 7c, d and Supplementary Fig. 16a, b). The proportions of
neutrophils and their CXCR4 expression at the tumor local site
exhibited a similar reduction trend (Fig. 7e, f), and CD62L exhibited
an increasing trend (Fig. 7g). Simultaneously, the proportion of CD8+
T cells, TCF1 expression of CD8+ T cells and ratio of stem cell-like
CD8+ T cells were significantly increased following the administra-
tion of PCC1 (Supplementary Fig. 16c-e). SA-B-gal and P53 are clas-
sical markers of cellular senescence. We found that PCCl
administration decreases the expression of SA-B-gal and P53 in both
yOT cells and neutrophils (Fig. 7h, i and Supplementary Fig. 16f, g).
These results suggest that PCC1 could clear senescent yST cells and
neutrophils, consistent with our previous research showing that
PCC1 can selectively clear senescent cells™>. Additionally, PD-L1
expression on neutrophils was also downregulated (Supplementary
Fig. 16h). These alterations may partially explain the inhibitory
mechanisms of PCC1 on the y617-Neutrophil-CD8 axis, but further
studies are needed as research on PCCl is still in its early stages. In
conclusion, our findings suggest that PCC1 can counteract the aging-
induced changes in the y517-Neutrophil-CD8 axis, thereby effectively
reducing tumor metastasis.

Discussion

Aging has gradually emerged as a research hotspot owing to global
aging trends. Tumor metastasis is a life-threatening process, and the
impact of aging regarding cancer is a topic of great interest and
remains poorly understood. We found that aging promotes mela-
noma metastasis in male mice, which is consistent with the findings
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of previous studies™ ™. These studies predominantly focused on
elucidating the influence of aging on the extracellular matrix and its
role in promoting tumor metastasis. Building on these findings, our
study further explored the impact of aging on the immune micro-
environment and its contribution to tumor metastasis. By applying
scRNA-seq, a powerful tool to dissect the cell specific contribution,

we identified the important role of neutrophils and y8T cells during
aging and demonstrate that aging can impair the anti-tumor activity
through the y817-Neutrophil-CD8 axis in male mice, subsequently
promoting metastasis. Regarding the translational value, the seno-
lytic agent PCC1 intervenes in this axis, effectively curtailing tumor
metastasis.
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Fig. 5 | Neutrophils inhibited the proliferation of CD8+ T cells through Arg2 in
aged tumor-bearing mice. a Heatmap showing representative GO terms of neu-
trophils across AC, YC, AM and YM groups, calculated by GSVA packages. Color key
from white to red indicates expression levels from low to high. b Feature plots
showing the expression levels Arg2 in neutrophils between AM and YM groups
based on scRNA-seq. Arg2 arginase 2. MFI of Arg2 in neutrophils of lung (c) and
bone marrow (d) from AM/YM groups, which were measured by flow cytometry,
gated on CD45+CD11B+LY6G+ cells. FMO fluorescence minus one control. Each
group contains six mice. Data expressed as MFI of Arg2 (mean + SD). P=1.0E-04
(c), P=13E-03 (d). Significance was determined using unpaired two-tailed Stu-
dent’s ¢ test. **P < 0.001. The expression of the Arg2 protein in serum (e) and
supernatants from the neutrophil culture medium (f) was measured using enzyme-
linked immunosorbent assay. Neutrophils were cultured 2 days for its supernatants
collection. Each group contains nine mice. Data expressed as the concentration of

Arg2 (mean £ SD). e YC-AC (P=7.7E-03), YM-AM (P=7.0E-05). f YC-AC (P=0.02),
AC-AM (P=9.1E-05), YM-AM (P = 8.4E-07). Significance was determined using one-
way ANOVA. *P< 0.05, *P< 0.01, ***P< 0.0001, ns P> 0.05. g The experimental
workflow of neutrophils co-culture with CD8+ T cells. Each image was drawn by
PaintTool SAl (version 1.2) and Adobe Illustrator 2023 (version 27.0). Proportions of
Ki67+CD8+ T cells (h) and PD-1+CD8+ T cells (i) in the co-culture system were
measured by flow cytometry, gated on CD45+CD8+ cells. BEC an Arg2 inhibitor,
Neu neutrophil. Each group contains nine mice. Data expressed as % of Ki67+CD8+
or PD-1+CD8+ cells (mean +SD). h Neu-YM vs. Neu-AM (P = 6.1E-05), Neu-AM vs.
Neu-AM + BEC (P=9.6E-04); i Neu-YM vs. Neu-AM (P =4.0E-04), Neu-YM + BEC vs.
Neu-AM + BEC (P=2.6E-04). Significance was determined using one-way ANOVA.
***p < 0.001, ***P < 0.0001, ns P> 0.05. Source data are provided as a Source
Data file.

Previous studies have provided a single-cell landscape atlas of all
cells in aging lungs and found that aging can lead to the dysregulation
of epigenetic control”’. However, a detailed exploration of the immune
microenvironment in these studies was lacking. In our study, we focus
on the immune cell atlas of aged lungs, aiming to address this gap. Our
findings also highlight a shift in the immune microenvironment
towards the premetastatic niche during aging. The premetastatic niche
is a favorable environment for metastasis to secondary organs induced
by the primary tumor. In this study, we found that lung immunity
presents a pro-angiogenic state and an inflammatory state during
aging, characterized by the recruitment of neutrophils and the upre-
gulation of inflammatory pathways. The expansion of NKT cells, which
upregulate immune response pathways, may also contribute to this
outcome. Analysis of B cells and NK cells also demonstrates that aging
leads to an immunosuppressive state. Furthermore, cancer pathways
and the enrichment score of melanoma-related gene sets are also
enhanced during aging, which further predisposes aged male mice to
cancer. MregDCs are a recently characterized cell type, and no relevant
studies to date have investigated the effects of aging on mregDCs. Our
findings suggest that aging alters the differentiation trajectory of
mregDCs and enhances their immunosuppressive functions, thereby
contributing to the formation of an immunosuppressive
microenvironment.

Previous research has demonstrated an age-related increase in the
proportion of y&T cells, particularly y517. Our current findings con-
firmed that aging increases the proportion of y517 cells without
altering the proportion of y&1 cells. This finding also demonstrates that
aging intensifies the distinctions between mice bearing tumors or not.
Remarkably, the substantial disparities in tumor-triggered y517 cells
were discernible solely among the elderly mice. The accumulation of
y817 cells is also a component of the premetastatic niche’®. We also
observed an increased proportion of yST cells in lung and lymph nodes
following aging, accompanied by an upregulation in the expression
level of IL-17. Previous studies have shown that aging may upregulate
IL-7 levels, thereby promoting the entry of yST cells into the lungs®.
Our study found that the expression level of Slprl was decreased in
lung-resident yST cells and enhanced in lymph nodes yST cells in aged
mice. This suggests a potential retention of lung-resident y8T cells and
egression of y8T cells from the lymph nodes, ultimately contributing
to the formation of the pre-metastatic niche. Although the proportion
of y8T cells was reduced, the expression level of IL-17A in the spleen
also exhibited an increased trend during aging. There was no sig-
nificant difference in the expression of Slprl. Therefore, the reasons
underlying these observations require further investigation. Addi-
tionally, the group 3 innate lymphoid cells, another important type of
IL-17-producing cell similar to y617 and known to enhance anti-tumor
immunity®®, were not identified in this study due to the lack of distinct
markers and require further research.

Neutrophils demonstrate a two-sided effect, promoting tumor-
igenesis, while also exerting tumor-inhibitory actions®. Our study

revealed an increase in the proportion of neutrophils with aging, which
is consistent with Angelidis et al®>. On this basis, we further explored
the function of neutrophils and found the upregulation of c-kit+ and
active neutrophils. C-kit+ neutrophils exhibit enhanced mitochondrial
metabolism and generate higher levels of reactive oxygen species,
leading to oxidative DNA damage and promoting cancer
development® ., Active neutrophils play a role in driving angiogen-
esis, remodeling the extracellular matrix, promoting tumor cell pro-
liferation, and contributing to the inflammatory response that
facilitates tumor progression*’. The changes in TLR4 and CD54 may
partially account for the increased activity of neutrophils with aging.
We speculate that the increased recruitment of immunosuppressive
neutrophils may be associated with aging-induced y817 cells®*. Thus,
we depleted yS8T cells in modeled mice, and observed significant
phenotypic changes characterized by a decrease, not only in the
overall neutrophil population, but also in c-kit+ and active neutrophils
in aged mice. However, no significant changes in the activity or ratio of
immunosuppressive neutrophils were observed in young mice. Argi-
nine has been shown to modulate T cell metabolism and participate in
cell proliferation®. Arginase promotes the metabolism of arginine,
limiting its uptake by T cells, and suppressing proliferation and anti-
tumor immunity®®. We observed an age-related increase in Arg2
activity within neutrophils, as evidenced by the higher expression
levels of Arg2 in AM mice than in YM. This enhanced arginase activity
leads to the suppression of T cell proliferation. Additionally, the inhi-
bitory effect of neutrophils on CD8+ T cells proliferation was reversed
by an Arg2 inhibitor, indicating a potential immunosuppressive
mechanism for active neutrophils. We also found that age-induced
neutrophils increased the expression of PD1 in CD8+ T cells. After
neutrophil depletion, the number of lung metastases significantly
decreased in aging mice. These results validate our hypothesis: aging
triggers an expansion of y517 cells, consequently culminating in the
recruitment of neutrophils, which wield pro-tumorigenic influence.
Notably, the mechanism of neutrophil immunosuppression needs to
be further explored.

CD8+ T cells stemness refers to the ability to exhibit stem cell-
like behaviors such as self-renewal and pluripotency. This stemness
phenotype enables CD8+ T cells to effectively eradicate large meta-
static tumors®’. However, the effect of neutrophils on CD8+ T cells
stemness remains unclear. Our study revealed that the depletion of
neutrophils in aged mice resulted in increased CD8+ T cells infiltra-
tion in the lungs. This was accompanied by an elevated expression of
stemness markers (TCF1 and CD62L) and a proliferation marker
(Ki67), as well as a decreased proportion of exhausted CD8+ T cells
(PD1+TIM3+). Additionally, the depletion of neutrophils enhanced
the cytotoxic ability of CD8+ T cells, as indicated by the increased
secretion of tumor-killing factors (TNF+IFNy+) and enhanced
degranulation capacity (CD107a+GZMB+). Stem cell-like CD8+ T cells
play a crucial role in the rapid expansion of effector T cells following
immune checkpoint blockade targeting PD1°. These distinguishing
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features underscore the therapeutic potential of stem cell-like CD8+
T cells in immune checkpoint blockade. Currently, there is no avail-
able research on the impact of aging on stem cell-like CD8+ T cells.
Our study revealed that aging decreases the stem cell-like CD8+
T cells population through the action of neutrophils, and neutrophil
depletion exerts a rescuing effect in this context. Furthermore, these

rescue effects of neutrophils depletion may partially depend on PD-
L1 and Treg. Interestingly, we found that the same treatment can
yield opposite results in young mice, suggesting that the suppression
of CD8+ T cells stemness by neutrophils specifically occurs in aging
mice, and that neutrophil-depleting therapy may only be beneficial
for aged mice.
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Fig. 6 | Neutrophils of aged male mice suppress the stemness of CD8+ T cells.
Representative images and quantitative results of lung metastases in aged (a) and
young (b) mice with anti-Ly6G or isotype (control) treated. Each group contains six
mice. Data expressed as mean + SD. P=8.3E-03 (a), P=0.63 (b). Significance was
determined using an unpaired two-tailed Student’s ¢ test. **P < 0.01, ns P> 0.05.

¢ Heatmap showing representative GO terms and pathways of CD8+ T cells across
AC, YC, AM, and YM groups, calculated by GSVA packages. The color key from
white to red indicates expression levels from low to high. d MFI of TCF1 in lung
CD8+ T cells from AM/AM-anti-Ly6G groups, which were measured by flow cyto-
metry, gated on CD45+CD8+ cells. Each group contains six mice. Data expressed as
MFI of TCF1 (mean + SD). P=4.7E-03. Significance was determined using an
unpaired two-tailed Student’s ¢ test. **P < 0.01. Flow plots showing the proportions
of Ki67+ (e), CD62L+CD44~ (f), PD-1+Tim3+ (g), TNF+IFN-y+ (h), GZMB+CD107a+
(i) in lung CD8+ T cells from AM anti-Ly6G/control groups measured by flow

cytometry, gated on CD45+CD8+ cells. Each group contains six mice. Data
expressed as % of Ki67+CD8+, CD62L+CD44-CD8+, PD-1+Tim3+CD8+, TNF+IFN-y
+CD8+, GZMB+CD107a+CD8+ cells (mean + SD). P=0.01 (e), P=9.7E-03 (f),
P=0.01(g), P=0.02 (h), P=0.03 (i), P=8.6E-03 (k). Significance was determined
using an unpaired two-tailed Student’s ¢ test. *P < 0.05, **P < 0.01. j UMAP plot of
CD8+ T cells subsets from AM and YM groups, and stacked column chart showing
the ratio of Stem cell like (PD-1+TCF1+TIM3-) and Exhausted (PD-1+TCF1-TIM3+)
CD8+ T cellsin AM and YM groups, based on scRNA-seq. The total population is the
sum of stem cell-like and exhausted CD8+ T cells. k Flow plot showing the pro-
portions of Stem cell like CD8+ T cells in lungs from AM anti-Ly6G/control groups
measured by flow cytometry, gated on CD45+CD8+PD-1+ cells. Each group contains
six mice. Data expressed as % of stem cell like cells (mean + SD). Significance was
determined using an unpaired two-tailed Student’s ¢ test. **P < 0.01. Source data are
provided as a Source Data file.

PCC1, anovel senolytic agent derived from grape seed extract, has
been reported to induce mitochondrial dysfunction in senescent cells
and selectively trigger apoptosis in these cells, thereby promoting
tumor regression and extending lifespan®. In our study, the applica-
tion of PCC1 significantly reduced the number of lung metastatic foci
by inhibiting the y817-Neutrophil-CD8 axis. The underlying mechan-
isms may involve the clearance of senescent yST cells and neutrophils,
as well as a decline in PD-L1 expression of neutrophils. This new
senolytic agent shows promising potential for treating tumor in aged
mice. Nevertheless, research on PCCl is still limited, and additional
experiments are necessary in the future to comprehensively explore its
capabilities and mechanisms.

In summary, our study represents an investigation into the role of
aging in promoting melanoma metastasis. We employed both a tra-
ditional lung metastasis model and an intraocular tumor model to
comprehensively explore the impact of aging on metastasis. Lever-
aging cutting-edge scRNA-seq technology, we delved deep into the
alterations within the lung immune microenvironment induced by
aging and their consequences for tumor metastasis. Our findings
explored the complex relationship between aged immune environ-
ment and tumor metastasis, demonstrating that aging can facilitate
metastasis by compromising the anti-tumor activity through the y817-
Neutrophil-CDS8 axis. And these age-induced disorders could be par-
tially reversed by PCCI1 in mice. However, we exclusively utilized male
mice due to their susceptibility to tumor development, as documented
in previous research®’®, There are notable immunity differences
between males and females. Consequently, additional investigations
are warranted to examine the immunological differences induced by
aging and their implications for tumor metastasis in female animals.

Methods

Mice

The study utilized 2-month-old young, 16-month-old and 20-month-
old aged male C57BL/6] mice obtained from Guangzhou Animal
Testing Center. The mice were kept in an environment free of specific
pathogens, and their surroundings were carefully controlled, with a 12-
hour cycle of light and darkness, a constant temperature of 22 °C, and
humidity maintained at levels between 40 to 50%. Experimental mice
and control mice were bred separately, and they all had unrestricted
access to a chow diet and water. Approval for the animal experiments
was granted by the Institutional Animal Care and Use Committee at
Zhongshan Ophthalmic Center, Sun Yat-Sen University.

Cells and cell culture

All cells were cultured in a temperature-controlled incubator at 37 °C
with a humidified atmosphere containing 5% CO2 and 95% air. Murine
melanoma B16F10 cell line was a kind gift from Prof. Yan Hu (Huazhong
University of Science and Technology, China). BI6F10 were cultured in
RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/
streptomycin. CD8+T cells and bone marrow-derived neutrophils

were cultured in complete T cell medium. (RPMI 1640 medium con-
taining 10% FBS, 1% penicillin/streptomycin, 1% MEM Non-Essential
Amino Acids, 10 mM HEPES, 1 mM Sodium Pyruvate and 0.1% 2-mer-
captoethanol). For each specific experimental scale, the cells were
seeded at suitable densities.

Establishment of melanoma model

Sub-confluent B16F10 cells were collected through a short trypsin
treatment, followed by two washes with PBS. Two groups of mice, 2-
month-old and 20-month-old, were used; each group contains six mice
in each experiments. For melanoma lung metastatic tumor model,
mice received a tail veins injection of 5 x 10° B16F10 cells in 0.2 mL PBS.
For orthotopic mouse ocular melanoma model, a 30-gauge needle was
carefully inserted near the limbus, passing through the conjunctiva
and sclera, and reaching the subretinal space. A blunt needle attached
to a 5l glass syringe (Hamilton Co., Bonaduz, Switzerland) was then
introduced into the subretinal space through the needle track. 2.5 x 10°
B16F10 cells in 2 pL suspension was carefully injected into the eyes’.
Ensuring proper inoculation involved positioning the needle tip inside
the eye, preventing tumor cell reflux, and maintaining a clear sub-
conjunctival space without tumor cells throughout the procedure.

Assessment of metastasis

After three weeks of melanoma lung metastatic tumor modeling, mice
were euthanized by pentobarbital injection and their lungs were col-
lected after dissection. Lungs were photographed and the number of
metastatic foci was recorded per lung. The lungs were then sectioned
and fixed, and subsequently subjected to hematoxylin and eosin (HE)
staining for micro metastases counts. For orthotopic ocular melanoma
modeled mice, tumor-bearing eyes were surgically removed once they
attained a diameter of 4 mm. The mice were euthanized 21 days after
enucleation. The livers were collected to determine the number of
metastatic foci using HE staining. The number of metastatic foci was
calculated as the mean number of metastases per 5 random low-power
fields (x100). Since the tumor size cannot be measured, the criteria for
early end point include rapid or progressive weight loss, anorexia or
failure to drink, sizable abdominal enlargement or ascites, lethargy or
persistent recumbency, rough hair coat/unkempt appearance/hun-
ched posture, labored breathing, gasping.

The application of procyanidin C1

16-month-old mice were used to administer PCC1 (E0478, selleck), with
a dosage of 20 mg/kg intraperitoneally every two weeks. The control
group (16-month-old) of mice were injected with an equivalent amount
of solvent. After four months of injections, both two groups of mice
underwent establishment of melanoma.

Sample collection
After three weeks of tumor modeling, spleens and lymph nodes were
collected during mouse dissection, and were grinded for isolated
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immune cells. Bone marrow cells were isolated by performing an inci-
sion at the ends of the leg bones and flushing them out with sterile PBS.
Lungs were collected and digested using the Mouse Tumor Dissociation
Kit (130-096-730, Miltenyi) and processed with the gentleMACS Dis-
sociator (130-093-235, Miltenyi) following the manufacturer’s protocol,
for isolating the infiltrated immune cells.

Neutrophils depleting and y&T cells depleting

To delete neutrophils, anti-Ly6G (clone 1A8; BioXCell) was adminis-
tered intraperitoneally three times a week after modeled (10 mg/kg in
InVivoPure pH 7.0 Dilution Buffer)’. To deplete y8T cells, anti-y§TCR
(clone UC7-13D5; BioXCell) was administered intraperitoneally on days
7, 14, and 21 after modeled (200ug in InVivoPure pH 6.0 T Dilution
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Fig. 7 | Procyanidin C1 could reverse the tumor-promoting effect of aging. Four
groups, AC mice, AM mice, and AM mice with PCCI or solvent-treated group, were
involved in this part. Each group contains six mice. AM mice were injected PCC1 or
solvent from 16 months old. The tumor model was not constructed till 20 months
old. PCC1 procyanidin C1. Representative images (a) and HE staining (b) results of
lung metastases. Data expressed as number of metastases (mean + SD). P=2.2E-03
(a), P=6.0E-04 (b). Significance was determined using an unpaired two-tailed Stu-
dent’s ¢ test. **P < 0.01, **P < 0.001. Scale bars: 100 mm (a), 200 um (b). Proportions
of y8T cells (c), y817 cells (d), and neutrophils (e) in the lung measured by flow
cytometry, gated on CD45+ cells, CD45+CD3+ySTCR+ cells, and CD45+ cells,
respectively. Data expressed as % of yST cells, y617 cells, and neutrophils

(mean +SD). ¢ AC-AM (P=3.1E-03), AC-AM control (P=7.7E-04), AM-AM PCC1
(P=6.5E-05), AM control-AM PCCl1 (P=1.7E-05). d AC-AM (P=1.5E-04), AC-AM
control (P=6.7E-06), AM-AM PCC1 (P=4.4E-04), AM control-AM PCC1

(P=1.8E-05). e AC-AM (P=3.8E-03), AC-AM control (P=3.5E-03), AM-AM PCC1
(P=3.9E-03), AM control-AM PCC1 (P = 3.6E-03). Significance was determined using
one-way ANOVA. *P< 0.01, **P< 0.0001, ns P> 0.05. MFI of CXCR4 (f) and CD62L
(g) in lung neutrophils measured by flow cytometry, gated on CD45+CD11B+LY6G+
cells. Data expressed as MFI of CXCR4 and CD62L (mean + SD). f AC-AM
(P=5.0E-03), AC-AM control (P=5.6E-04), AM-AM PCC1 (P=0.01), AM control-AM
PCCl1 (P=1.2E-03). g AM-AM PCC1 (P=1.8E-03), AM control-AM PCC1 (P=2.0E-03).
Significance was determined using one-way ANOVA. *P < 0.05, *P< 0.01, ns P> 0.05.
MFI of SA-B-gal in y8T (h) and neutrophils (i) in lungs measured by flow cytometry,
gated on CD45+CD3+ySTCR+ or CD45+CD11B+LY6G+ cells. Each group contains six
mice. Data expressed as MFI of SA-B-Gal (mean + SD). P=1.0E-03 (h), P=0.02 (i).
Significance was determined using unpaired two-tailed Student’s ¢ test. ***P < 0.001,
*P < 0.05. Source data are provided as a Source Data file.

Buffer)”®. The control group of mice was administered equivalent
volumes of antibodies with isotype control.

Flow cytometric analysis

The cells underwent staining using a live/dead dye (BiolLegend,
423105) for 10 minutes at 4 °C. Antibodies specific to surface markers
included CD45 (BioLegend, 103138, 0.2 ug/ml), CD3 (BioLegend,
100232, 100206, 100228, 0.2ug/ml), CD4 (BioLegend, 100434,
0.2ug/ml), CD8 (BioLegend, 100753, 100751, 100733, 100708,
0.2 pg/ml), yS6TCR (BioLegend, 118119, 118108, 0.2 pg/ml), CD62L
(BioLegend, 104406, 0.2 ug/ml), CD44 (BioLegend, 103012, 103047,
0.2 pg/ml), PD-1 (BioLegend, Cat#135215, 135205, 135207, 0.2 pg/ml),
CDl11b (BioLegend, 101205, 101257, 0.2 pg/ml), Ly-6G (BioLegend,
127643, 127614, 0.2 ug/ml), CXCR4 (BioLegend, 146505, 0.2 pug/ml),
CXCR2 (BiolLegend, 149315, 0.2 ug/ml), C-kit (BioLegend, 105811,
0.2 pg/ml), TIM-3 (BioLegend, 119723, 0.2 pg/ml), SIPR1 (R&D, FAB7-
89A, 0.2pug/ml), CD69 (BiolLegend, 104507, 0.2pug/ml), CD107a
(BioLegend, 121617, 0.2 pg/ml), TLR2 (BioLegend, 153011, 0.2 pg/ml),
TLR4 (BioLegend, 117605, 0.2 ug/ml), CD54 (BioLegend, 116119,
0.2 ug/ml), PDL1 (BioLegend, 124313, 0.2 pg/ml), SA-B-GAL (abca-
m,ab228562). Before detecting intracellular cytokines, the cells were
stimulated with phorbol myristate acetate (5ng/mL, Sigma), bre-
feldin A (1pg/mL, Sigma), and ionomycin (500 ng/mL, Sigma) at
37 °C for 4 hours. Intracellular antibodies included IL-17A (BioLegend,
506930, 506912, 0.2 pg/ml), GZMB (BioLegend, 372213, 0.2 pg/ml),
IFNy (BioLegend, 505835, 0.2ug/ml), Ki-67 (BioLegend, 652408,
652413, 0.2 pg/ml), TNF (BioLegend, 506306, 0.2 pg/ml), TCF-1 (BD
Pharmingen, 564217, 0.2 pg/ml), Argl (CST, 93668S, 0.2 pg/ml), Arg2
(CST, 55003S, 0.2 pg/ml), P53 (Bioss, bs-2090R, 0.2 pg/ml), FOXP3
(Invitrogen, 11-5773-82, 0.2 pg/ml). Labeled cells were analyzed
through a flow cytometer (BD LSRFortessa, USA). Flowjo software
(version 10.0.7, Tree Star, Ashland, OR, USA) was used for data eva-
luation and analysis. Gates were set by FMO controls; detailed gating
strategies were provided in Supplementary Figs. 17 and 18. The
quantity of cell types was counted for every 0.1 g of lung tissue. All the
dilution ratio of antibody was 1:500.

Co-culture of neutrophils with CD8+ T cells

Neutrophils were sorted from bone marrows of YM or AM mice by
mouse neutrophil isolation kit (STEMCELL Technologies, BC, Canada).
CD8+ T cells were extracted from the spleen of YC mice using mouse
CD8 +T cell isolation kit (STEMCELL Technologies, BC, Canada). The
CD8 +T cells sorted by magnetic beads were stimulated by anti-CD3/
28 beads (Gibco) at a ratio of 1:5 (1ml beads per 4 x 10* cells). Equal
numbers (2x10°) of neutrophils from YM or AM mice and CD8 + T cells
were then co-cultured in 96-well plate for 2 days. During co-culture,
two conditions were tested: with or without the presence of Arg2
inhibitor BEC (500 pM, MCE company). After 2 days of co-culture, the
cells from the cultures were collected. Cells were harvested for flow
cytometry assays.

Enzyme-linked immunosorbent assay

Supernatant obtained after culturing neutrophils for 2 days and mouse
serum were analyzed using the Arg2 enzyme-linked immunosorbent
assay kit (WED796Hu, Cloud-clone, Wuhan, China) following the
manufacturer’s instructions. These kits provide specific assays for
quantifying Arg2 levels.

Single-cell collection for scRNA-seq

Lungs were digested as before. Red blood cells were eliminated from
the sample using Red Blood Cell Lysing Buffer (Sigma). CD45+ cells
were isolated using a mouse CD45+ cells isolation kit (STEMCELL
Technologies, BC, Canada) and flow sorting. The sorted cells were
collected and filtered using a 70 um cell filter. Cells were sent for
sequencing with a minimum viability of 85%. Subsequently, these cells
were converted into barcoded scRNA-seq libraries using 10x Genomics
for subsequent analyses. Initial data processing was performed using
CellRanger software and the Seurat package. Harmony package was
used to eliminate batch effects among the four groups.

scRNA-seq library preparation

The scRNA-seq libraries were generated using the Chromium Single
Cell 5’ Library and Gel Bead Kit (10x Genomics, 120237) in accordance
with the guidelines provided by the manufacturer, with minor adjust-
ments made to the protocol. First, cells were washed with 0.04% BSA
buffer (50 mL deionized PBS containing 0.02 g BSA) and subsequently
captured in droplets. Subsequently, a series of sequential steps,
including reverse transcription, emulsion breaking, barcoded-cDNA
purification using Dynabeads, and PCR amplification, were carried out.
The amplified cDNA was utilized for constructing the 5’ gene expres-
sion library. In particular, the 50 ng of amplified cDNA underwent
fragmentation and end-repair, and then underwent double-size selec-
tion utilizing SPRIselect beads. The library was then subjected to
sequencing on the NovaSeq platform (lllumina NovaSeq6000) to
generate 150c bp paired-end reads.

Analysis of scRNA-seq data

The initial data, represented as fastq files, were obtained by processing
the Raw BCL files through lllumina bcl2fastq converter. For the primary
quality assessment, the FastQC software was utilized. The following
factors were assessed: (1) the number of occurrences of “N” bases
should not exceed 3; (2) the proportion of bases with a quality value
below 5 should not exceed 20%; and (3) adapter sequences were
removed. All subsequent analyses were conducted using the cleaned
data, ensuring high quality.

To demultiplex and barcode the sequences obtained from the
NovaSeq system, the “cellranger count” command from the CellRanger
Software Suite (version 7.1.0) (https://www.10xgenomics.com/
support/software/cell-ranger/latest/tutorials/cr-tutorial-ct) was
employed. To create the single-cell expression matrix, the Seurat
software (version 3.2.0) (https://satijalab.org/seurat/articles/pbmc3k_
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tutorial) was utilized. The Seurat package was instrumental in con-
ducting multiple procedures, encompassing data filtration, normal-
ization, dimensionality reduction, cluster analysis, and exploration of
differentially expressed genes™. Cells that exhibited a number of
expressed genes less than 200 or greater than 4000 were excluded.
Furthermore, cells displaying a mitochondrial gene ratio surpassing
10% were excluded from the analysis. Then filter out red blood cells
with high expression of Hbb-al and Hbb-bs genes. The Harmony
package (version 0.1.1) (https:/satijalab.org/seurat/reference/
harmonyintegration) was utilized, following the approach described
by Korsunsky, to address the batch effect present in different samples.

Dimensionality reduction and clustering analysis

In the analysis of scRNA-seq data using Seurat, the data underwent
normalization using the “NormalizeData” function. Next, the top 2000
variable genes underwent principal component analysis (PCA) using
the “FindVariableGenes” function with default settings. To cluster the
cells, the “FindClusters” function was employed. Visualization of the
clustered cells was achieved using the “RunUMAP” function, which
utilizes a 2-dimensional UMAP algorithm. Moreover, marker genes
linked to distinct clusters were identified using the “FindAllMarkers”
function, employing default parameters.

DEG analysis

For differential expression analysis of various cell types between dif-
ferent groups, the “FindMarkers” function was employed (adjusted p-
value threshold of <0.05 and [Log2FC | > 0.25). Before proceeding with
the DEG analysis, cell types with either insufficient representation or
less than three cells in the comparison groups were excluded from
further analysis. Gene expression was calculated using the Log-
Normalize and z-score algorithms built into the Seurat package.

Gene set functional enrichment analysis

To perform gene ontology (GO) (https://metascape.org/gp/#/main/
stepl) and pathway enrichment analysis, we employed the Metascape
webtool (www.metascape.org), following the methodology outlined
by Zhou. To conduct gene set variation analysis, we utilized the GSVA
package (version 1.42.0). (https://www.bioconductor.org/packages/
devel/bioc/vignettes/GSVA/inst/doc/GSVA.html) The ggplot2 package
(version 3.4.1), was used for visualization.

Cell-cell communication analysis

Intercellular communication analysis was carried out using CellPho-
neDB (version 3.0.0) (https://github.com/ventolab/CellphoneDB) and
CellChat package (version 1.4.0) (https:/github.com/jinworks/
CellChat). Ligand-receptor pairs were selected and analyzed, con-
sidering only those pairs that were present in more than 10% of a given
cell type. A comparison of mean expression levels for ligand-receptor
pairs was carried out among various cell types. Pairs with a p-value less
than 0.05 were chosen for further computational analysis of inter-
cellular communication.

Transcriptional factor analysis

Using scRNA-seq data, the SCENIC (version 1.3.1) (https://htmlpreview.
github.io/?https://github.com/aertslab/SCENIC/blob/master/inst/doc/
SCENIC_Running.html) workflow was employed to predict core reg-
ulatory transcription factors. Gene regulatory networks between the
aged and young groups were inferred using the GENIE3 package. The
RcisTarget package, based on the mm9 RcisTarget database, was
employed to identify top regulons. Additionally, the AUCell package
was used to assess the activity of regulons. Data were normalized using
Z-score algorithm to calculate the expression levels of regulons among
different cell types. The visualization of transcription factor targets
with high-confidence annotation was achieved using Cytoscape (ver-
sion 3.8.2).

Pseudotime analysis

Pseudotime analysis was conducted using the Monocle2 package
(version 2.22.0) (https://cole-trapnell-lab.github.io/monocle-release/
docs/). To ascertain the gene ordering, a threshold for expression in
at least 10 cells was implemented. The ordering was determined based
on a combination of intercluster differential expression and disper-
sion, with a g-value cutoff of less than 0.1. The DDRTree dimensionality
reduction algorithm was utilized to visualize the trajectory structure in
a 2-dimensional space, with cells ordered along the pseudotime
trajectory.

Statistical analysis

GraphPad Prism Software (version 8.4.0) was employed for data
analysis and presentation. The data is presented as the mean values
accompanied by their standard deviation (mean +SD). For statis-
tical analysis, either an unpaired, two-tailed Student’s ¢ test or one-
way ANOVA was chosen, depending on the experimental design.
The statistical significance was indicated using the following nota-
tion for interpretation: P<0.0001=*** 0.0001<P<0.001="***;
0.001<P<0.01=*; 0.01<P<0.05=* P>0.05=ns = not significant.

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

Data availability

The scRNA-seq sequencing data generated in this study have been
deposited in the Genome Sequence Archive (GSA, BIG, https://bigd.
big.ac.cn/gsa/) under project number (PRJCA024149) and GSA acces-
sion number (mouse data: CRA015263). Source data are provided with
this paper.
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