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In aged individuals, age-related changes in immune cells, especially T cell deficiency, are associated with an increased incidence of infection, tumor, and autoimmune disease, as well as an impaired response to vaccination. However, the features of gene expression levels in aged T cells are still unknown. Our previous study successfully tracked aged T cells generated from one wave of developing thymocytes of young age by a lineage-specific and inducible Cre-controlled reporter (TCRδCreERR26ZsGreen mouse strain). In this study, we utilized this model and genome-wide transcriptomic analysis to examine changes in gene expression in aged naïve and memory T cell populations during the aging process. We identified profound gene alterations in aged CD4 and CD8 T cells. Both aged CD4+ and CD8+ naïve T cells showed significantly decreased organelle function. Importantly, genes associated with lymphocyte activation and function demonstrated a significant increase in aged memory T cells, accompanied by upregulation of immunosuppressive markers and immune checkpoints, revealing an abnormal T cell function in aged cells. Furthermore, aging significantly affects T cell survival and death signaling. While aged CD4 memory T cells exhibited pro-apoptotic gene signatures, aged CD8 memory T cells expressed anti-apoptotic genes. Thus, the transcriptional analysis of gene expression and signaling pathways in aged T cell subsets shed light on our understanding of altered immune function with aging, which will have great potential for clinical interventions for older adults.
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INTRODUCTION

Age-associated progressive loss of physiological integrity may lead to major human pathologies, including cancer, cardiovascular disorders, diabetes, and neurodegenerative diseases. Age-related declines in the immune system, known as immunosenescence, lead older individuals to be more susceptible to infectious diseases, tumors, and autoimmune diseases, while their response to vaccination is impaired. As a key component of the immune system, T cell immunity during the aging process has attracted much attention in recent years (Nikolich-Zugich, 2018).

Naïve T cells develop in the thymus gland, which experiences rapid involution after puberty. To compensate for the reduced thymic export, naïve T cells maintain their population through peripheral homeostatic proliferation in the elderly. Although homeostatic proliferation is sufficient to maintain a sizable naïve CD4+ T cell compartment, loss of circulating naïve CD8+ T cells with age is much more severe (Thome et al., 2016). The exact mechanism underlying the reduced naïve CD8+ T cell compartment due to aging remains poorly understood. Once exposed to antigen, naïve T cells become activated and differentiate into effector and memory T cells. Based on their distinct homing capacity and effector function, memory T cells are further divided into central memory T (TCM) cells and effector memory T (TEM) cells. Along with aging, T cell subset distribution shifts from naïve T cells to TCM and TEM due to continuous antigen stimulation and thymic involution (Saule et al., 2006).

The aging process is accompanied by immunosenescence, which is associated with the loss of expression of co-stimulatory molecules, such as CD27 and CD28, and the reduction in IL-2 secretion (Li et al., 2019). It has been shown that exposure to short-term and long-term stress can induce T cell senescence, and cellular senescence is generally implicated as a major mechanism of aging-associated T cell dysfunction (Vermes et al., 1995). Immunosenescence reduces recognition of new antigens due to decreased TCR variability, which contributes to increased susceptibility to infection and ineffective response to vaccination in aged individuals (Dorrington and Bowdish, 2013). T cell senescence is also associated with increased pro-inflammatory cytokine production, which is known as inflammaging. In addition, DNA damage, such as double-strand breaks, inefficient repair, and reduced telomerase activity, are also enriched in aged T cells. The responses resulting from chronic DNA damage may contribute to the production of pro-inflammatory cytokines (Krysko et al., 2008).

Studies on the relationship between changes in gene expression and T cell function are essential for a better understanding of age-associated T cell immunity. In the current investigation, we have creatively applied TCRδCreERR26ZsGreen double transgenic mice for precise age-tracking and T cell sorting (Zhang et al., 2016). RNA sequencing (RNA-Seq) was performed among young and aged T cell populations, including both CD4 and CD8 T lymphocytes, and naïve and memory cell subsets in young and old mice. We analyzed differential gene expression patterns in the aged T cell population and identified a large number of genes involved in cellular and molecular functions, protein activity, nucleotide binding, and cell adhesion during the aging process. Notably, aged memory T cells exhibited gene patterns of abnormal immune functions. Aged CD4 and CD8 memory T cells showed gene signatures that were prone to cell death and resistant to cell death, respectively.



MATERIALS AND METHODS


Mice

Five-week-old TCRδCreERR26ZsGreen mice were developed and used as described previously (Zhang et al., 2016). All mice were housed under specific pathogen-free conditions by the Xi'an Jiaotong University Division of Laboratory Animal Research. All animal procedures were approved by the Institutional Animal Care and Use Committee of Xi'an Jiaotong University.



Antibodies

The following antibodies were used in the flow cytometry analyses: anti-mouse CD8a (53-6.7), anti-mouse CD4 (GK1.5), anti-mouse CD44 (IM7), anti-mouse 62L (MEL-14), anti-mouse CD69 (H1.2F3), anti-mouse CD122 (TM-βTM), and anti-mouse PD-1 (29F.1A12). The fluorochrome-labeled antibodies were purchased from BioLegend (San Diego, CA, USA).


Tamoxifen Treatment

For long-term tracing experiments, TCRδCreERR26ZsGreen mice (5 weeks old, n = 10) were treated with three doses of 1 mg/mouse tamoxifen intraperitoneal injection (i.p.) every other day. For short-term tracing experiments, TCRδCreERR26ZsGreen mice (5 weeks old, n = 8) were treated with one dose of tamoxifen (1 mg/mouse).



Flow Cytometry Analysis and Sorting

Lymphocytes from tamoxifen-treated TCRδCreERR26ZsGreen double transgenic mice were isolated. For cell surface staining, single cells were suspended, and a total of 1 × 106 cells were stained in the dark at 4°C for 30 min. The analysis was performed on a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA). ZsGreen+ CD4 TEM (CD4+CD44+CD62L−), CD4 TCM (CD4+CD44+CD62L+), CD4 naïve T cells (CD4+CD44−CD62L+CD69−CD122−PD-1−), and CD8 TEM (CD8+CD44+CD62L−), CD8 TCM (CD4+CD44+CD62L+), and CD8 naïve T cells (CD8+CD44−CD62L+CD69−CD122−PD-1−) were sorted by MoFlo XDP sorter. FACS data were analyzed using FlowJo software.



RNA-Seq Analysis

Total RNA was extracted from the cells mentioned above using the Quick-RNA Microprep Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's protocol. RNA quality was assessed using the Agilent RNA 6000 Nano Kit with the Agilent 2100 Bio analyser (Agilent Technologies, Santa Clara, CA, USA). Library construction and RNA sequencing on the BGISEQ-500 platform were conducted at the Beijing Genomics Institute (BGI). Two biological replicates were performed in RNA-Seq analysis.

The raw sequencing reads were filtered before downstream analyses by removing low-quality reads, adaptor-polluted reads, and reads with more than 10% of unknown bases. Hierarchical indexing for spliced alignment of transcripts (HISAT) was used to map reads to the mm 9 reference genome. Gene expression levels were quantified using RSEM. The gene expression cluster and volcano plot were displayed with R. The DEseq2 algorithms were used to detect differentially expressed genes (DEGs) between groups. Genes with a fold change ≥ 2 and adjusted P value ≤ 0.05 were considered to be significantly differentially expressed. Using Gene Ontology (GO) annotation, we classified DEGs according to the official classification and performed GO functional enrichment using gene set enrichment analysis.





RESULTS


Transcriptomic Analysis of T Cell Populations in Young and Old Mice

To fully characterize the effects of aging on T cell phenotype and function, genome-wide transcriptomic analysis was performed to reveal the gene expression profiles of naïve and memory T cells in young and old mice. To obtain T cell populations, TCRδCreERR26ZsGreen double transgenic mice developed in our previous work were used (Zhang et al., 2016). For both young and old T cells, TCRδCreERR26ZsGreen mice were treated with tamoxifen at 5 weeks old to induce ZsGreen expression. While young T cells were obtained from mice 1 month after treatment, old T cells were obtained from mice 1 1/2 years after treatment (Figures 1A,B). Only small fractions of T cells were ZsGreen positive among both CD4 (3.51%) and CD8 (3.94%) T cells in young mice, and the percentage was even lower in old mice (0.73% for CD4 and 1.45% for CD8 T cells) (Figures 1A,B). Additionally, T cell sub-populations were further identified mainly by CD62L and CD44 expression, in which naïve T cells were CD62L+CD44−CD69−CD122−PD-1−, central memory T cells (TCM) were CD62+CD44+, and effector memory T cells (TEM) were CD62−CD44+. In agreement with the common knowledge that the majority of T cells in old mice are antigen-experienced, naïve T cells and memory T cells were significantly decreased and increased, respectively, in old mice, especially CD44+ TEM cells (Figures 1A,B).
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FIGURE 1. Transcriptomic analysis of T cell populations in young and aged cell populations. (A,B) Representative FACS and sorting strategy of ZsGreen-labeled CD4 TEM, CD4 TCM, CD8 TEM, and CD8 TCM cells from TCRδCreERR26ZsGreen double transgenic mice treated with tamoxifen for 1 month (young) (A) or 1 1/2 years (old) (B).


Naïve, TCM, and TEM of both CD4+ and CD8+ T cells were sorted from young and old mice for transcriptome analysis. Compared to young mice, the DEGs in T cells from old mice are summarized in Supplementary Figure 1. For instance, by comparing transcriptomes of young and old CD4 naïve T cells, we found that 6,308 genes were differentially expressed (greater than twofold, P < 0.05) with 463 upregulated genes and 5,845 downregulated genes. Among the six T cell populations, significantly more downregulated genes than upregulated ones were observed in old mice in five T cell populations, except for CD8 TEM cells.

With the aging of cells, the number of upregulated genes in CD4 (920, 3.05%) and CD8 (1,873, 5.56%) effector memory T cells (TEM) was significantly much more than that in other subsets. Among downregulated genes, naïve CD4 (5,845) and CD8 (5,494) T cells and CD8 central memory T cells (TCM, 5,523) were remarkably affected by aging, demonstrated by more genes that downregulate significantly. It should be noted that naïve CD4 and CD8 T cells had lower unchanged gene number than other cell subsets, 16,735, 72.63% and 20,857, 78.66%, respectively, which indicated that naïve T cells were sensitive to aging.



Biological Characteristics of Downregulated Genes in Aged Naïve T Cells

Since DEGs in both naïve CD4 and CD8 T cells were mainly downregulated in old mice, we first analyzed the expression features of these genes. GO analysis showed that a large fraction of DEGs in aged naïve CD4 T cells were enriched in three categories: organelle function, cellular molecular function, and protein metabolism (Figure 2A). The total number of genes in each gene set, the overlapped DEGs, and the statistics of P value between young and old mice are listed in the figure. Organelle functions are biological processes associated with organelle assembly, such as mitochondrion, envelope, organelle inner membrane, and ribosome. For mitochondrion, 321 DEGs out of 1,576 total genes were identified in this gene set with statistical significance (P value = 1.01E−112). Cellular and molecular functions are biological processes mainly associated with intracellular signals and molecular functions, such as cellular molecule transportation, location, and response to DNA damage stimulus. Moreover, protein metabolism, such as proteolysis and protein catabolic processes, was possibly affected in aged CD4 naïve T cells.
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FIGURE 2. Biological characteristics of downregulated genes in aged naïve T cells. (A,B) Gene Ontology analysis of the downregulated DEGs from aged and young naïve CD4 (A) and CD8 (B) T cells. Column color represents category of pathway. The X-axis refers to –log10-transformed P value. The table on the right shows GO terms, total gene number, and overlap gene number in the gene set and significance of this term.


GO analysis of DEGs in aged naïve CD8 T cells was also enriched in three categories: lipid and carbohydrate metabolism, cellular and molecular function, and organelle function (Figure 2B). Similar to aged naïve CD4 T cells, the CD8 counterparts showed altered organelle functions, and cellular and molecular functions as well. Furthermore, aging affects lipid and carbohydrate biosynthetic and metabolic processes in aged naïve CD8 T cells. It has been well accepted that T cells differ greatly in their energy needs and metabolic status during immune response, in which lipid metabolism is abruptly transitioned from rest to massive expansion (Howie et al., 2017).



Functional Characteristics of Age-Related Differential Gene Expression in TCM Population

Characterized by CD62L expression among CD44+ antigen-experienced T cells, memory T cells contain distinct populations of CD44+CD62L+ central memory T cell (TCM) and CD44+CD62L− effector memory T cell (TEM) populations (Sallusto et al., 2004). For CD4 TCM cells, 1,641 genes were downregulated, while 426 genes were upregulated. GO analysis of downregulated DEGs in aged CD4 TCM cells revealed that four biological processes were enriched: nucleotide binding, protein activity, cell cycle, and cellular response (Figure 3A). The regulation of DNA binding may be impaired, as evidenced by decreased nucleotide binding genes, such as Ddx51, Trim23, and Rab22a. Additionally, protein activity-related genes are involved in protein biosynthetic pathways, binding, and dimerization activity, including Bst2, Snca, and Fxr2. Cell cycle-related genes involved in regulating cell proliferation and apoptosis include Riok2, Rragb, Ube2e1, and Klf4. It has been reported that Riok2 promotes cell proliferation (Read et al., 2013) and Klf4 is a novel tumor suppressor in multiple tumor types (Guan et al., 2010), indicating that cell proliferation was likely to be affected in aged CD4 TCM cells. Furthermore, genes involved in responding to stimulus, including DNA damage and stress, were significantly decreased in aged CD4 TCM cells.
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FIGURE 3. Functional characteristics of age-related differential gene expression in TCM cells. (A) Gene Ontology analysis of DEGs from CD4 TCM cells in two groups. The table on the right shows the top four categories. (B) Heat map depicts the DEGs of young and aged CD8 TCM cells (n = 2). The green and red bands indicate low and high gene expression quantity, respectively.


In comparison to aged CD4 TCM cells, the CD8 counterparts showed significantly more changed genes, with 544 upregulated and 5,523 downregulated genes (Supplementary Figure 1). The genes associated with cell chemotaxis, such as chemokine and chemokine receptors CCL5 and CCR2, were elevated (Figure 3B). Interestingly, genes involved in leukocyte immunity were strikingly increased in aged CD8 TCM cells compared to those in young T cells, suggesting an aberrant function in the aged CD8 TCM population. These elevated genes were largely involved in cell cytotoxicity, such as granzyme molecules Gzmm and Gzmk, Fc receptor Fcgrt, and a few killer cell lectin-like receptors Klrc1, Klre1, and Klrk1. Notably, aging potentially shapes CD8 TCM cell survival and apoptosis signals, endowing them with apoptosis resistance. While genes inhibiting apoptosis were upregulated, such as Serpina3g, Id2, and S1pr5, a number of pro-apoptotic genes were downregulated in aged CD8 TCM cells, such as Id3, Dapl1, Ifi27l2, Ankrd22, S100a8, S100a9, and Tceal7.



Functional Characteristics of Age-Related Gene Expression in TEM Populations

Different from TCM cells, effector memory T cells (TEM) are memory T cell populations characterized by rapid effector function, producing cytokines within hours following antigenic stimulation (Sallusto et al., 2004). Aged CD4 TEM cells showed a total 1,542 downregulated genes and 920 upregulated genes compared to young CD4 TEM cells (Figure 4A). GO analysis of upregulated DEGs revealed that mainly four categories of signaling pathways were enriched for immune function, cell activation, response to stimulus, and cell death (Figure 4B). Several GO hits were involved in cell activation, specifically lymphocyte activation. Moreover, signaling pathways associated with T cell immune function regarding lymphocyte differentiation, homeostasis, and cytokine production were also increased in aged CD4 TEM cells, such as CD274 (PD-L1), CD83, Twsg1, STAT3, RelB, Malt1, Tnfsf8, and Tnfrsf4 (OX40). Intriguingly, immune checkpoint molecules, molecules that act as gatekeepers of immune responses, were significantly increased, such as Tigit, CD274 (PD-L1), Pdcd1lg2 (CD273, PD-L2), CTLA-4, and Nt5e (CD73). Furthermore, genes involved in response to stimulus were upregulated in aged CD4 TEM cells, such as Hif1a, Ercc6l2, and Ptpn11. Hif1a is a well-known transcription factor regulated by the presence of oxygen and becomes active under low-oxygen conditions (hypoxia). Hif1a has been intensively studied as a critical regulator of T cell function, disease pathophysiology, and tumor microenvironment, and is thus considered a potential target for drug development (Semenza, 2014). In addition, Ercc excision repair 6 like 2 (Ercc6l2) and Ptpn11 (also known as Shp2), which are implicated in reactive oxygen species (ROS) production, were upregulated in aged CD4 TEM cells. These results suggest that aging affects memory T cell functions in response to oxidative stress (Xu et al., 2013; Tummala et al., 2014).
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FIGURE 4. Functional characteristics of age-related differential gene expression in TEM cells. (A) Heat map depicts the DEGs of total upregulated and downregulated genes from young and aged CD4 TEM cells. The green and red bands indicate low and high gene expression quantity, respectively. (B,C) GO analysis illustrates the activated or suppressed pathways in aged CD4 TEM cells versus young group. (D) Heat map depicts a subset of significantly different genes associated with immune function, proliferation, apoptosis, and unknown pathway between young and aged CD8 TEM populations.


Next, GO analysis revealed that downregulated DEGs in aged CD4 TEM cells were enriched mainly in three categories: cytoskeleton regulation, cell cycle, and cell communication (Figure 4C). The assembly and organization of the cytoskeleton are involved in numerous cellular processes, including T cell activation (Samstag et al., 2003). Cytoskeleton-related genes Sfrp1, Cdc20, Wdr62, Lrp1, and S100a8 were decreased in aged CD4 TEM cells. One of the signs of aging is the arrest of the cell cycle, partially proven by the downregulated expression of a number of cell proliferation-related genes. Survivin, an inhibitor of apoptosis family proteins, not only is thought to be a key molecule in T cell development but also plays a crucial role in T cell proliferation and expansion (Xing et al., 2004). Cenpa is a member of the histone H3 family, and loss of Cenpa leads to a reduction in proliferating phase cells. Importantly, Cenpa is a crucial inhibitor of senescence that can decrease relevant enzyme activity in the heart and cardiac progenitor cells (McGregor et al., 2014). Intriguingly, the expression of Cenpa is downregulated in aged CD4 TEM cells, but its role in T cell proliferation, senescence, and apoptosis has not been reported so far.

For aged CD8 TEM cells, only 410 genes were downregulated and 1,873 genes were upregulated, which is in contrast with other subsets. Among the upregulated genes, Gzmk, Lpin1, Arap2, Ccr2, and Serpina3g were involved in regulating T cell functions. In aged CD8 memory T cells, the granzyme gene Gzmk was upregulated, indicating enhanced cytotoxic and killing functions of CD8 T cells (Araki et al., 2009). Serine protease inhibitor 2A (Spi2A), encoded by Serpina3g, is a physiological inhibitor of the lysosomal pathway and has been shown to be upregulated in memory CD8 T cells to maintain long-term central memory CD8 T cell populations (Liu et al., 2004). In addition, Ccr2 (encoding CC chemokine receptor 2) is expressed not only in myeloid cells, such as monocytes, macrophages, and dendritic cells, but also in activated, effector, and memory T cells. Together with its main ligand, chemokine ligand 2 (CCL2), CCR2 controls leukocyte migration during inflammatory processes (Mack et al., 2001). However, the role of upregulation of two other genes, Lpin1 (encoding magnesium-ion-dependent phosphatidic acid phosphohydrolase enzyme) and Arap2 (encoding phosphatidylinositol 3,4,5-trisphosphate-dependent GTPase-activating protein), in CD8 memory T cells is unclear.

Analysis of downregulated genes in aged CD8 TEM cells revealed that costimulatory molecules and genes associated with cell proliferation and apoptosis were significantly decreased. CD244 (2B4) and CD160 are usually co-expressed with other inhibitory receptors, including programmed cell death protein-1 (PD-1), cytotoxic T-lymphocyte-associated protein-4 (CTLA-4), lymphocyte-activation gene-3 (Lag-3), and T cell immunoglobulin and mucin domain-3 (Tim-3), as exhausted CD8 T cell markers (Agresta et al., 2018). Expression of CD244 and CD160 was significantly reduced in aged CD8 TEM cells, which possibly resulted in the enhanced abnormal T cell function in these cells (Figure 4D). In addition, the costimulatory molecule CD7 was also downregulated in aged CD8 TEM cells, implying an enhanced effector T cell phenotype with high cytolytic effector molecules and high levels of cytokine production (Aandahl et al., 2003). Similar to CD8 TCM cells, a number of pro-apoptotic genes were downregulated in aged CD8 TEM cells, such as G0s2, Dapl1, Ppp2r5c, and Fcer1g, indicating that aged CD8 TEM cells tended to be apoptosis resistant.



Aged Memory T Cells Display Enhanced Leukocyte Immunity Phenotypes

When we examined the hit signaling pathways and DEGs in aged memory T cells, we observed a remarkable enrichment of genes associated with leukocyte activation, immunity, and exhaustion in both CD4 and CD8 TCM and TEM cells (Figure 5), suggesting that aging causes abnormal T cell functions in memory T cells. In CD4 TCM cells, genes involved in T cell signaling and function were upregulated, such as Gng11, Itgad, S100a5, Lmo1, Spp1, and Csf2ra (Figure 5A). Itgad, encoding the alpha subunit of the cell surface heterodimers, belongs to the beta-2 integrin family and is involved in the activation and adhesion functions of leukocytes (Wu et al., 2004). S100 proteins are calcium-binding proteins localized in the cytoplasm and/or nucleus of a wide range of cells and are involved in the regulation of a number of cellular processes, including inflammation, diseases, and cancer (Bresnick et al., 2015). Lmo1 encodes a transcriptional regulator, and it has been reported that overexpression of LMO1 inhibits T cell differentiation and induces aggressive T cell acute lymphoblastic leukemia (Greijer and van der Wall, 2004). SPP1 (secreted phosphoprotein 1) acts as a cytokine involved in enhancing the production of interferon gamma and interleukin 12 and reducing the production of interleukin 10, which is essential for the pathway that leads to type I immunity. Meanwhile, aged CD4 TCM cells also showed increased expression of genes related to immunosuppressive T cells, particularly regulatory T cells (Treg), such as Lag3, Ikzf4, Il1r2, and Fgl2. Lag3 is a well-studied immune checkpoint receptor expressed on Treg cells and plays a critical role in negatively regulating T cell proliferation and activation (Huang et al., 2004). It has been reported that Ikzf4 and Il1r2 are preferentially expressed in Treg cells, especially tumor-infiltrating Treg cells (De Simone et al., 2016). Tigit in Treg cells induces expression of fibrinogen-like protein 2 (Fgl2), which is an effector molecule, promoting Treg cell-mediated suppression of T effector cell proliferation (Joller et al., 2014).
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FIGURE 5. Aging memory T cells display enhanced leukocyte immunity phenotype. (A–D) Volcano plots showing differentially expressed genes in CD4 TCM (A), CD8 TCM (B), CD4 TEM (C), and CD8 TEM (D) cells from young and aged mice using fold change and P value cutoffs of 2 and 0.05, respectively. The labels correspond to upregulated genes involved in leukocyte immunity. The histograms on the right of the volcano plots depict the expression change (log2FC) of these labeled genes.


Similarly, as mentioned earlier, aged CD8 TCM cells showed increased expression of genes important for cytotoxic function of effector CD8 T cells, such as granzyme molecules Gzmm and Gzmk, Fc receptor Fcgrt, and killer cell lectin-like receptors Klrc1, Klre1, and Klrk1 (Figures 3B, 5B). Granzymes are a family of serine proteases essential for inducing cell death in target cells. Killer cell lectin-like receptors (KLRs) are C-type lectin-like receptors that interact specifically with certain HLA class I molecules on cells and are preferentially expressed in cytotoxic killer cells, such as natural killer (NK) and CD8 T cells. According to their function, KLRs are classified as inhibitory and stimulatory receptors. The gene Klrc1 (encodes NKG2A) is an inhibitory receptor in the KLR family, which is enhanced in tumor-infiltrating CD8 T cells (Chen et al., 2019). In contrast, Klrk1 (encodes NKG2D) is an activating receptor that promotes CD8 T cell priming, activation, and cytokine production (Kavazovic et al., 2017). However, the role of Klre1 (encodes NKG2I) is controversial. It was first reported that NKG2I inhibited NK cell cytotoxicity by forming an immunoreceptor tyrosine-based inhibitory motif (ITIM)-bearing partner. Later, it was shown that NKG2I was an activating receptor mediating the recognition and rejection of allogeneic target cells (Koike et al., 2004). This inconsistency may be due to different experimental assays and models. Likewise, the exact functional alterations in aged CD8 TCM cells require comprehensive in-depth investigations.

Analysis of upregulated genes in old CD4 TEM cells revealed that genes associated with T cell activation and immunity were significantly increased, several of which were involved in NF-κB signaling pathways, such as Tnfsf8, Tnfrsf4, RelB, Malt1, Tank, Tnfaip3, STAT3, and Nfatc1 (Figure 5C). Additionally, immune checkpoint molecules, such as Tigit, Cd274 (PD-L1), Pdcd1lg2 (CD273, PD-L2), Ctla4, and Nt5e (CD73), were particularly elevated in aged mice.

In aged CD8 TEM cells, the upregulation of granzyme gene Gzmk reflects enhanced cytotoxic and killing functions (Araki et al., 2009). Serine protease inhibitor 2A (Spi2A), encoded by the Serina3g gene, is a physiological inhibitor of the lysosomal pathway and has been shown to be upregulated in memory CD8 T cells to maintain long-term central memory populations. In addition, Ccr2 (encoding CC chemokine receptor 2) not only is expressed in myeloid cells, such as monocytes, macrophages, and dendritic cells, but has also been shown to be expressed in activated, effector, and memory T cells. Together with its main ligand, chemokine ligand 2 (CCL2), CCR2 controls leukocyte migration during inflammatory processes (Mack et al., 2001). However, the roles of upregulation of two other genes, Lpin1 (encoding magnesium-ion-dependent phosphatidic acid phosphohydrolase enzyme) and Arap2 (encoding phosphatidylinositol 3,4,5-trisphosphate-dependent GTPase-activating protein), in CD8 memory T cells remain unclear.



CD4 and CD8 Memory T Cells Exhibit an Inverse Pattern of Apoptotic Gene Expression

Naïve T cells, including both CD4 and CD8 T cells, were significantly decreased in aged mice (Figure 1). GO analysis of DEGs revealed that few genes associated with cell proliferation or apoptosis differed in naïve T cells of young and aged mice (Figure 2). However, a large number of genes related to proliferation and apoptosis were remarkably altered in memory T cells, including both central memory and effector memory CD4 and CD8 T cells in aged mice (Figures 3, 4). Interestingly, while central memory and effector memory T cells showed consistent changes in cell survival and death, CD4 and CD8 memory T cells expressed pro- and anti-apoptotic gene signatures, respectively.

In CD4 TCM cells, genes that promote cell apoptosis were significantly upregulated, such as Erdr1, Evi5l, Dstyk, Scrib, Cdip1, and Rbm11 (Figure 6A). It has been observed that Erdr1 induces murine melanoma apoptosis through the regulation of Bcl-2 and Bax (Lee et al., 2016). Dstyk induces apoptosis regulated by FGF signaling (Zha et al., 2004). Scrib, encoding tumor suppressor Scribble, has been proposed to be important for providing survival advantages in several experimental settings (Frank et al., 2012). Additionally, Cdip1 is a novel p53 target gene and is a key downstream effector of p53-dependent apoptosis. By interacting with Bap31 at the ER membrane, Cdip transduces the mitochondrial apoptosis pathway (Namba et al., 2013). Accordingly, genes promoting the cell cycle were downregulated (Figure 6A). For example, Riok2 is a member of the RIO (right open reading frame) kinase family and is downregulated in old CD4 TCM cells. Moreover, Klf4, characterized as a novel tumor suppressor in multiple tumor types, is significantly decreased, indicating that CD4 TCM cells are susceptible to cell death in aged mice (Guan et al., 2010).
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FIGURE 6. CD4 and CD8 memory T cells have pro- and anti-apoptotic gene patterns, respectively. (A–D) Volcano plot showing the gene signature of aged compared to young CD4 TCM (A), CD4 TEM (B), CD8 TCM (C), and CD8 TEM (D) cells. X-axis represents log2-transformed fold change. Y-axis represents –log10-transformed significance. Red points represent upregulated DEGs. Blue points represent downregulated DEGs. Gray points represent non-DEGs. Genes associated with apoptosis are labeled and highlighted.


Furthermore, aged CD4 TEM cells also had a large number of pro-apoptotic genes increased, such as CXCR4, CXCL10, CTLA4, Tnfaip3, STAT3, Tnfsf8, Plscr1, Nrp1, Hif1a, Tp53inp1, and Ing3 (Figure 6B). Tnfsf8 (encoding CD153, also known as CD30L) belongs to the TNF family and is the only known ligand for CD30. CD30L is expressed on the cell surface of activated T cells, and CD30/CD30L interactions induce T cell apoptosis, preventing autoimmunity (Tinazzi et al., 2014). Additionally, Tp53inp1, a TP53-responsive factor, has been shown to positively regulate tumor cell apoptosis (Zuckerberg et al., 1994). Similarly, Ing3 is a tumor suppressor protein that can interact with TP53, inhibit cell growth, and induce apoptosis (Jafarnejad and Li, 2012). Interestingly, AnxA5 (Annexin A5), a calcium- and phospholipid-binding protein, was upregulated in aged CD4 TEM cells. Due to its preferential phosphatidylserine (PS)-binding property, AnxA5 has been utilized as the gold standard for the detection of apoptosis (Krysko et al., 2008; Kang et al., 2020). Recently, AnxA5 expression in CD4 T cells has been shown to be involved in regulatory function and anti-tumor immunotherapy (Kang et al., 2020). Hypoxia-inducible factor (HIF)-1 alpha is the major transcription factor specifically activated by hypoxia. Apoptosis can be induced in response to hypoxia by distinct mechanisms (Greijer and van der Wall, 2004). There is no direct evidence on the role of Hif-1α in CD4 TEM cells; however, it has been shown that hypoxia induces T cell apoptosis by inhibiting lymphocyte expression of IL-2 and CCR7 (Sun et al., 2010). In addition, Hif-1α can also be activated in non-hypoxic conditions, such as during human immunodeficiency virus (HIV)-1 infection in CD4 T cells, in which CD4 T cells are largely depleted via cell apoptosis (Duette et al., 2018). Taken together, these data suggest that aged CD4 T memory cells, including both TCM and TEM populations, were pro-apoptotic.

In contrast, senescence shapes apoptosis-resistant gene features in CD8 memory T cells (Figure 6C). In aged CD8 TCM, genes that inhibit cell apoptosis were upregulated, such as Serpina3g, Id2, FasL, and S1pr5. Serpina3g [serine protease inhibitor 2A (Spi2A)], an anti-apoptotic cytosolic cathepsin inhibitor, is induced by both IL-15 and IL-7 and is required for the maintenance of central memory CD8 T cell populations. Overexpressing Spi2A increased the number of memory T lymphocytes (Liu et al., 2004). In addition, inhibitor of DNA binding 2 (Id2) was demonstrated to be upregulated in CD8 T cells during infection, and Id2-deficient CD8 T cells were highly susceptible to apoptosis, suggesting that Id2 is an anti-apoptotic gene in CD8 TCM cells (Cannarile et al., 2006). S1pr5 (Sphingosine-1-phosphate receptor 5) is the receptor for lysophosphingolipid sphingosine 1-phosphate (S1P), which is proposed to increase cell proliferation and decrease apoptosis in different cells, including memory T cells (He et al., 2019). FasL, expressed in memory CD8 T cells and a critical mediator of target cell apoptosis, was increased in aged CD8 TCM cells. Along with the upregulation of anti-apoptotic genes, a number of pro-apoptotic genes were downregulated in aged CD8 TCM cells, such as Id3, Dapl1, Ifi27l2, Ankrd22, S100a8, and S100a9.

Notably, Serpina3g was upregulated in both aged CD8 TCM and CD8 TEM populations (Figures 6C,D), strongly indicating that CD8 memory T cells were anti-apoptotic. In agreement with this, a number of pro-apoptotic genes were downregulated in aged CD8 TEM cells, such as G0s2, Tyrobp, Dapl1, Tmem70, CD160, and Ppp2r5c. For example, G0s2 (encodes G0/G1 switch 2) promotes apoptosis by interacting with Bcl2 and preventing the formation of Bcl2/Bax heterodimers (Ohkawara et al., 2013). As its name indicates, Dapl1 (death-associated protein-like 1) plays a critical role in regulating cell apoptosis. Downregulation of Dapl1 promotes cell survival and resistance to cell death (Singh et al., 2016). Taken together, aging causes different cell fates for CD4 and CD8 memory T cells, promoting cell apoptosis in CD4 T memory cells while promoting cell survival in CD8 memory T cells.




DISCUSSION

It is generally accepted that the efficiency of immune functions declines with age, as evidenced by the increased frequency and lethality of infectious diseases, cancer, and autoimmune diseases. In addition, the immune response to vaccination is also impaired with age. Impaired immunity has long been associated with decreased T cell immunity in the elderly (Nikolich-Zugich, 2018). Age-associated decline of T cell function is complex and occurs at multiple levels. To better understand the functional changes in T cells that are associated with senescence, we investigated alterations in gene expression in aged T cells.

The major novelty of the current study is that, other than directly sorting T cell subsets from young and old mice, in which those newly developed T cell populations are contained, we utilized TCRδCreERR26ZsGreen double transgenic mice. Tamoxifen treatment induces ZsGreen expression in T cells, making ZsGreen an effective and reliable tracker to trace T cell age. When we sorted out ZsGreen-positive T cell subsets 1 month and 1 1/2 years after treatment, genuine 1-month-old and 1-1/2-year-old T cells were selected, respectively. As shown in Figure 1, only small factions of T cells were ZsGreen positive (<5%) in both young and old mice, demonstrating that T cell turnover is dynamic and most T cell populations are newly developed. Therefore, by utilizing TCRδCreERR26ZsGreen mice, we can effectively define and study young and aged T cells.

As senescence affects naïve T cells more profoundly than memory T cells (Haynes et al., 2003), we observed a significant decrease in aged naïve T cells with massive DEGs. GO analysis of downregulated genes in aged T cells revealed that genes related to organelle functions, such as mitochondrion and membrane envelope, were enriched in both naïve CD4 and CD8 T cells. It has been extensively studied that mitochondrial quality and activity are highly associated with aging in a wide range of cells and diseases. In particular, dysfunctional T cell mitochondria lead to inflammatory cytokine production and increased senescence (Desdin-Mico et al., 2020).

The effects of aging on memory T cells were complex and varied in different cell populations between CD4 and CD8 T cells, and between central memory and effector memory T cells. Generally, there were more DEGs in aged CD8 memory T cells than in aged CD4 memory T cells, suggesting that aging largely affects CD8 and central memory T cells. Moreover, the changes in biological processes in aged CD4 TCM cells and TEM cells were inconsistent with respect to cellular response and cell–cell adhesion. All these data suggest that further studies are required to fully elucidate how aging affects T cell adhesion and movement in aged CD4 memory T cells.

Interestingly, we observed a striking enrichment in genes associated with lymphocyte activation and function in all memory T cell populations. For example, in CD4 TCM cells, genes involved in T cell signaling, inflammation, differentiation, and function were upregulated. Similarly, genes associated with T cell activation and immunity were significantly upregulated in aged CD4 TEM, with a large number of genes involved in NF-κB signaling pathways. This is in agreement with a previous report that NF-κB target genes continue to be upregulated in aged CD4 T cells even in the absence of NF-κB induction (Ohkawara et al., 2013). Furthermore, several genes critical for cytotoxic function of effector CD8 T cells, including granzyme molecules and killer cell lectin-like receptors, showed increased expression in both senescent CD8 TCM and TEM cells. Specifically, granzyme gene Gzmk was upregulated in aged CD8 memory T cells, indicating enhanced cytotoxic and killing functions of CD8 T memory cells. Notably, we also saw enhanced expression of a cluster of killer cell lectin-like receptors (Klrc1, Klre1, and Klrk1) associated with NK cell function, which has been shown to be one of the most profound age-related changes in T cells (Chen et al., 2013).

However, enhanced expression of genes associated with T cell function was accompanied by elevated immunosuppressive and exhausted markers, strongly demonstrating aberrant T cell immunity, consistent with a previous study showing that T cell immunity and effector functions in aged mice have defects in response to various pathogens (Nikolich-Zugich et al., 2012). In aged CD4 TCM cells, genes related to immunosuppressive T cells, such as Lag3 and Il1r2, were upregulated. Additionally, a number of immune checkpoint molecules were significantly increased in aged CD4 TEM cells, such as TIGIT, CD274 (PD-L1), PDCD1LG2 (CD273 and PD-L2), CTLA-4, and NT5E (CD73). Upregulation of these inhibitory immune checkpoints exhibited a dominant immunosuppressive function of CD4 memory T cells in old mice, partially explaining the impaired T cell function and reduced vaccine responses and protection in elderly individuals. Knockout or blockade of inhibitory checkpoint pathways could partially restore the functional defect of T cells derived from old mice (Song et al., 2018).

Besides cellular function, aging also affects proliferation and apoptosis processes remarkably and differently in certain memory T cell populations. By analyzing genes associated with cell proliferation and apoptosis in naïve and memory T cell populations of young and old mice, we found that (1) not many altered genes were associated with cell survival and death in naïve T cells; (2) central memory and effector memory T cells had comparable gene changes with respect to cell survival and death within CD4 and CD8 T cells; and (3) CD4 and CD8 memory T cells exhibited pro- and anti-apoptotic gene signatures, respectively. In CD4 TCM cells, genes that promote cell apoptosis, including Bax, Trp53, and mTOR signaling pathways, were significantly upregulated. There was also a large number of pro-apoptotic genes involved in TNF, p53, and the hypoxia signaling pathway that were increased in aged CD4 TEM cells. The role of Hif-1α in cell apoptosis as an anti-apoptotic or pro-apoptotic factor is controversial, depending on the severity of hypoxia, cell types, and the microenvironment (Piret et al., 2002). Previous studies have demonstrated that Riok2 plays an important role in cell cycle progression, since overexpression of Riok2 promotes cell proliferation, and downregulation of Riok2 causes apoptosis in multiple cell types (Read et al., 2013). The mammalian target of rapamycin (mTOR) is a crucial regulator of cell growth, proliferation, autophagy, and many physiological events, including T cell growth and proliferation (Waickman and Powell, 2012). Ras Related GTP Binding B (RRAGB) plays a critical role in the cellular response through interaction with mTOR protein (Sancak et al., 2008). Taken together, these data suggest that CD4 T memory cells, including both TCM and TEM populations, are prone to cell apoptosis. According to a previous report, the increased cell death in aged memory CD4 T cells may result from increased susceptibility to both Fas- and TNF-mediated apoptosis (Lefebvre and Haynes, 2012). In contrast, it has been shown that senescent CD8 T cells accumulate over time and can constitute more than 50% of the peripheral blood CD8 T cell pool in elderly persons due to their resistance to apoptosis (Effros et al., 2005). In our study, we also noticed gene features with resistance to apoptosis in aged CD8 memory T cells. While genes that inhibit cellular apoptosis were upregulated, those pro-apoptotic genes were downregulated in aged CD8 memory T cells. For example, Serpina3g (encoding Spi2A), which is required for the maintenance of long-term memory CD8 T cells, was increased in both old CD8 TCM and CD8 TEM cells, supporting the long-term survival of CD8 T memory cells. The accumulation of senescent CD8 T cells influences the quality of the memory T cell pool, impairs the capacity to respond to vaccination, and is highly associated with age-related disease (Bauer, 2020).

In conclusion, we used TCRδCreERR26ZsGreen double transgenic mice and high-throughput mRNA sequencing (RNA-Seq) to study the immunosenescence of naïve and memory T cell populations. A large number of genes involved in cellular and molecular functions, protein activity, cell cycle, cell adhesion, and immune functions were identified as having altered expression during aging. Our work revealed aged CD8 memory T cells with increased T cell activation and immunity genes, yet high expression of immunosuppressive checkpoints and resistance to cell death, implying aberrant T cell immunity in old mice. These feature genes identified in the current study serve as new therapeutic targets for correcting age-related defects.
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