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Splenic T cells are pivotal to the immune system, yet their function deteriorates with
age. To elucidate the specific aspects of T cell biology affected by aging, we conducted
a comprehensive multi—time point single-cell RNA sequencing study, complemented
by single-cell Assay for Transposase Accessible Chromatin (ATAC) sequencing and
single-cell T cell repertoire (TCR) sequencing on splenic T cells from mice across
10 different age groups. This map of age-related changes in the distribution of T cell
lineages and functional states reveals broad changes in T cell function and composi-
tion, including a prominent enrichment of Gzmk+ T cells in aged mice, encompassing
both CD4+ and CD8+ T cell subsets. Notably, there is a marked decrease in TCR
diversity across specific T cell populations in aged mice. We identified key pathways
that may underlie the perturbation of T cell functions with aging, supporting cytotoxic
T cell clonal expansion with age. This study provides insights into the aging process
of splenic T cells and also highlights potential targets for therapeutic intervention to
enhance immune function in the elderly. The dataset should serve as a resource for
further research into age-related immune dysfunction and for identifying potential
therapeutic strategies.
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Aging is associated with a decline in immune function, and older individuals have an
increased susceptibility to infection, a need for increased vaccine dosages to achieve neu-
tralizing antibody titers, a higher incidence of autoimmune diseases, and a greater prev-
alence of cancer—partly due to diminished immune surveillance (1, 2). Therapeutically,
inhibition of mammalian Target of Rapamycin Complex 1 signaling with rapamycin or
its analogs (3) has been explored even in humans to counteract immune senescence and
enhance vaccine responses (4-6). However, effective strategies for reversal of age-associated
immune decline remain a major unmet need.

Given this context, a critical question arises: “How does aging affect immune cells at
the molecular level?” Several studies have addressed this question in various contexts. For
instance, Young et al. (7) reported an expansion of memory CD8+ T cells with age, and
identified 29 candidate Alzheimer’s disease genes in T cells. In a separate study (8), a
single-cell transcriptomic analysis of CD4+ T regulatory (Treg) cells from mice aged 3,
18, and 24 mo revealed distinct clusters of Treg cells, including an increase in proinflam-
matory cells and a reduction in precursor cells. Additionally, increased senescence in T
cells, particularly in CD8+ T cell populations, is found by monitoring beta-galactosidase
levels of human donors in their 60s (9).

Previous studies expanded the understanding of age-associated changes in T cells in
rodents and humans (10-13); several highlighted the decline in T cell function and
increased susceptibility to infections, autoimmunity, and cancer with age (14-16) and
discussed thymic involution and the global shift from naive to memory T cell pheno-
types (17-19).

Recent analyses revealed the presence of distinct subpopulations of age-associated gran-
zyme K (Gzmk) expressing CD4+ T cells that accumulate in aged mice (20); another
study described clonal cytotoxic Gzmk+ CD8+ T cells as a hallmark of inflammaging in
mice and humans (21). Furthermore, naive CD8+ T and Naive Treg cells in human
peripheral blood decrease with age, while Th1/Th17 CD4+ memory cells increase with
age (22).

Building on this prior work, we recognized the importance of conducting a study that
included multiple time points along the mouse lifespan, using single-cell RNA-seq of
both CD4+ and CD8+ T cells with a large sample size and deep sequencing. This approach
aims to provide a comprehensive view of aging-associated changes in T cells, capturing
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early-, mid-, and late-lifespan alterations to address questions of
“potential cause versus effect.” Furthermore, we integrated
single-cell RNA sequencing (scRNA-seq) with single-cell ATAC
sequencing (scATAC-seq) and single-cell TCR sequencing
(scTCR-seq) to correlate age-related gene expression changes with
potentially causal epigenetic alterations, and the resultant pertur-
bation in T cell repertoire (TCR) clonality (23).

Results

scRNA-seq Mapping of T Cell Population Across the Mouse
Lifetime Reveals New Subpopulations. To assess the effects of
young and aged host environments on T cells, we analyzed splenic
T cells from healthy male mice of 10 age groups (10 to 117 wk)
with at least eight mice per group. CD3+ T cells were enriched to
over 95% (SI Appendix, Fig. S1A), and 301,674 cells were isolated
for single-cell transcriptomics (scRNA-seq) and TCR sequencing
(scTCR-seq) using the 10x Genomics platform (Fig. 1A4) (24, 25).
Additionally, we profiled chromatin accessibility in splenic CD3+
T cells from young (24 wk), adult (48 wk), aged (84 wk), and old
(108 wk) mice using scATAC-seq (Fig. 14).

From the scRNA-seq analysis, 291,860 cells passed quality
control criteria, with 94% identified as T cells based on Ptprc,
Cd3e, and Cd3d expression (S Appendix, Fig. S1B). Unsupervised
clustering via Scanpy (26) (Materials and Methods) revealed 20
distinct cell clusters (Fig. 1B) corresponding to functionally
diverse T cell populations (27). These clusters included 11 CD8+
T cell clusters (C0-C10), 7 CD4+ T cell clusters (C12-C18), 1
Natural Killer T (NKT) cell cluster (C19), and a Gzmk+ T cell
cluster with both CD4+ and CD8+ T cells (C11).

Notably, subclustering of cluster C11 revealed nine subclusters of
mixed CD4+ and CD8+ T cells with varying Gzmk expression levels
(Fig. 1C). This indicates that cytotoxic signatures may define these
cells more than their respective CD4+ or CD8+ identities together
in one Gzmk+ cluster. The highest Gzmk expression was observed
in CD4+ T cells subcluster 3. We designated Gzmk+ CD8+ T cells
as cluster Cl11a and Gzmk+ CD4+ T cells as cluster C11b.

Cluster C19 comprised less than 2.7% of all cells, expressing
Cd3e and Cd3d along with high levels of NK cell lineage marker
Klrblc and NK-gene complex marker Klrkl (S7Appendix,
Fig. S1C) indicative of NKT cells that copurified with T cells.

CD8+ T Cell Clusters from scRNA-seq. Analyzing CD8+ T cells
identified 12 distinct clusters, including five Naive/Stem cells
clusters (Naive CO, Naive.Early Activation C1, Naive.Isgl5 C2,
Naive.Stem 1 C3, and Naive.Stem 2 C4), 2 Effector memory
clusters (T Effector memory C5, Tissue-resident memory C6),
a Central Memory cluster (C7), an Effector cell cluster (C8), a
Terminal Effector cell cluster (C9), a Proliferating cells cluster
(C10) and a Gzmk+ cluster (C11a). Each cluster exhibits unique
gene expression patterns characteristics of specific CD8+ T cell
states (Fig. 1D and SI Appendix, Fig. S1 D-F).

Naive CD8+ T cell cluster C0, C1, and C2 displayed high
expression of naive markers such as Lefl, Dapll, Igfbp4, and
Sell (L-selectin, CD62L) (Fig. 1D and SI Appendix, Fig. S1D).
The Naive Early Activation Cluster C1 expresses genes like
Junb/d, Dusp1/10, KIf2/6, Vps37b, Ccr7, and Nr4al, which
are involved in IL7R regulation and T cell signaling (57 Appendix,
Fig. S1E) (28-31). The Naive.Isgl5 cluster C2 overexpresses
type 1 interferon (IFN) response genes (Isgl5, Ifit3, 1fit203,
Irf7), indicating active IFN signaling (Fig. 1D and SI Appendix,
Fig. S1E) (32, 33). Naive.Stem1 (C3) and Naive.Stem2 (C4)
clusters also express naive markers including Sell, Lef1, Ccr7,
but show elevated Tcf7 levels, suggesting self-renewal potential
without distinct transcriptional features (S Appendix, Fig. S1
D and F) (34).

We identified three major memory CD8+ T cell clusters.
Cluster C5 (T Effector Memory) circulates through peripheral
tissues via the vasculature and expresses Cd44, Eomes, Bcl2,
and 117t (81 Appendix, Fig. S1D). Central memory T cells in
cluster C7 circulate between blood, lymphoid, and nonlym-
phoid sites and exhibit a higher Cer7 level compared to TEM
cells. Cluster C6 represents tissue-resident memory T cells
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Fig. 1. Single-cell transcriptional profiling of aging mouse splenic T cells. (A) Experimental flow chart. Mouse splenocytes were harvested from 10 different
age groups. CD3+ T cells were purified. CD3+ T cells were barcoded using 10x platform and profiled by scRNA-seq and scTCR-seq. Flow cytometry was used to
evaluate age-associated functional changes. Mouse T cell sScATAC-seq was done on 4 age groups. (B) UMAP of 20 annotated CD3+ T cell clusters. (C) Heterogeneity
of Gzmk+ cells. (Left) UMAP of Gzmk+ CD3+ T cells (C11), a mixture of CD4+ and CD8+ T cells. (Right) Z-scored expression of marker genes across nine subsets
(D-F). Heatmaps of marker gene expression z-scores across different populations of (D) CD8+ T, (E) CD4+ T, and (F) CD4+ Tregs cells. (D and E) Genes shown were
upregulated significantly [In(fold change) > 0.4, combined p < 10E-3) in at least one subset compared to all other cells. Genes were ordered by significance and
associated with the subset with higher detection rates. (F) Genes shown were upregulated significantly in activated Tregs compared to resting Tregs.
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Eomes, Bcl2, and 1I7r with TEM but also constitutively
expresses early activation marker Cd69 (35), which promotes
tissue retention by inhibiting S1P-mediated egress (S Appendix,
Fig. S1 D and F) (36).

Two distinct Effector cell clusters were identified: Effector (C8)
and Terminal effector (C9). Both clusters correlate with a terminal
exhausted T cell signature (37), with the Terminal Effector cluster
showing high killer cell lectin-like receptor (Klrgl) expression (38)
alongside Eomes and Cd44 expression (SI Appendix, Fig. S1D).
The Effector cluster expresses cytotoxic function-related transcripts
such as Klrbla, Klrb1b, Klrblc, Krblf, KIrK1, Klrcl, Klrel
(Fig. 1D and SI Appendix, Fig. S1F), and cytotoxic immune
response—related genes such as Nerl, Xcll.

Cluster C10 exhibited high expression of Mki67 (Fig. 1D and
SI Appendix, Fig. S1F) and correlation with proliferating signature
(SI Appendix, Fig. S1G) (37), along with genes associated with cell
division (Cdca8, Cdc20, Cdca3) and mitotic chromosome segre-
gation (Cenpf, Cenpe)(S/ Appendix, Fig. S1F). This population
was small across all age groups analyzed, reflecting low CD8+ T
proliferation levels. Cytotoxic Gzmk+ cluster (Cl1a) expresses
multiple cytotoxic effector T cell transcripts, including Gzmk and
Ifny, as well as the chemokine (C—C motif) ligand Ccl4 and its
receptor Cer5 (21) (Fig. 1D).

CDA4'T Cell Clusters from scRNA-seq. In addition to CD8+ T cell
populations, we identified 8 distinct CD4+ T cell clusters (Fig. 1
E and F and SI Appendix, Fig. S2A): three naive clusters [Naive
C12, Naive.Early Activation (C13) and Naive.Isgl5 (C14)]; T
Effector Memory cluster (C15); Dysfunctional cluster (C16); 2
Treg clusters [Resting Tregs (C17) and Activated Tregs (C18)];
and a Gzmk+ cluster (C11b). Naive clusters express Lefl, Sell,
Igfbp4, and Cer7 (Fig. 1E) (39). Compared to Naive cluster C12,
the Naive.Early activation cluster (C13) shows elevated expression
of immediate-early TCR signal strength indicator (40) Nr4al
which encodes Nur77, along with Junb, Vps37b, KIf2, Etgl, and
Anrcl (8 Appendix, Fig. S2A and SI Appendix, Fig. S2 B, Lefi).
Naive.Isg15 cluster expresses type I IFN response genes including
Isgl5, Isg20, Ifitl, Ifit3, and Ific203 (S7 Appendix, Fig. S2A and
SI Appendix, Fig. S2 B, Right).

Cluster C15 (TEM) expresses S100a4 (41), Cd40lg (CD40
ligand), and the IL7 receptor II7r (SI Appendix, Fig. S2A). In con-
trast, cluster C16 (CD4.Dysfunctional) shows elevated Tnfsf8,
Lag3, S100a6, Tbcld4 expression (81 Appendix, Fig. S2A) (42).
The CD4.Gzmk cluster (C11b) overexpresses cytotoxic CD4+ T
cell markers in cancer and viral infections (43, 44), including
Gzmk, Ccl4, Eomes, Ctl2a, and Nkg7 (S Appendix, Fig. S2 A
and D).

Treg populations, marked by Foxp3 expression (S/ Appendix,
Fig. S2E), displayed distinct activation states. Activated Tregs
(C18) expressed elevated levels of Tnfrsf9—a marker of
antigen-experienced and functional Tregs (45); Tnfrsf4 and
Ccr8—markers of active immunosuppressive Tregs (46); and
Pdcdl, Lag3, and Tigit—immune-suppressive receptors genes
(Fig. 1F and SI Appendix, Fig. S2K). In contrast, Resting Tregs
(C17) exhibited higher I12ra (CD25) expression without activa-
tion markers (S/ Appendix, Fig. S2K).

The CD4+ T clusters showed strong correlation (Spearman
correlation coeflicients 0.928 to 0.944) (S Appendix, Fig. S2F)
with previously described clusters in aged mice (20), while reveal-
ing a distinct Naive.Early activation (C13) cluster.

This analysis revealed a diverse landscape of 20 T cell popula-
tions, highlighting significant heterogeneity within the CD8+ and
CD4+T cell compartments, emphasizing the complexity of T cell
development and differentiation in response to aging.
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T Cell Cluster Specific Dynamics Associated with Aging.
Identification of T cell subpopulations is vital to understanding
the transcriptional and epigenetic mechanisms that govern T cell
function and adaptation during aging. By characterizing these
populations throughout their lifespan, we aim to reveal trends in
their dynamics, focusing on age-related changes in composition
and functional capacity, as well as the implications for immune
senescence and age-associated diseases.

Previous studies have demonstrated that age-related declines in
immune function in mice are associated with both quantitative
and qualitative changes in T cell populations. Specifically, aged
mice show a reduction in peripheral naive cells (11, 47, 48). In
our analysis, we observed a significant decrease in the total T cell
reservoir in the spleens of aged mice; however, the distribution of
CD4+ T cells and CD8+ T cells, as well as B cell populations,
remained unchanged with age, as assessed by flow cytometry
(SI Appendix, Fig. S3A4).

To investigate T cell subsets dynamics during aging, we cate-
gorized mice into three age groups: young (10, 13, and 18 wk),
mature (24, 48, and 67 wk), and aged (84, 98, 108, and 117 wk)
(Fig. 24). Based on the distribution of cell populations across
timepoints in our scRNA-seq data, the transition from 24 to 48
wk of age and then from 67 to 84 wk of age seems to represent
inflection points. Based on these observations we propose that
mice younger than 24 wk may be considered “young” in terms of
T cells, 48 to 67 wk old are considered middle aged, and animals
older than 67 wk are considered aged. Young mice had higher
numbers of naive T cells. In contrast, aged mice exhibited an
increased prevalence of dysfunctional/effector memory T cells,
Gzmbk+ cells, and activated Tregs populations.

We employed the Mann—Kendall trend test to quantify the
aging trends of each T cell cluster (S/ Appendix, Table S3). Notably,
the Gzmk+ cluster C11 (Tau = 0.73, P = 0.004), CD8+ Effector
Memory cells (C5) (Tau = 0.78, P=0.002), CD8+ Tissue Resident
(C8) (Tau = 0.73, P = 0.004) and activated CD4+ Tregs (Tau =
0.73, P = 0.004) exhibited significant increasing trends. In con-
trast, the most pronounced decreasing trends were found in CD4+
Naive Early Activation cells (C13) (Tau = -0.73, 2= 0.007) and
NKT cells (C19) (Tau = -0.73, P = 0.004) (Fig. 25).

Comparative analysis of CD8+ and CD4+ T cell clusters
revealed significant age-related changes in immune population
distribution, as shown in waterfall plots in Fig. 2B and SI Appendix,
Fig. S2 H-J. Notably, aged mice exhibited a decrease in naive
CD8+ T cells (CD8.Naive, CD8.Naive.Early Activation, and
CD8.Naive.Isgl5) as well as naive CD4+ T cells (CD4.Naive,
CD4.Naive.Early Activation, and CD4.Naive.Isgl5) compared
to younger mice. In contrast, naive/stem-like CD8+ T cell pop-
ulations (CD8.Naive.Stem1 and CD8.Naive.Stem2) and prolif-
erating CD8+ T cells (CD8.Proliferating) remained consistently
represented across age groups.

As naive T cell populations decline with age, there was a notable
increase in CD8+ and CD4+ effector/memory T cells (including
CDS8.TEM, CD8.Tissue resident, CD8.Terminal effector, CDA4.
TEM, and CD4.Dysfunctional) in aged mice. Furthermore, the
number of CD8.Gzmk+/CD4.Gzmk+ cells (C11) significantly
expanded in aged mice, representing the fastest-growing cluster
(81 Appendix, Fig. S2)). Activated Tregs also became more preva-
lent in older mice, while resting Tregs maintained similar propor-
tions across age groups.

The size of cell clusters in aged mice (108 and 117 wk of age)
exhibited greater variability compared to younger mice, highlight-
ing increased heterogeneity in immune function with age.

Orthogonal analysis of dynamic changes in T cell populations
using flow cytometry in an independent cohort of young and aged
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Fig. 2. Age-associated alterations in splenic T cell populations in mice. (A) UMAP projections of CD3+ T cell clusters separated by young, mature, and aged
group. (B) Age-related shifts in T cell single-set defined cluster distribution with age. Absolute numbers of each T cell subset as a function of age analyzed out

of total sequenced cells in a subset.

mice revealed a reduced frequency of naive cells (CD44-CD62L+)
and an increase in effector memory cells (CD44+CDG62L-) and
central memory cells (CD44+CD62L+) within both the CD4+ and
CD8+ T cell compartments of aged mice (S Appendix, Fig. S3B).
These results align with our scRNA-seq data and prior studies (20,
49). Furthermore, we noted a decrease in the absolute number of
total CD4+ T cells per gram of spleen in aged (100 wk) compared
to young (8 wk) mice (57 Appendix, Fig. S3C).

Flow cytometry gating was performed for CD4.Gzmk+ cytotoxic
T cells (CD4+EOMES+CCL5+) (SI Appendix, Fig. S3 D, 1op), CDA4.
Exhausted T cells (defined as CD4+PD1+CD62L-Foxp3-EOMES-
CCL5-) and CD4.TEMs (defined as CD4+PD-1-CD62L- Foxp3-
EOMES-CCL5-) (8] Appendix, Fig. S3 D, Bottom), following the
methodology outlined in ref. 20. Our analysis revealed that the num-
bers of cytotoxic CD4+ T and dysfunctional CD4+ T cells increased
with age, while CD4+ TEM population showed a trend toward
increased numbers with age albeit with high variability, and an appar-
ent drop in frequency at our latest age week 117 (SI Appendix, Fig. S2
Gand H).

Activated Tregs can be distinguished from resting Tregs by
CD81 marker expression in flow cytometry (20) (S/ Appendix,
Fig. S3E). In aged mice, activated Tregs (aTregs, CD4+FoxP3+
CD81+) were significantly more prevalent, while resting Tregs
(rTregs, CD4+FoxP3+CD81-) were similarly represented in both
young and aged mice (S Appendix, Fig. S3C). Furthermore, acti-
vated Tregs exhibited higher expression of PD-1, LAG-3, TIGIT,
and TIM-3 compared to resting Tregs, with additional upregula-
tion of PD-1, LAG-3, and TIGIT observed in the aTreg popula-
tion of aged mice (S/ Appendix, Fig. S3F).

Flow cytometry analysis revealed that age-related changes in
CD4+ T cell populations align closely with the scRNA-seq data.
We observed dynamic shifts in splenic T cell populations, includ-
ing increased frequencies of activated Tregs and CD4+ and CD8+
T effector/memory subsets. Notably, the most significant
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expansions occurred in the Gzmk+ T cell and dysfunctional
T cell subsets.

To assess the impact of aging on T cell functionality, we exam-
ined the activation responses of CD8+ T cells isolated from the
spleens of 24-wk-old and 98-wk-old mice. These cells were stim-
ulated in vitro using anti-CD3 and anti-CD28 antibodies, and
cytokine production was analyzed after 24 h. The results showed
that CD8+ T cells from aged mice produced significantly higher
levels of IFNY and GzmB compared to cells from younger mice,
while IL-2 production remained unchanged (S Appendix,
Fig. S3G).

In young mice, both PD1high and PD1low cells produced
IFNy and GzmB. However, aged mice exhibited reduced produc-
tion of these cytokines in PD1high CD8+ T cells compared to
PD1low CD8+ T cells, indicating diminished cytokine secretion
capacity in dysfunctional CD44+ PDlhigh CD8+ T cells
(SI Appendix, Fig. S3H). Notably, aged CD8+ T cells still pro-
duced GzmB efficiently and secreted inflammatory chemokines
CCL3, CCL4, and CCL5 (S Appendix, Fig. S31), characteristic
of effector cells responding to pathogens and vaccines.

These results indicate that aging correlates with heightened
production of inflammatory and cytotoxic cytokines, reflecting
changes that promote proinflammatory T cell responses.

TCR Repertoire Diversity and Clonality Changes with age.
Thymic involution, marked by reduced size and output, correlates
with decreased TCR diversity in aging (50, 51). The murine
thymus peaks at 4 wk (52), declining to 50% of its mass at 16 wk
and retaining less than 5% of its cellularity thereafter (52-55).
Aged mice typically show diminished TCR diversity due to this
involution (11, 47, 48), although some evidence suggests partial
thymic functionality persists in older mice (19). Consequently,
reduced thymic output leads to fewer newly generated naive T
cells in the periphery. This, coupled with the clonal expansion
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of memory T cells, results in increased TCR clonality in aged
mice (56, 57).

To investigate the impact of aging on TCR clonality, we quan-
tified TCR clone sizes using unique TCR sequences from
scRNA-seq data across T cell populations in mice of varying ages.
The analysis revealed an increase in TCR clone size, particularly
in lymphocyte clusters such as CD4.Activated Tregs, CD8. TEMs,
and CD8.Gzmk populations in aged mice (Figs. 15 and 34).

We then assessed T cell clonality using the Gini coefficient,
which measures population imbalance (Fig. 3B). A significant
increase in clonality was noted at 13 wk, likely due to heightened
antigen-driven clonal proliferation during this early stage. In adult
mice, clonality generally increased from 18 to 117 wk of age,
particularly within the CD8.Gzmk subset. Notably, both CDA4.
Gzmk+ T cells (C11b) and CD8.Gzmk+ T cells (C11a) exhibited
increased clonality (Fig. 3C). Additionally, CD8.TEMS (C5),
CD8.TEMS. Tissue Resident (C6), CD4.Dysfunctional T cells
(C16), and activated Tregs (C18) also demonstrated age-related
increases in clonality. In contrast, Naive CD8+ (C0, C1, C2) and
naive CD4+ (C12, C13, C14) T cell clusters showed lower levels
of TCR clonality, as expected.

We next analyzed TCR repertoires from aged mice and identi-
fied the top 10 most expanded T cell clones based on TCRat and/
or TCRP chain proportions. We traced these clones across differ-
ent ages and individual mice, revealing that all top clones origi-
nated from aged animals: one mouse at 48 wk (#7), five at 84 wk
(#2—#6), one at 98 wk (#1), and two at 117 wk (#8 and #9)
(SI Appendix, Fig. S3]). Notably, the age-associated TCR clones
were largely distinct among individual mice, with 5 of the 10 top
clones unique to specific mice, while the remainder were shared
between pairs of mice in the same age group.

Therefore, T cells undergo significant clonal expansion in aged
mice, particularly Gzmk+ cells within both CD8+ and CD4+
compartments. The substantial expansion of splenic Gzmk+
CD4+ and CD8+ T cells with age highlights their role as key

drivers of the restricted TCR repertoire in aging.

Epigenomic Landscape of Splenic T Cells in Aging Mice.
T cell development, activation, and function are regulated by
transcriptional networks that convert extracellular signals, such
as antigen-MHC TCR engagement and cytokine signaling, into
gene expression changes. To investigate the regulatory mechanisms
underlying age-related T cell alterations, we profiled the chromatin
accessibility of purified splenic T cells from mice aged 24, 48,
84, and 108 wk using scATAC-seq (ATAC with high-throughput
sequencing) (Fig. 14). We analyzed samples from eight mice per
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age group, yielding a total of 36,074 CD4+ and 24,860 CD8+
T cells that passed quality control criteria (Fig. 44). While no
significant changes were observed in the ATAC-seq profiles of
CD4+ or CD8+ T cells across age groups (S] Appendix, Fig. S4A),
individual analyses revealed a slight trend of decreased CD8+ T
cells alongside an increase in CD4+ T cell populations with aging
(SI Appendix, Fig. S4B).

Chromatin accessibility peaks identified by ATAC-seq indicate
transcriptional potential and serve as markers for lineage and func-
tion. Using these data, we identified eight distinct CD4+ T cell
clusters with varying chromatin states (Fig. 4B): Naive (C5),
Memory (C4, Mem), Effector Memory (C3, Eff. Mem), Cytotoxic
(C2, Cyto), Activated (C1, Act), Treg (C8, Tregs), Type 1 T Helper
(C6, Thl), and Type 17 T Helper (C7, Th17). These clusters were
named based on signature genes with differential accessibility, gene
activity scores (Fig. 4C and SI Appendix, Fig. S5 A and C), and
transcription factor motif enrichment in accessible chromatin
regions (Fig. 4C).

Several genes exhibit different accessibility patterns in specific
T cell clusters. For instance, 117« is accessible in Th17 cells
(Fig. 4C), Pdcd1 in activated and cytotoxic CD4+ T cells (Fig. 4C),
Gzmk in cytotoxic CD4+ T cells (Fig. 4C), and Foxp3 in Tregs
(Fig. 4C). Additionally, Lefl is prominent in naive CD4+ T cells,
Ifng in cytotoxic and Th1 CD4+ T cells, and II-2 in memory, Thl,
and Th17 CD4+ T cells (S Appendix, Fig. S5 A and C). Gene
activity scores derived from chromatin accessibility highlight Sell
in naive CD4+ clusters, Foxp3 in Tregs, and Gzmk in cytotoxic
T cells, alongside established markers such as IL-170c and RORy,
which is crucial for Th17 cell specification (Fig. 4E and
SI Appendix, Fig. S5 A and B).

Differential peaks based on chromatin accessibility revealed
that the Naive CD4+ T cell cluster exhibits the most distinct
profile. Notably, these naive CD4+ specific peaks are also mod-
erately accessible in Memory and Effector Memory CD4+ T cells
(Eff.Mem) (S Appendix, Fig. S4E). Differential peaks were also
observed in Effector Memory CD4+ T cells, as well as in Th1
and cytotoxic CD4+ T cells, which share a core set of peaks with
varying accessibility levels. Similarly, activated CD4+ T cells and
Tregs possess a unique set of accessible chromatin regions, char-
acterized by differing levels of accessibility.

We evaluated the chromatin-inferred activity of established
marker genes in CD4+ T cell subtypes. Notably, we found elevated
activity levels for Lef1 and Sox4 in naive CD4 T cells; 1121, Tnfsf8,
and Cer6 in Activated CD4; Foxp3 and Klrcl in Tregs; 11174,
Sxcr6, and S100a4 in Th17; Rora, Ccl5, and Ctla2a in Effector
memory CD4; and Ifny, 113, Gzmk, Gzmb, Eomes, and Tbx21

C 0.6

o
S
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Fig. 3. TCR repertoire diversity decreases in aging splenic CD3" T cells. (A) TCR clones are shown on UMAP projection of all CD3+ T cells isolated from spleens.
(B) Paired single-cell TCRo/f repertoire (measured as Gini coefficient) per T cells across different age groups. (C) Low TCR diversity of CD4.Gzmk and CD8.Gzmk
and CD8.TEMs cells. Paired single-cell TCR o/p repertoire (measured as Gini coefficient) per T cells across different CD3-positive clusters. Data are mean + SEM

for all mice (n = 83) of all 10 age groups.
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Fig. 4. Single-cell analysis of chromatin accessibility associated with age in mouse splenic T cells. (A) sScATAC-seq clusters of T cells isolated from the spleen
(60,934 cells) from young and aged C57BI/6) male mice (pool of n = 8 per age group; mice of 24, 48, 84, and 108 wk old). Shown is CD4+ T cell and CD8+ T cell
cluster composition. (B) UMAP projection of annotated clusters of CD4+ T cells. (C) Genome tracks of aggregate scATAC-seq data visualization of the locus Sell,
I117a, FoxP3, Pdcd1, Gzmk, clustered as indicated in B. (D) UMAP projection of annotated clusters of CD8+ T cells. Gene activity of selected T cell markers in
CD4+ T clusters. Color gradient indicates z-scored gene activity level (yellow represents high; blue represents low). (F) Top peak/gene score per clusters. Scores
are column-wise z-scored. Peak score represents chromatin accessibility of a given peak (each row). Gene score (each row) represents the aggregated score of
all peaks of a given gene after normalization. (F and G) Representative plots showing the frequencies dynamics of ATAC-seq defined (F) CD4+ and (G) CD8+ cell
clusters along aging. (H) Representative plots showing the frequencies and cell count of cells belonging to each of the subsets as defined by scATAC-seq of 24-,
48-, 98-, and 108-wk mice. (H) Representative plots showing the frequencies and cell counts of cells belonging to each of the subsets as defined by scATAC-seq

of 24-, 48-, 98-, and 108-wk mice.

in Cytotoxic CD4. Additionally, we observed cluster-specific
accessibility at key loci, such as Gzmk, Eomes, and Tbx21, with
Cytotoxic CD4 and Thl cells exhibiting the highest promoter
accessibility (Fig. 4E).

Cross-comparison of transcriptional and chromatin accessibility
features in CD4+ T cells demonstrates that scATAC-seq peaks
align well with the transcriptional signatures of major populations
identified in scRNA-seq data (S/ Appendix, Fig. S6 A and B). Both
methods consistently identified three naive CD4+ T cell popula-
tions, along with activated, memory, and cytotoxic (Gzmk) CD4+
T cell clusters (SI Appendix, Fig. S6B). Notably, some CD4+ T
cell subsets were uniquely identified by scATACseq, highlighting
the greater sensitivity of chromatin-based classification. For
instance, we identified a CD4.Th17 cluster in scATAC-seq that
was not detected in our scRNA-seq analyses (Fig. 4B). This Th17
CD4+ population is associated with chronic inflammation and
autoimmunity (58) and showed an increase with age in our
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scATAC-seq analysis (Fig. 4H), consistent with previous find-
ings (59).

In total, seven clusters of CD4+ T cells—CD4.Tregs, CDA4.
Effector Memory, CD4.Memory, CD4.Th1, CD4.Th17, CDA4.
Activated, and CD4.Cytotoxic—expanded in aged mice compared
to young mice. Conversely, the CD4.Naive cluster contracted
from 64.26% at week 24 to 14.53% at week 108 (Fig. 4 Fand H
and ST Appendix, Fig. S4F). Notably, the small CD4.Cytotoxic
cluster increased significantly from 2.33% at week 24 to 21.17%
in aged mice, while CD4.Naive cells declined with age (Fig. 4H
and SI Appendix, Fig. S4F).

Among the total 0f 24,860 CD8+ T cells analyzed, we identified
three distinct clusters of CD8.Naive cells: C1 (2,748 cells), C2
(4,522 cells), and C4 (2,376 cells). We also identified a
CD8.Stem-like cluster (C3, 3,579 cells), characterized by Lefl+
CD44- expression and elevated Tox levels. Additionally, we rec-
ognized the following clusters: CD8.Effector Memory (C8, 5,639
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cells), CD8.Cytotoxic (C9, 3,521 cells), CD8.Memory (C7, 657
cells), and a small cluster of CD8.Terminal Effector cells (C5, 261
cells) (Fig. 4D and SI Appendix, Fig. S7A).

The CD8 subpopulations—CD8.Naive. EarlyActivation (C1),
CD8.Naive 1 (C2), CD8.Naive2 (C4), and CDS8.Stem-like
(C3)—exhibit distinct cluster-specific peaks and high chromatin
accessibility for Cer7 expression (SI Appendix, Fig. S7A). In con-
trast, the CD8.Effector memory (C8), CD8.Cytotoxic (C9), and
CD8.Terminal Effector (C7) clusters share a core set of peaks with
varying accessibility levels. Notably, the CD8.Terminal Effector
cluster shows the highest chromatin accessibility for inflammatory
and cytotoxic genes (Gzmm, Ccl9, Klrd1, Klrk1, Klrcl) compared
to other CD8+ T cell populations.

To clarify the distinctions between the closely related CD8.
Cytotoxic and CD8.Effector Memory cell clusters, we compared
the gene activity of key markers inferred from scATAC-seq data.
Our analysis revealed that CD8.Cytotoxic cells exhibit higher
levels of Gzmk, while other cytotoxic molecules such as Gzmb,
Gzmm, Nkg7, and inflammatory cytokines Ccl5, Ccl6, and Ccl9
are more prominent in the CD8.Effector Memory group
(SI Appendix, Fig. S7A). Additionally, chromatin accessibility data
indicate that the Ccr7 promoter is more accessible in CD8.
Cytotoxic clusters (C8) compared to CD8.Effector Memory clus-
ters (C9) (S Appendix, Fig. S7B).

We observed a decline in chromatin-defined CD4.Naive, CDS8.
Naive, and CD8.Memory clusters across age groups, alongside an
expansion of CD4.Cytotoxic, CD8.Cytotoxic, CD4.Activated,
Tregs, CD8.Effector memory, and CD8.Terminal Effector clusters
in aged animals compared to young mice (Fig. 4 F~H). These
results align closely with our scRNA-seq findings.

Subclustering of Naive CD4+ T cells (cluster C5) revealed three
distinct clusters (7, 8, and 9) (Fig. 5 A and B), indicating that
naive CD4+ T cells comprise three discrete populations with var-
ying transcriptional states. We investigated the relationships
among Naive-C7, Naive-C8, and Naive-C9 using pseudotime
analysis along a trajectory where Naive-C7 served as the root,
Naive-C9 as an intermediate transition, and Naive-C8 as the final
developmental stage. This analysis inferred the developmental
stage of individual cells based on their proximity to cluster centers
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(Fig. 5C), revealing a trajectory that reflects the differentiation
stages of naive CD4+ T cells from a naive state to early
activation.

To investigate the transcriptional changes in naive T cells along
their developmental trajectory, we aligned the cells by inferred
pseudotime and analyzed associated motifs and peaks (Fig. 5C).
Recent analyses indicate that accessible chromatin regions in naive
T cells are predominantly occupied by Etsl, Runx1, and Tcfl
(60). Our data reveal that transcription factor binding motifs for
Runx factors (Runx1, Runx2, Runx3) and Ets factors (Ets1, Elfl,
Elf2, EIf3, Elf5, Etv2) are enriched in Naive-C7 CD4+ T cells but
downregulated in Naive -C8 and Naive -C9 CD4+ T cells
(Fig. 5C). This supports the idea that gene expression in naive T
cells relies heavily on a few key transcription factor families, par-
ticularly Ets and Runx.

Additionally, Ctcf and its related factor, Cecf-like (Ctcfl or
Boris), are enriched in Naive-C9 CD4+ T cells, while motifs for
Nfat (Nfatcl, Nfatc2, Nfatc3, Nfatc4), Fos/Fosb (Fos, Fosb,
Fosl1), Batf (Batf, Batf3), and Nfkb (Nfkb1, Nfkb2)—activated
downstream of TCR signaling—become highly accessible in
Naive-C8 CD4+ T cells. Previous studies have shown that Batf
regulates the recruitment of Ctcf to promote chromatin looping
associated with lineage specific gene transcription (61). This chro-
matin organization is largely dependent on Ets1, which is crucial
for Batf- mediated recruitment of Ctef (61). The progressive open-
ing of TF binding sites for Ets1, Ctcf, and Batf aligns with their
cooperative role in chromatin organization during the transcrip-
tional reprogramming associated with naive CD4+ T cell activa-
tion (62) (Fig. 5C).

Footprint analysis at Tcf7 binding sites in naive CD4+ T cell
subpopulations (Fig. 5D) revealed significant changes in local
chromatin accessibility associated with Tcf7, an important factor
in early T cell development. Specifically, there was a marked reduc-
tion in accessibility at Tcf7 binding sites as cells transitioned from
early CD4.Naive- C7 to CD4.Naive-C9 and CD4.Naive-C8, which
are closer to effector/memory cells. This reduction continued in
fully differentiated CD4.Memory T cells, supporting the notion
that Tcf7 is dispensable for the survival of CD4+ memory T
cells (63).
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Fig. 5. CD4 NaiveT cell subsets fall along a developmental trajectory. (A) Further subclustering of CD4+ T cells reveals three naive cell populations. (B) Cell
alignment to the pseudotime developmental trajectory within the naive CD4+ T cell populations. The smoothened arrow represents a visualization of the
interpreted trajectory in the UMAP embedding. (C) Pseudotime heatmap ordering of the top 10% most variable chromVAR TF motif bias-corrected deviations in
the CD4+ naive T cell trajectory. For B-D, n = 11,954 cells. (D) Tcf7 TFBS leaves a “deepest footprint” in a CD4+ naive cluster. Comparison of aggregate footprints
for Tcf7 in CD4.naive, CD4.naivelsgHi, CD4.naive Early Activation for mice of all four age groups. Y-axis values are average normalized reads per motif site, per

mouse, at sites that are close with age.
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Transcriptional and Epigenetic Programs Defining Age-
Associated CD4" and CD8" Gzmk+ T Cells. Aging is marked by
chronic low-grade inflammation, which contributes to tissue
deterioration and the development of age-related diseases
(64). Clonal cytotoxic Gzmk+ CD8+ T cells are recognized as
a key feature of inflammaging in both mice and humans (21).
Additionally, recent findings indicate that CD4+ T helper cells
can also acquire cytotoxic properties, with Gzmk+ CD4+ T cells
identified in aged mice (20).

Our scRNA-seq analysis identifies cytotoxic Gzmk+ CD4+ and
Gzmk+ CD8+ T cells, which exhibit distinct features related to cyto-
toxic T cell development and function (Fig. 64). These features
include elevated expression of Gzmk, along with cytolytic and proin-
flammatory molecules such as Prfl, Gzma, Gzmb, and IFNy.
Additionally, Gzmk+ cells show increased expression of Cxcr3 and
inflammatory chemokines Ccl5 and Ccl4 (Fig. 6A4). Both Gzmk+
CD4+ and CD8+ T cell populations display the highest levels of
Nkg7, which is critical for CD8+ T cell cytotoxicity and CD4+ T
cell activation and proinflammatory responses (65).

Cytotoxic CD4+ T cell development is governed by a hierar-
chical transcriptional network involving the transcription
factors ThPOK, Runx3, and Eomes (66-68). Specifically,
Runx3 activation represses ThPOK, promoting a cytotoxic
CD4+ T cell fate (43, 69). In CD8+ T cells, post-Lymphocytic
Choriomeningitis Virus infection signatures reveal increased
expression of Gzmk, Tox, and Eomes (70), indicating shared
transcriptional programs that confer the Gzmk+ cytotoxic phe-
notype across both subsets. Notably, we observed elevated levels

of Eomes and Runx3 in cytotoxic Gzmk+ CD4+ and CD8+
T cells (Fig. 6A4).

Interestingly, we observed elevated expression levels of Tox,
associated with T cell dysfunction, in the cytotoxic Gzmk+ CD8+
T cell population compared to CD8+ TEM cells (Fig. 6A4). This
finding aligns with the more dysfunctional phenotype seen in cells
subjected to prolonged TCR activation during aging (71). Among
CD4+ T cell subsets, Gzmk+ CD4+ T cells exhibited the highest
Tox expression, surpassing that of CD4+ Dysfunctional and
Activated Treg populations (Fig. 6A).

scATAC-seq data reveal cluster-specific increases in chromatin
accessibility at the Eomes promoter (S Appendix, Fig. S8), indi-
cating transcriptional activation of Eomes in both Gzmk+ CD4+
and Gzmk+ CD8+ T cell populations. Additionally, footprint
analysis of EOMES transcription factor binding sites across open
chromatin regions shows the highest enrichment in cytotoxic
CD4+ T and Th1 cells (Fig. 6B) compared to other CD4+ T cell
subpopulations.

We assessed transcription factor activity across cells and clusters
by weighting the presence of binding site motifs in open chroma-
tin regions (Fig. 6C and SI Appendix, Fig. S8B). This analysis
revealed an enrichment of Eomes binding site motifs in cytotoxic
CD8+ T cells (S Appendix, Fig. S8C), as well as in cytotoxic
CD4+ T cells and effector memory and Thl CD4+ T cells
(Fig. 60).

Motif enrichment analysis revealed subtype-specific activation
of Tbx (Tbx1, Tbx2, Tbx4, Tbx5, Tbx10, Tbx20) and Runx
(Runx1, Runx3) transcription factors in both Gzmk+ CD8+ and
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Fig. 6. Single-cell analysis of age-associated Gzmk™ CD4" T cells and Gzmk* CD8" T cells. (A) scRNA-seq clusters of CD3+ T cells from spleens of C57BL/6 mice
of 10 age groups (10 to 117 wk, n = 8 to 10 mice per age group). Dotplot of selected genes’ average expression per cluster. (B) Normalized transcription factor
enrichment profile for EOMES for all CD4+ T cell clusters in scATAC-seq. (C) Heatmap of transcription factors motifs enrichment scores of the most accessible
genes in each scATAC-seq CD4+ T cell cluster. (D) Graphic representation of pathways enriched by differential age-related genes (aging DEG) for Gzmk+ T cell
cluster-based pseudobulk across multiple ages (comparing samples from week 48 to week 117 to samples from week 24). Dark squares on the left indicate
enrichment of a specific pathway was statistically significant. Each column of circles corresponds to the comparison between 24 wk and the older age. Circle
size represents the number of age-related genes enriched to each pathway. The circle color indicates the average fold-change in the expression levels of these
genes versus 24 wk, with the deepest red being an increase of > four-fold. Right panels show the aging DEG patterns included in the pathway analysis in Left

and Middle panels.
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Gzmk+ CD4+ T cells (Fig. 6C and SI Appendix, Fig. S8B). This
suggests a potential role for these regulators in mediating increased
cytotoxic T cell activity and numbers with age.

We employed the methodologies outlined by ref. 72 to inves-
tigate age-related genes and pathways that emerge after the mat-
uration of mice. Among all cell types analyzed, Gzmk+ T cells and
CD8+ central memory T cells (CD8. TEM) exhibited the highest
number of age-related genes (S Appendix, Fig. S8C). In particular,
age-related genes in Gzmk+ T cells were significantly enriched in
multiple biological pathways compared to other subtypes of T
cells (S Appendix, Fig. S8D). Age-related genes enriched in path-
ways such as lymphocyte interactions with other cells and GPCR
ligand binding demonstrated a linear increasing trend throughout
aging (referred to as the “Linear Up Pattern”) (Fig. 6D). In con-
trast, genes associated with pathways such as cellular senescence,
Fce receptor signaling, estrogen receptor signaling, neutrophil
degranulation, and deubiquitination exhibited increased expres-
sion at earlier stages of life in mice (called the “early upward pat-
tern”) (Fig. 6D).

Furthermore, a different set of age-related genes involved in
the response to elevated platelet cytosolic Ca2+ levels displayed
a linear decrease in expression over time (designated the “linear
down pattern”) (Fig. 6D). Pathways such as IFN signaling and
interleukin signaling showed enrichment with age-related genes
in various patterns in Gzmk+ T cells, while also being enriched
in other cell types (SI Appendix, Fig. S8D). This finding of IFN
upregulation was also found in our previous work, in other tis-
sues (72, 73).

These findings underscore significant transcriptional and epi-
genetic parallels between Gzmk+ CD4+ and Gzmk+ CD8+ T
cells, implicating Eomes, Runx, Tox, and T-box in the develop-
ment and function of these age-associated T cell subsets.

Discussion

Our findings align with previous research showing a decline in
the population of naive T cells, alongside an increase in memory
and effector T cells with age. Notably, recent studies have docu-
mented a decrease in naive CD8+ T cells and identified an age-
associated CD8+ T cell subpopulation characterized by exhaustion
markers and elevated Gzmk expression (21, 74). We confirm these
findings but also identify distinct subsets, underscoring the robust-
ness and sensitivity of our approach in detecting significant shifts
in the immune landscape.

Orthogonal validation using flow cytometry confirmed the
RNA-seq data, revealing a decrease in naive T cells and an increase
in effector and memory T cells in aged mice. Additionally, the
reduction in absolute CD4+ T cell numbers per gram of spleen in
aged animals supports the notion of age-associated immune decline.

A key finding of our study is the characterization of the Gzmk+
T cell subpopulation. Gzmk, a serine protease involved in immune
functions such as cytotoxicity and inflammation, showed a signif-
icant increase in aged mice, particularly within effector memory
and exhausted T cell compartments. This suggests that Gzmk+ T
cells may contribute to the age-related shift toward a proinflam-
matory and less effective immune response (74, 75). Our results
therefore indicate that Gzmk+ T cells and Gzmk itself may serve
as potential targets for addressing age-associated immune dysfunc-
tion. While aging activates the Gzmk pathway predominantly in
cytotoxic CD4+ cells, specific antigens may induce different cyto-
toxic profiles. For instance, cytotoxic CD4+ T cells from CMV
seropositive donors arise from Th1 precursors and utilize the per-
forin pathway (76, 77), whereas dengue virus—specific cytotoxic
CD4+ T cells rely on Fas-FasL-mediated killing (78). Notably,
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allograft rejection by cytotoxic CD4+ T cells appears to involve
both perforin and Fas-FasL mechanisms (79).

Heterogeneity in chemokine gene expression among cytotoxic T
cells may reflect functional diversity linked to specific antigens. For
example, two distinct subsets of cytotoxic CD4+T cells identified
during CMV infection shared many TCR repertoires but differed
in chemokine expression (CCL5 versus CCL3 and CCL4) (80).

Among age-related gene perturbations, we noted significant upreg-
ulation of ISG15 in older T cell populations. This IFN-stimulated
gene indicates increased IFN signaling consistent with a proinflam-
matory phenotype, corroborated by prior studies in other tissues (73,
81). It is suggested that age-related increases in IFN signaling stem
from a loss of heterochromatin, leading to heightened transcription
of repetitive DNA elements like LINE-1 (82).

Additional age-related genes include TNFRSF4 and TNFRSF9,
which activate NF-kB signaling (83), further indicating increased
inflammatory signaling. The scATAC-seq data provided additional
layers of information by revealing changes in chromatin accessi-
bility associated with aging. For instance, the increase accessibility
of promoters for genes like IL-17a and RORYy in aged mice also
suggests a shift toward a more proinflammatory T cell phenotype,
which has been implicated in age-related chronic inflammation
and autoimmunity (58, 59).

The scATAC-seq data from this study revealed changes in chro-
matin accessibility associated with aging. Increased accessibility of
promoters for genes such as IL-17a and RORy suggests a shift
toward a proinflammatory T cell phenotype implicated in
age-related chronic inflammation and autoimmunity (58, 59). We
also identified transcription factors like EOMES, RUNX, TOX,
and T-BOX as key regulators of age-associated changes in T cell
subsets. The enrichment of Eomesodermin Eomes binding sites in
cytotoxic CD4+ is congruent with the central role of this T-box
transcription factor in the development and function of cytotoxic
T cell populations (68, 84-86). Similarly, the prominent increase
in Eomes binding sites in accessible chromatin regions observed in
effector memory T cells is consistent with the combined require-
ment of Eomes and Thbet, a related T-box factor, in the development
of antitumor cytotoxic effector/central memory T cells (87).

Future research should be aimed at determining whether these
findings are predictive of changes observed in aged human beings
and exploring the functional consequences of targeting these path-
ways in the setting of age-related immune dysfunction.

Materials and Methods

Mice and Sample Processing. Wild-type male C57BL/6 mice were obtained
from The Jackson Laboratory and housed under pathogen-free conditions at
Regeneron, following Institutional Animal Care and Use Committee guidelines.
For scRNA-seq, T cells were collected from spleens across 10 age groups. For
scATAC-seq, nuclei were isolated from spleens across 4 age groups.

Preparation and Sequencing of scRNA-seq and TCR Library. Single-
cell suspensions were processed for droplet-based scRNA-seq using the 10x
Genomics platform. Cells were loaded onto a Chromium Single Cell Instrument
to generate GEM droplets, with libraries prepared using the Chromium Single
Cell 3" and 5 Library Kits. TCR o/p libraries were amplified with in-house prim-
ers and sequenced on an Illumina NextSeq500. Data preprocessing utilized the
Cell Ranger Suite v2.0 for demultiplexing, UMI counting, and alignment to the
mouse mm10 genome.

Preparation and Sequencing of scATAC-seq Library. Nuclei were prepared
using the 10x Genomics protocol and processed on a Chromium Single Cell
Instrument with the NextGEM ATAC-seq v1.7 assay. Libraries were sequenced on
an lllumina NextSeq500, with data preprocessed using Cell Ranger ATAC v1.0
aligned to the GRCm38 genome.
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Experimental Validation. For flow cytometry, purified splenic CD3+ T cells were
stimulated for 48 h, stained with viability dye and primary antibodies, followed by
intracellular labeling. CD8+ T cells from young and aged mice were isolated and
activated with anti-CD3/CD28 antibodies and IL-2 for cytokine analysis via flow
cytometry. Supernatants were collected for ELISA measurements of Granzyme B,
CCL3/MIP-1ar, CCLA/MIP-16, and CCL5/RANTES.

scRNA-seq Data Processing and Analysis. Quality control. scRNA-seq data from
83 mice across 10 ages were filtered using Scanpy (v.1.4.6) based on UMI counts,
gene detection ratios, and mitochondrial gene expression. After normalization and
Principal Component Analysis clustering with the Leiden algorithm, batch correc-
tion was performed using Harmony, retaining 28,187 of 30,163 cells (96.7%).

Clustering and Analysis. T cells were identified by TCR beta chain sequences.
Clustering was performed at resolutions from 0.5 to 2, with a resolution of 1.0
selected based on marker gene representation, resulting in 25 unsupervised
clusters. Cluster annotations utilized Differential Expression Genes (DEGs) and
enrichment of T cell gene signatures. DEGs were calculated using recommended
parameters, and subclustering of naive T cells and Treg populations was con-
ducted via Wilcoxon tests for top DEGs. Uniform ManifoldApproximation and
Projection (UMAP) was employed for dimensionality reduction. The top 10 over-
expressed genes per cluster were selected based on Wilcoxon test results (P <
0.05, Log2 Fold Change < 1).All CD3D+/CD3E+ clusters were retained for further
analysis, resulting in a total of 260,872 cells.

Age Relating Pathway Enrichment Analysis. Methods from ref. 72 were used
to identify age-related genes after combining single cells from each mouse for
each cell type. REACTOME pathways were used for the pathway enrichment.

Paired scTCRa/TCRp Repertoire Analysis. Sample demultiplexing and barcode
processing were conducted using the Cell Ranger Single-Cell Software Suite, with
alignment and TCR assembly performed by Cell Ranger VDJ v3.0.2. Only TCRs
with one productive rearrangement for both TCRo and TCR chains were included.
Clonotype frequencies were calculated, and Gini coefficients assessed repertoire
diversity and clonality. TCR clonotypes were defined by the gene combination and
nucleotide sequence of the CDR3 region. Cell counts per cluster were obtained using
scRepertoire, and TCR data were cross-referenced with public datasets from VDJdb.

ScATAC-seq Data Processing and Analysis. Quality control. Aligned reads
from Cell Ranger were preprocessed to retain high-quality reads and remove
PCR duplicates. We adjusted mapping for scATAC-seq and performed barcode
filtering based on fragment count and promoter ratios. A two-step genome
accessibility-based clustering identified high-quality T cells: The first step used
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unbiased methods for peak calling, while the second refined clusters to isolate
CD4+ and CD8+ T cells.

Clustering and Annotation. CD4+ and CD8+ T cell clusters were analyzed
separately using ArchRv.1.0.1(88). Harmony was employed for batch correction,
and Seurat clustering was applied to CD8+ T cells at a resolution of 0.6, yielding
nine clusters. Clusters were annotated by integrating scRNA-seq data from the
same mice, with MACS2 used for peak calling in each CD8+ cluster. A similar
approach identified 15 refined clusters among CD4+ T cells.

Gene Activity Score. Gene activity scores were computed by integrating ATAC-
seq signals from annotated gene bodies, —5 kb upstream of transcription start
sites, and +10 kb downstream of transcription termination sites. Spearman cor-
relation between ATAC-seq gene scores and RNA-seq expression was calculated
to align scATAC-seq and scRNA-seq clusters.

TF Motif Enrichment. TF motif enrichment in each cell cluster was assessed
using chromVAR (89). We collected Catalog of Inferred Sequence Binding
Preferencesmotifs for 857 TFs (Transcription Factors) and calculated GC bias-
corrected deviation scores and variability for each motif.

Pseudotime Analysis. Cells from naive clusters were ordered in pseudotime,
with changes in gene scores and TF motifs visualized along the trajectory using
heatmaps in ArchR.

Public scATAC-seq Signature. ATAC-seq peak and signal data were obtained
from Yoshida et al. (90). We calculated the average accessibility of all peaks for
each cluster and identified 162,559 shared peaks by overlapping our data with
that of Yoshida et al. Spearman correlation of average accessibility was then com-
puted across all clusters.

Data, Materials, and Software Availability. Raw single-cell RNA-sequencing
TCR-sequencing and ATAC sequencing data have been deposited in Sequence Read
Archive atthe National Center for Biotechnology Information (PRINA1181768)(91).
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