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Recent advances in research suggest that aging has a controllable chronic inflammatory disease aspect. Aging systemic T cells, which secrete pro-inflammatory factors, affect surrounding somatic cells, and accelerate the aging process through chronic inflammation, have attracted attention as potential therapeutic targets in aging. On the other hand, there are few reports on the aging of the intestinal immune system, which differs from the systemic immune system in many ways. In the current study, we investigated the age-related changes in the intestinal immune system, particularly in T cells. The most significant changes were observed in the CD4+ T cells in the small intestinal IEL, with a marked increase in this fraction in old mice and reduced expression of CD27 and CD28, which are characteristic of aging systemic T cells. The proliferative capacity of aging IEL CD4+ T cells was significantly more reduced than that of aging systemic T cells. Transcriptome analysis showed that the expression of inflammatory cytokines was not upregulated, whereas Cd8α, NK receptors, and Granzymes were upregulated in aging IEL CD4+ T cells. Functional analysis showed that aging IEL T cells had a higher cytotoxic function against intestinal tumor organoids in vitro than young IEL T cells. scRNAseq revealed that splenic T cells show a transition from naïve to memory T cells, whereas intestinal T cells show the emergence of a CD8αα+CD4+ T cell fraction in aged mice, which is rarely seen in young cells. Further analysis of the aging IEL CD4+ T cells showed that two unique subsets are increased that are distinct from the systemic CD4+ T cells. Subset 1 has a pro-inflammatory component, with expression of IFNγ and upregulation of NFkB signaling pathways. Subset 2 does not express IFNγ, but upregulates inhibitory molecules and nIEL markers. Expression of granzymes and Cd8a was common to both. These fractions were in opposite positions in the clustering by UMAP and had different TCR repertoires. They may be involved in the suppression of intestinal aging and longevity through anti-tumor immunity, elimination of senescent cells and stressed cells in the aging environment. This finding could be a breakthrough in aging research.
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1 Introduction

Today, the world is facing an unprecedented super-aging society, and medical and social countermeasures are an urgent issue (1). Several mechanisms have been proposed to explain aging, including limits on programmed cell division due to telomeres and other mechanisms (2), impaired gene repair mechanisms due to the accumulation of errors at the cellular level (3), mitochondrial degradation due to reactive oxygen species or oxidative stress (4–8), and stem cell deterioration (9), although these are not yet fully understood (10).

In addition to these mechanisms, the immune system plays an important role in the aging process by promoting it through chronic inflammation (11, 12). In immune aging, which begins in the 20s (13), the aging of long-lived T cells is more important than that of short-lived myeloid cells such as granulocytes, monocytes, and macrophages. At the individual level of aging, thymic atrophy disrupts the supply of fresh naive T cells, and antigen exposure leads to an increase in effector/memory cells (14). At the cellular level, it is also known that senescent T cells, like other somatic cells, have a low proliferative capacity and secrete pro-inflammatory humoral factors, such as TNF-α/IFN-γ (this phenotype is termed senescence-associated secretory phenotype; SASP) (14–18). In mice in which senescence was specifically induced in T cells, age-related changes such as atherosclerosis were accelerated (4), and administration of a peptide vaccine targeting senescent T cells ameliorated the pathology of a mouse model of diabetes (18), suggesting that senescent T cells are an important therapeutic target in systemic aging.

The gut is the one of the largest reservoirs of immune cells, particularly T cells. The intestinal lumen contains a large number of foreign antigens such as dietary antigens and gut microbiota. The intestinal lumen fulfils the conflicting roles of tolerating harmless antigens and inducing inflammation in response to harmful pathogens from the sea of antigens (19, 20). The intestinal tract therefore has a highly developed and unique intestinal mucosal immune system that is distinct from the systemic immune system. The intestinal immune system has its own lymphoid tissues such as gut-associated lymphoid tissue; GALT, and in addition to the conventional CD4 and CD8+ T cells, there are many other unique fractions such as γδT cells, CD8αβ-CD4-TCRαβ+ T cells, and CD8αα+ T cells that are rarely found in peripheral blood. The intestinal immune system is the first line of defense against foreign antigens and maintains the homeostasis of the organism by maintaining a delicate balance between inflammation and tolerance (19, 20).

The intestinal tract is a relatively unaffected organ by aging. For example, progeria syndrome causes phenotypes in the skin, hair, cardiovascular system, brain, etc., but the gut is less affected (21). On the other hand, colorectal cancer and gastrointestinal infections increase with age, while inflammatory bowel diseases; IBD and allergies decrease, suggesting that some changes are occur in the intestinal immune system (22), but there are few reports on the phenotype of intestinal aging. Furthermore, while immune aging has been extensively studied in the systemic immune system, there are few reports on age-related changes in the intestinal immune system.

In this study, we investigated the role of the intestinal immune system in aging by analyzing the qualitative, quantitative, and functional changes associated with aging in the intestinal immune system, in particular in T cells, which are long-lived and important therapeutic targets in the aging process, and by comparing them with aging T cells in the systemic immune system.




2 Materials and methods



2.1 Mice

We selected 5- to 9-weeks old and 18-months old male mice as the young and aged models based on previous papers (23–26). The general condition and organ appearance of aged mice were observed before the experiments, and mice with obvious diseases were excluded and not used in the studies. C57BL/6 mice were purchased from Jackson Laboratory or Charles River or CLEA in Japan. Both male and female mice were used for experiments. All mice were maintained under specific pathogen-free conditions in the Center for Experimental Animals in Tokyo Medical and Dental University (TMDU). All experiments were approved by animal study committees and performed in accordance with institutional guidelines and Home Office regulations.




2.2 Antibodies

The following antibodies were used: anti-mouse CD3e-FITC, -PerCP-Cy5.5, or -APC-Cy7 (clone 145-2C11; BioLegend), CD4-APC or -PE-Cy7 (clone RM4-5; BioLegend), anti-mouse CD8α-Alexa Fluor 488 (clone 53-6.7; BioLegend), anti-mouse CD8β-PE (clone YTS156.7.7; BioLegend), anti-mouse CD27-Brilliant Violet 510 (clone LG.3A10; BioLegend), anti-mouse CD28-Brilliant Violet 421 (clone 37.51; BioLegend), anti-mouse CD45- Brilliant Violet 421 (clone 30-F11; BioLegend), anti-mouse CD274 (PD-L1)-PE (clone 10F.9G2; BioLegend), anti-mouse epithelial cell adhesion molecule (EpCAM)-APC (clone G8.8; BioLegend), anti-mouse MHC-II-FITC (clone M5/114.15.2; eBioscience), anti-mouse TCRβ- APC-Cy7 (clone H57-597; BioLegend) or anti-mouse γδTCR -PE-Cy7 (clone GL3; BioLegend). For scRNAseq analysis, anti-mouse Hashtags 1 to 4 (M1/42; 39-F11, Biolegend, 155861, 155863, 155865, 155867) were used.




2.3 Isolation of mononuclear cells from murine organs

To isolate SP, MLN, and PP cells, each organ was mashed and passed through a nylon mesh. To lyse red blood cells among splenocytes, Ack buffer was used. To isolate small intestinal IELs or LPLs, we used modified protocols in previous reports (27). After the removal of PPs, a half-length of the distal ileum, proximal ileum, distal jejunum, and proximal jejunum was opened longitudinally, washed with Hank’s balanced salt solution (HBSS), and cut into small pieces. Dissected mucosae were gently inverted (50–60 rpm) on a rotator for 10–15 min at 37°C in 40 ml HBSS with 2 mM EDTA. Then, the supernatant and remaining mucosae were separated with a nylon mesh. The supernatant was centrifuged and resuspended with a 40% isotonic Percoll (GE Healthcare) solution and then subjected to Ficoll-Hypaque density gradient centrifugation (40%/75%). Collected cells were IELs. Remaining mucosae were gently inverted (50–60 rpm) on the rotator for 15–20 min at 37°C in 40 ml HBSS with 0.5 mg/ml collagenase D (Roche) and 25 μg/ml DNase I (Roche). Then, they were filtered, centrifuged, and separated with the Percoll system as described above. To isolate colonic mucosal cells, the same method was used, but the incubation time in EDTA and for digestion was 60 min.




2.4 Flow cytometric analysis and cell sorting

In some experiments, CD4+ cells or CD45+ cells were enriched with CD4 (L3T4) microbeads or CD45 microbeads (Miltenyi Biotec) according to official protocols before the cell sorting by flow cytometer. To stain surface molecules, the single cell suspension isolated from each organ was incubated with specific antibodies for 20 min at 4°C. For analysis, cells were resuspended with PBS and analysed by a FACS Canto II (BD Bioscience). Data were analysed by FlowJo software (FlOWJO LLC). For cell sorting, stained cells were sorted using a FACS Melody (BD Bioscience). More than 98% purity of each fraction was confirmed by post-sort purity checking with the FACS Canto II.




2.5 Microarray analysis

SI-IELs and SP cells were collected from 5-weeks old or 87weeks old C57BL/6 mice, stained with anti- CD3e-PerCP-Cy5.5 and anti-CD4-PE-Cy7, and then sorted by the FACS Melody as the CD4(CD3+CD4+) fractions. More than 98% purity of each fraction was confirmed by analysing post-sorted cells with the FACS Canto II. Total RNA was collected from each fraction with a RNeasy Mini Kit (QIAGEN). Microarray analysis was outsourced to KAMAKURA TECHNO-SCIENCE INC. Samples were analysed with a 3D gene chip (Mouse oligo 24k). Enrichment analysis was performed with DAVID (https://david.ncifcrf.gov/). Enriched genes were defined by more than 2-fold change and more than 100 signals after the global normalization.




2.6 Cell proliferation assay

1 x 105 of sort-purified IEL- or SP CD4+ cells were labelled with 2.5μM CFSE (CellTrace CFSE Cell Proliferation Kit, ThermoFisher SCIENTIFIC), and then stimulated with PMA+ionomycin PMA+ionomycin (PMA 50ng/ml, ionomycin 500ng/ml) in the complete medium with 100 U/mL recombinant human IL2 (Roche), 50 ng/mL mouse IL7 (Peprotech), and 50 ng/mL mouse IL15 (Peprotech) under the condition of 37°C, 5% CO2. After 72 hours, cells were harvested and stained with appropriate antibodies and analyzed by FACS Canto II (BD Bioscience).




2.7 RT-qPCR

Total RNA from SI-IELs and SP from 5 to 6-weeks old or 80 to 95 weeks-old C57BL/6 mice was isolated as described above and converted to cDNA using QuantiTect reverse transcription kit (QIAGEN) according to the manufacturer’s instructions. Real-time PCR was performed with QuantiTect SYBRgreen PCR kits (QIAGEN) using the StepOnePlus real-time PCR system and StepOne software (Thermo Fisher Scientific). Gene expression was normalized to the housekeeping gene β-actin and was expressed as the relative expression. Primers used for RT-qPCR are listed in Supplementary Table 1.




2.8 Preparation of small intestinal organoids

Crypts were isolated from the small intestine of male WT mice aged 7–11 weeks or small intestinal tumors of female APCmin mice aged 21 weeks as previously described (27). One mouse was used for each isolation. The crypts were embedded in Matrigel (Corning). Advanced DMEM/F12 (Gibco) containing 50 ng/mL mEGF (Peprotech), 100 ng/mL mNoggin (R&D Systems), 100 U/mL penicillin/streptomycin (Nacalai), 10 mM HEPES (Nacalai), 2 mM GlutaMAX-1 (Gibco), 1 mM N-acetylcysteine (Sigma), 1×N2 supplement (Gibco), 1×B27 supplement (Gibco) and 10 μM Y-27632 (Wako) were added to each well (complete medium). Organoids from APCmin mice were passaged at least twice before co-culture with IECs.




2.9 Co-culture of IELs and small intestinal tumor organoids

We followed a modified protocol from a previous report (27). Briefly, intestinal organoids were cultured for 2 days prior to the co-culture with IELs. On the first day of co-culture, SI-IELs collected from the WT mice aged 9-weeks old or 89 weeks old were stained with anti-mouse CD3e-APC-Cy7, anti-mouse CD4-PE-Cy7, and the CD3+ (CD3+) and CD4+ (CD3+ CD4+) -IELs were sorted using FACSMelody (BD Bioscience). Cultured organoids released from Matrigel were washed and counted. We combined 200 organoids and 2.0 × 105 IELs and centrifuged the samples for 3 min at 200 g. In the control group, the same number of organoids as the co-culture group was centrifuged. The pellet was suspended in 20 μL of Matrigel and placed in 24-well plates. After Matrigel polymerization, 500 μL of the complete medium with 100 U/mL recombinant human IL-2 (Roche), 10 ng/mL mouse IL-7 (Peprotech) and 10 ng/mL mouse IL-15 (Peprotech) were supplemented. The medium was refreshed every 1–2 days. Images of organoids were taken with a BZ-X710 microscope (Keyence).




2.10 Cell count of IELs and organoids

Organoids and IELs were collected and centrifuged for 3 min at 100 g in experiments. The pellet was shaken (500 rpm) in the trypLE express (Invitrogen) for 15 min at 37°C. After pipetting, cells were centrifuged for 3 min at 400 g, and the pellet was suspended with RPMI-medium (Sigma). Numbers of live single epithelial cells and IELs were counted with FACSCanto II (BD Bioscience) and Count Bright Absolute counting Beads (Invitrogen).




2.11 Single-cell 5’ transcription and T cell receptor sequencing

SI-IELs or SP cells were collected and pooled from young (6-weeks old) or old C57BL/6 mice (80-weeks old), the cells from 3 young mice and 3 old mice were mixed and pooled as young SP, young IEL, old SP and old IEL. CD45+ cells were enriched from each group using CD45 microbeads (Miltenyi Biotec), followed by cell hashing with TotalSeq-C anti-mouse hashtag antibodies (hashtag1-young IEL, hashtag2-old IEL, hashtag3-young SP, hashtag4-old SP). After the Fc blocking, cells were stained with anti-CD3e-FITC mAbs and anti-CD4-APC mAbs, and the CD3+ cells and CD3+CD4+ cells were sorted from each group by FACSMelody. Dead cells removal was performed with 7-AAD. To enrich CD4+ cells, which are rare population in young IEL, CD3+ cells and CD3+CD4+ cells were mixed as 1:1 in young and old IEL. The single cell suspension was stained with Trypan Blue and the number of cells was determined by manual cell count.

The following procedures were outsourced to AZENTA, GENEWIZ (Tokyo, Japan). Cell suspension (6,000 cells each) was loaded in a 10x Chromium microfluidics system based on the manufacturer’s guidelines. One set of libraries were obtained from the 10x loaded samples: a 5’ gene expression messenger RNA library and a single-cell TCR library, using primers for amplification as per the manufacturer’s instructions. Library were pooled together and run separate lanes of 150 base-paired, paired-end, flow cell using the Illumina Novaseq6000. 5668 cells for young SP, 5538 cells for old SP, 4348 cells for young IEL and 5811 cells for old IEL were sequenced and reported in the datasets.

The Cell Ranger software (10x Genomics) was used to perform barcode counting and unique molecular identifier counting after filtering and alignment to the mouse/mm10 reference genome to generate the feature-barcode matrix and determine clusters. Dimensionality reduction was performed using principal component analysis, and first ten principal components were used to generate clusters by K-means algorithm and graph-based algorithm, respectively. Data analysis was performed through the Loupe Cell Browser software (10x genomics).

Next, the differential expression genes for each cluster were imported into Metascape (https://metascape.org/) for Kyoto Encyclopedia of Gene and Genomes (KEGG) pathway analysis was performed with a false discovery rate (FDR) <0.05 as the cut-off value.

We used the Loupe V(D)J browser to analyse the TCR clonotypes, and the V and J genes.




2.12 Statistical analysis

The exact number of samples is described in the figure legends. Statistical analyses were performed using GraphPad Prism 10 for Windows 64-bit (GraphPad Software). Normality of the distribution of results was examined in each group. Differences between two groups were assessed using Student’s t-test for equal variance and Welch’s t-test for unequal variance. Non-parametric tests, such as the Mann-Whitney U test, were used for comparison between two groups without normality. For comparison among 3 or more groups was evaluated with one-way ANOVA followed by parametric multiple comparisons test. For comparison among 3 or more groups without normality, one-way ANOVA followed by non-parametric test was used. Results are expressed as the mean ± S.E.M. Differences were considered significant at P < 0.05.





3 Results



3.1 CD27-CD28-CD4+ T cells increased in the small intestine of aged mice

To investigate the quantitative changes in T cells with age, we examined changes in T cell fractionation in the spleen (SP), mesenteric lymph nodes (MLN), Peyer’s patches (PP), small intestinal IELs (IEL), small intestinal LPLs (LPL), and colon (CL) of young mice (5-6 weeks old) and old mice (87-105 weeks old) (Figure 1A). T cells were CD3+TCR+ cells, which included the following fractions: CD4+ T cells (CD3+CD4+CD8β-TCRβ+TCRγδ-), CD8+ T cells (CD3+CD4-CD8β+TCRβ+TCRγδ-), DNT; double negative T cells (CD3+CD4-CD8β-TCRβ+TCRγδ-), and γδ T cells (CD3+TCRβ-TCRγδ+). As seen in Figure 1B, SP, a reservoir organ for systemic T cells, showed little fractional change, whereas MLN showed a decrease in CD4+ T cells and an increase in CD8+ T cells. Interestingly, the greatest change was seen in the IEL. The major fraction, γδ, DNT and CD8+ T cells showed little change, whereas the minor fraction, CD4+ T cells, more than doubled (6.55 ± 0.570 to 15.4 ± 2.35). Similar changes were observed in LPL.




Figure 1 | CD4+ CD27- CD28- CD8α+ T cells increased in the small intestine of aged mice. (A) Experimental design. T cells in the spleen (SP), mesenteric lymph nodes (MLN), Peyer’s patches (PP), small intestinal IELs (IEL), small intestinal LPLs (LPL), and colon (CL) of young mice (5-6 weeks old) and old mice (87-105 weeks old) were analyzed. Pooled data from 5 similar independent experiments were analyzed (n=7-11 mice/group). In this figure, “Y” indicates young mice and “O” indicates old mice. (B) Changes in the percentage of each fraction of T cells in each organ between young and old mice. Graph shows mean ± SEM. (C) Expression of CD27 and CD28 on CD4+ T cells in each organ of young and old mice. Representative dot plots are shown. The numbers in each plot reflect the percentage of CD27-CD28- cells. (D) Percentage of CD27-CD28- cells in each T-cell fraction of each organ from young and old mice. Graph shows mean ± SEM. *P<0.05. (E) Expression of CD8α on each T-cell fraction in each organ of young and old mice. Representative histograms are shown. The number on each histogram reflects the percentage of CD8α+ cells. (F) Percentage of CD8α+ cells in each fraction of each organ from young and old mice. Graphs show mean ± SEM. ∗P < 0.05.



As shown in Figures 1C, D, IEL CD4+ T cells showed a marked downregulation of CD27 and CD28, co-stimulatory molecules known to be downregulated with age, and a marked increase in the proportion of CD27-CD28- cells (15.5 ± 1.60→60.5 ± 3.74). LPL CD4+ T cells also showed a similar increase in CD27-CD28- cells. CD27-CD28- cells were increased in both IEL and LPL CD8+ T cells, but the greatest change was seen in CD4+ T cells, with a 37-fold increase in cell number (Supplementary Figure 1). On the other hand, CD27-CD28- cells were only partially altered in SP, MLN and PP.

The intestinal tract is known to contain many unique T cells expressing CD8αα homodimers rarely found in the systemic immune system, but interestingly, the percentage of CD8αα+ cells was also increased in the small intestinal IEL, LPL CD4+ T cell fraction of aged mice (Figures 1E, F).




3.2 Old IEL-CD4+ T cells had a much lower cell proliferative capacity than young IEL-CD4+ or old SP-CD4+ T cells

As described above, the number of CD4+ T cells in the small intestinal mucosa doubled with age, and surface markers suggested that CD27-CD28- had characteristics as aging T cells. On the other hand, the expression rate of CD8αα, a marker specific for intestinal T cells, also increased, suggesting that they may have different characteristics from those of the systemic immune system.

We therefore focused on IEL CD4+ T cells to analyze functional changes associated with aging. Since senescent T cells in systemic immunity are known to express senescence markers, have low proliferative capacity, and secrete inflammatory humoral factors such as TNF-α, IFN-γ, and other cytokines, a phenotype known as SASP, we investigated these points.

SP CD4+ and IEL CD4+ T cells from young and aged mice were sorted by flow cytometry, labelled with CFSE and stimulated with PMA+ionomycin, and cell division after 72 hours was assessed by flow cytometry. Although IEL have been reported to have a lower proliferative capacity than systemic T cells, even the positive control IEL CD4+ T cells from young mice showed little cell division under normal conditions (data not shown). When IL-2, IL-7, and IL-15 were added as T cell maintenance factors, as shown in Figures 2A, B, SP CD4+ T cells showed only a slight decrease in cell division with age (97.5 ± 0.29→92.7 ± 1.05), whereas IEL-CD4 showed a marked decrease in proliferative capacity (62.0 ± 4.82→26.5 ± 5.60).




Figure 2 | Comparison of cell proliferation capacity and comprehensive transcriptional analysis of systemic and intestinal T cells between young and old mice. (A, B) The proliferation capacity of SP CD4+ T cells and IEL CD4+ T cells from young (8-weeks old) and old mice (85-86-weeks old) was assessed by CFSE assay. Sort-purified IEL- or SP CD4+ cells were labelled with CFSE, and stimulated with PMA+ionomycin in the complete medium with IL-2, IL-7, and IL-15 for 72 hours. Pooled data from 2 similar independent experiments were analyzed (n=6/group). (A) Expression of CFSE after the 72 hours of stimulation. Representative histograms are shown. The number on each histogram is the percentage of CFSE-negative divided cells. (B) Percentage of CFSE-negative divided cells in CD4+ T cells of SP or IELs from young (8-weeks old) and old (85- to 86-weeks old) mice. Graph shows mean ± SEM. *P<0.05. (C-H) Microarray analysis of sort purified CD4 IELs or SP T cells in young (5-weeks old) or old (89-weeks old) mice. The expression value shows the log2 of the signals after global normalization. (C) Heat maps of the top 30 genes enriched in old SP CD4+ T cells (left column) and old IEL CD4+ T cells (right column) compared to young ones. (D) Heat maps of senescent associated genes in young and old SP or IEL CD4+ T cells. (E) Heat map of cytokine or chemokine genes in young and old SP or IEL CD4+ T cells. (F) Heat maps of genes of NK or cytotoxic markers or IEL markers in young and old SP or IEL CD4+ T cells. (G) KEGG pathway analysis of genes enriched in old SP CD4+ T cells compared to young SP CD4+ T cells. (H) KEGG pathway analysis of genes enriched in old IEL CD4+ T cells compared to young IEL CD4+ T cells.






3.3 Comprehensive transcriptional analysis of SP CD4+ and IEL CD4+ T cells revealed a unique change in the characteristics of IEL CD4+ T cells with age

As mentioned above, IEL CD4+ T cells from aged mice differed from systemic CD4+ T cells in many ways, suggesting that they have completely different characteristics from the previously reported aging T cells. Therefore, we performed a comprehensive transcriptional assay as a further investigation. SP CD4+ and IEL CD4+ T cells from young and aged mice were sorted by flow cytometer and total RNA was collected for microarray analysis of expressed genes.

There was no marked upregulation of known senescence markers in old IEL CD4+ T cells (Figures 2C, D). As previously reported, SP CD4+ T cells from aged mice showed increased expression of inflammatory cytokines such as Tnf, Ifng, Il18, Il21, and Il4, whereas IEL-CD4+ cells showed similar levels of Infg and Tnf expression as young mice, but low levels of Il21, and Il4 expression. Interestingly, the expression of Il10, an inhibitory cytokine, was high in IEL CD4+ from young mice, but decreased with age. On the other hand, the expression of chemokines such as Ccl3, Ccl4, and Cxcl2 was increased as in the spleen (Figures 2C, E). Interestingly, the expression of Cd8a and NK receptors such as, Klrd1, and Cd244, which are rarely expressed on SP CD4+ cells, was upregulated, and these cells had features similar to gut-specific fractions such as γδ T cells and DNT cells. They also had unique features that differed from those of systemic senescent T cells, such as high expression of cytotoxic markers such as Gzma (Figures 2C, F).

KEGG pathway analysis revealed that although the NK-kB signaling, TCR signaling, TNF signaling, Th17, and cytokine-cytokine receptor pathways were enriched in old SP CD4+ T cells compared to young SP CD4+ T cells, the NK cell-mediated cytotoxicity and chemokine signaling pathways were enriched in old IEL CD4+ T cells compared to young IEL CD4+ T cells (Figures 2G, H).

To validate the microarray results, qPCR of some representative genes were performed. As shown in Supplementary Figure 2, we could confirm that higher expression of Cd8a, Gzma, Cd200r2, Fcer1g and Lag3 in old IEL-CD4 and no age-related increase of Ifng and Ctla4 in IEL-CD4.




3.4 Analysis of anti-tumor cytotoxic function of bulk-old IEL CD4+ T cells

As mentioned above, the incidence of food allergy and IBD is known to decrease with age, while the incidence of colorectal tumors increases. Transcriptional analysis showed increased expression of cytotoxic genes such as NK markers and Granzyme A in intestinal IEL CD4+ T cells in aged mice, suggesting that intestinal CD4+ T cells in aging individuals may respond to the increased tumor risk by increasing their cytotoxic activity. To investigate the role of old IEL CD4+ T cells in intestinal tumor immunity, we examined their anti-tumor cellular immunity in vitro. In our previous report, we successfully recapitulated the anti-tumor cellular immune response of IELs in vitro by co-culturing IELs with intestinal tumor-derived organoids (27). In the present study, we used a similar model to examine the anti-tumor immune potential of old IEL CD4+ T cells. Organoids were generated from intestinal tumors of APCmin mice, a spontaneous model of multiple intestinal tumors, and co-cultured with CD4+ T cells and CD3+ T cells from SP and IEL of young and old mice to investigate the cytotoxic potential (Figure 3A). As shown in Figures 3B, C, although IEL CD4+ T cells alone showed low cytotoxic activity, old IEL CD3+ T cells showed higher cytotoxic activity against tumor organoids than that of young IEL CD3+ T cells. Interestingly, the number of old IEL CD3+ T cells harvested after the co-incubation was much higher than that of young IEL CD3+ T cells (Figure 3D). We also confirmed the induction of high levels of MHC-II and PD-L1 on the EpCAM+ tumor epithelial cells co-cultured with IEL CD4 or CD3+ T cells (Supplementary Figure 3). These results suggest that IEL T cells exerted the strong immune response against tumor organoids, and that old IEL CD4+ T cells exert their anti-tumor activity through MHC-II dependent antigen presentation with the help of other T cell fractions such as γδT or CD8+ T cells.




Figure 3 | Analysis of anti-tumor cytotoxic function of bulk-old IEL CD4+ T cells. To investigate the role of old IEL CD4+ T cells in intestinal tumor immunity, we examined their anti-tumor cellular immunity in vitro. Pooled data from 2 similar independent experiments were analyzed (n=6 mice/group). “Org” means organoid in this figure. (A) Experimental design of this experiment. Organoids were generated from intestinal tumors of APCmin mice, and co-cultured with CD4+ T cells and CD3+ T cells from SP and IEL of young and old mice. After 7 days of co-culture, they were harvested, and the numbers tumor cells and effector T cells were assessed by flow cytometry. (B) Representative images of organoids and IELs after 7 days of co-culture. (C) The number of live epithelial cells (7-AAD-EpCAM+CD45- cells) collected from organoids in each group. Graphs show mean ± SEM. ∗P < 0.05. (D) Number of IELs (7-AAD-EpCAM-CD45+ cells) in each group (n = 6). Graphs show mean ± SEM. ∗P < 0.05.






3.5 Two distinct, unique CD4+ T cell subsets were increased in the small intestinal intraepithelial lymphocytes of aged mice

These results showed that although aging intestinal CD4+ T cells have similar characteristics to previously reported aging systemic T cells, such as reduced expression of co-stimulatory molecules and reduced proliferative capacity, they also have characteristics that are clearly distinct from those of aging systemic T cells, such as low SASP, high cytotoxicity and CD8αα expression. On the other hand, functional analysis of the bulk IEL CD4+ T cells showed limited results.

Therefore, we considered it difficult to understand the characteristics of old IEL CD4+ T cells by bulk CD4+ T cell analysis, and therefore, single cell analysis was performed with the aim of subdividing aging T cells and precisely studying their characteristics at the single cell level. CD3+ T cells were collected from the SP and IEL of young and old mice and sorted by flow cytometry, and clustering by scRNAseq, expressed gene analysis and T cell receptor repertoire analysis were performed. In young IEL CD4+ T cells, which are the focus of this study, are a minor fraction, and in order to analyze a sufficient number of cells, CD4+ T cells were enriched in both young and old IEL.

In the UMAP of all T cells, IEL T cells were classified into 9 clusters (Figure 4A). Based on the expression pattern of each marker gene, it was confirmed that all IEL T cells analyzed were CD3+ T cells, and each cluster was subdivided into CD4, CD8, γδ and DNT; CD4 was further subdivided into CD8αα+CD4 and CD8αα-CD4 (Figures 4A–C and Supplementary Figure 4). SP T cells were grouped into 6 clusters (Figures 4D–F). Based on the expression of each marker gene, splenic T cells were classified as naïve CD4, naïve CD8, central memory CD8, effector memory CD8, effector memory CD4 and γδ T cells (Figures 4D–F and Supplementary Figure 4). As previously reported, young SP were predominantly naïve, whereas old SP showed a marked increase in memory CD4 and CD8 (Figures 4D, E). Interestingly, comparison of old and young IEL showed that they were quite different, with young IEL being dominated by CD4, CD8 and γδ T cells, whereas old IEL showed the appearance of age-specific CD8αα+CD4+ T cell clusters, whereas in SP, most of the fractions were overlapped between young and old T cells (Figures 4A, B).




Figure 4 | Single-cell gene expression analysis of SP and IEL T cells. SI-IELs or SP cells were collected and pooled from young (6-weeks old) or old (80-weeks old) C57BL/6 mice. The cells from 6 young mice and 3 old mice were mixed and pooled as young SP, young IEL, old SP and old IEL. To enrich CD4+ cells, which are a rare population in young IEL, CD3+ cells and CD3+CD4+ cells were mixed as 1:1 in young and old IEL. (A) UMAP projection of young and old IEL T cells. (B) The proportion of each cluster in IEL T cells. (C) Expression of canonical marker genes to define each cluster in IEL T cells. (D) UMAP projection of young and old SP T cells. The definition of each cluster is described in the first column. (E) The proportion of each cluster in SP T cells. (F) Expression of canonical marker genes to define each cluster in SP T cells.



To further analyze the aging-related changes in the IEL CD4 fraction, re-clustering was performed and revealed that IEL CD4+ T cells fell into five clusters (Figure 5A). Old IEL CD4+ T cells were broadly subdivided into two clusters, C1 and C2; C2 was also present in young IEL CD4+ T cells, albeit at a lower proportion, whereas C1 was found to be an old IEL CD4+ T cell specific fraction (Figures 5A, B). According to the pathway analysis, C1 and C2 are independent of each other, whereas C4 and C5 or C3 and C4 had some association (Figure 5C). Pathway analysis also revealed that although the NK-kB signaling, Th17, and chemokine signaling pathways were enriched in C1 subset compared to C2, the NK cell-mediated cytotoxicity and JAK-STAT signaling pathways were enriched in C2 subset compared to C1 (Figures 5D–F).




Figure 5 | Two distinct, unique CD4+ T cell subsets were increased in the small intestinal intraepithelial lymphocytes of aged mice. To further analyze the age-related changes in the IEL CD4 fraction, re-clustering was performed. (A) UMAP projection of sub-clustered IEL CD4+ T cells from young and old mice. (B) The proportion of each cluster in IEL CD4+ T cells from young and old mice. (C) The Circos plot shows how genes from the input gene lists overlap. Inside, each arc represents a gene list, with each gene member of that list is assigned a point on the arc. Dark orange color represents the genes that are shared by multiple lists and light orange color represents genes that are unique to that gene list. Purple lines connect the same gene that is shared by multiple gene lists. (D) KEGG pathway analysis of genes enriched in each cluster. Heatmap cells are colored based on the P-values of the enriched terms, and white cells indicate the lack of enrichment for that term. (E) KEGG pathway analysis of genes enriched in cluster1 compared to cluster2. (F) KEGG pathway analysis of genes enriched in cluster2 compared to cluster1.



We therefore defined C1 as age-related IEL CD4+ T cell subset 1, and C2 as age-related IEL CD4+ T cell subset 2, and noticed their gene expression. In terms of age-related genes, although both didn’t express Cd28, subset 2 expressed low levels of Cd27. Subset 1 and other clusters expressed Ctla4, whereas subset 2 didn’t express it but expressed high levels of Lag3 and Tigit (Figure 6A and Supplementary Figure 5A).




Figure 6 | The expression level of age-related genes, cytokines/chemokines, cytotoxic markers and NK cells/nIELs related genes in each cluster of young and old IEL CD4+ T cells. Gene expression of each cluster of young and old IEL CD4+ T cells defied in Figure 5. (A) Age-related genes. (B) Cytokine/Chemokine genes. (C) Cytotoxic marker genes. (D) NK cells/nIELs related genes and others.



Regarding cytokines and chemokines, subset 1 expressed Ifng, whereas subset 2 didn’t express it. Both subsets didn’t express Tnf, which is consistent with the result of the bulk CD4+ T cell analysis (Figure 2E). Interestingly, both subsets expressed the chemokines Ccl3, Ccl4 and Ccl5 (Figure 6B).

In terms of cytotoxic markers, both subsets expressed high levels of Gzma, Gzmb, but subset 2 expressed higher levels of them than subset 1. Both expressed Fasl (Figure 6C and Supplementary Figure 5B).

Although both subsets expressed high levels of Cd8a, subset 2 expressed higher levels of it than subset 1 (Figure 6D). Interestingly, subset 2 expressed very unique genes such as Cd200r1, Cd200r2, klrd1, klre1, Tnfrsf9 and Fcer1g, which are features of natural IEL (Figure 6D and Supplementary Figure 5C). Both subsets didn’t express Treg marker genes such as foxp3 and Il10, or Th17 marker genes such as Il17a and Il21 (Supplementary Figure 5D).

TCR repertoire analysis was performed to determine age-related changes in T cell clonality in IEL and SP. Diversity was predominantly reduced at SP (Figures 7A–C and Supplementary Figure 6), as previously reported (28, 29). In the gut, diversity was also significantly reduced, with less than 22 of the top chronotypes showing diversity in young IEL, whereas in old IEL, two chronotypes formed the majority, and the frequency of the others was significantly reduced (Figures 7A–C and Supplementary Figure 6). Interestingly, the most abundant chronotype (830) was found to be expressed in most of subset 1, whereas the second most abundant chronotype (439) was found to be expressed only in subset 2. In contrast, the old SP chronotype was concentrated in one clonotype, and this TCR was concentrated in the central memory CD8 (Figures 7D, E).




Figure 7 | Two distinct age-related IEL CD4+ T cell subsets showed very specific TCR chronotypes that differed each other. TCR repertoire analysis was performed to determine age-related changes in T cell clonality in IEL and SP. (A) Heatmaps show the expression frequency of V-J gene pairs in young IEL (Y-IEL), old IEL (O-IEL), young SP (Y-SP) and old SP T cells (O-SP). The x and y axes indicate the combination of TRA + BV and TRA + BJ genes. (B) The graphs show the percentage of each TCR clonotype in each group. (C) The frequency of the top 10 TCR clonotypes in each group. (D) UMAP shows the distribution of the top 3 clonotypes in each group. (E) The graphs show the numbers of the top 3 clonotypes in each group.







4 Discussions

The intestinal tract, the frontline of enormous foreign antigens such as food antigens and gut microbiota, is always in a dynamic balance between inflammation and tolerance and has a highly developed and unique immune system to maintain homeostasis, particularly unique are the IELs; the number of IELs is comparable to the total number of T cells in the spleen and includes T cell fractions unique to the gut, γδ T cells and DNT cells. These fractions, also known as natural IELs (nIELs) because they are abundant immediately after birth, have a limited TCR repertoire and express many innate immune markers such as NK receptors and are thought to maintain epithelial cell homeostasis. On the other hand, major fractions in the peripheral blood, such as CD4+ T cells and CD8+ T cells, are also referred to as induced IELs (iIELs).

The intestinal tract is an organ that is relatively unaffected by aging compared to the skin, hair and vasculature. Although reduced barrier function (30), increased susceptibility to DSS enteritis (31), reduced stem cell function (32–35) and shortened villi (34) have been reported, there are few reports of changes in the immune system.

In the present study, we found a marked increase in intestinal T cells, particularly CD4+ T cells in the small intestinal IEL. Previous reports have suggested that nIELs decrease and iIELs increase with age. However, in aged mice, there was no significant change in the number of γδ and DNT cells, while CD4+ T cells increased but CD8+ T cells did not increase. These aging IEL CD4+ T cells were CD27-CD28- like so-called aged systemic T cells, but differed in many ways. Their proliferative capacity was significantly lower than that of SP CD4+ T cells, they had a reduced capacity to produce inflammatory cytokines such as TNF-α, and they expressed surface markers similar to nIELs, such as NK receptors, granzymes and CD8αα.

Based on these characteristics, we hypothesized that old IEL CD4, like nIELs and CD8αα+CD4+ T cells, may play an important role in anti-tumor immunity and intestinal immune homeostasis via cytotoxic activity, and performed functional analysis in vitro. Although IEL CD4+ T cells alone showed low cytotoxic activity, old IEL CD3+ T cells showed higher cytotoxic activity against tumor organoids than that of young IEL CD3+ T cells. The results of the scRNAseq analysis showed that the aged intestinal CD4+ T cells, which had been analyzed together were actually an aggregate of two fractions with completely different properties. Subset 1 has a strong pro-inflammatory component, with secretion of Ifng and Ccl4, and TCR and NFkB signals being extracted in pathway analysis, while expression of inhibitory molecules such as Ctla4 is also observed. Subset 2 has no Ifng expression, high expression of inhibitory molecules such as Lag3 and Tigit, nIEL markers such as NKR, Cd200r and Fcer1g, and a strong tolerogenic element, while Ccl5 expression is high, and granzyme, Cd8a, which is characteristic of aging intestinal CD4+ T cells expression was common to both fractions. These two fractions were in opposite positions in the clustering by UMAP and indeed had different repertoires. This may explain why the cytotoxic capacity of the bulk CD4+ T cells alone was weak. Although it is difficult to infer the function of each fraction simply from the genes expressed, the results suggest that they at least have properties that are very different from the aging T cells of the systemic immune system.

CD4+ T cells with cytotoxic properties have recently attracted attention (36–38). These cells are increased in the peripheral blood of super-centenarians, suggesting that they play an important role in the immune system of long-lived individuals (39, 40). In addition, innate T cell fractions expressing high levels of Fcer1g have recently been reported to play an important role in tumor immunity (41). As subset 2, the aging- specific subset, expresses high levels of granzymes and Fcer1g, they may have cytotoxic potential in tumor immunity with an increased risk of developing tumors with age. In addition, as they express nIEL-like surface markers such as NK receptors, they may play an important role not only in anti-tumor immunity but also in epithelial cell quality control, such as eliminating stress cells and maintaining barrier function in aged individuals.

Old IEL CD4+ T cells expressed high levels of the gut-specific marker CD8αα homodimer. CD8αα+CD4+ T cells have been reported to play an immunosuppressive role in IBD (42–45). It is known that there are fewer Foxp3+ regulatory T cells (Treg) in the small intestine than in the large intestine, and pathways for Treg differentiation into CD4+ IELs have also been reported (46). Old IEL CD4+ T cells, particularly subset 2, which express high levels of tolerogenic markers and CD8αα may induce immune tolerance, in contrast to systemic aged T cells that secrete pro-inflammatory cytokines and induce chronic inflammation.

Although the present study did not examine humans, cytotoxic CD4+ T cells are known to be increased in the peripheral blood of human long-lived human subjects (39, 40), suggesting an association with intestinal CD4+ T cells. Comparisons of the proportion of subset 1/2 in different elderly people are also of interest.

In the present study, although we attempted to deplete IEL CD4+ T cells with an anti-CD4 depletion antibody to verify the physiological role of aging IEL CD4+ T cells, they could not be deleted by commonly used clones. Adoptive transfer into RAG deficient mice was also attempted. Although young IEL CD4+ T cells were successfully engrafted, it was difficult to engraft old IEL CD4+ T cells with their low proliferative capacity.

Although we have also tried to sort subset 1 and subset 2 from SI-IEL of aged mice, we could not separate them due to a large discrepancy between the scRNAseq results and the flow cytometry results, with some mRNAs expressed but no surface markers stained, and others with low mRNA expression but surface markers stained (data not shown). In the future, we would like to investigate the physiological role of these cells by generating mice specifically deficient in subset 1 and subset 2 by creating appropriate conditioned KO mice or appropriate reporter mice.

In the current study, we discovered for the first time that two unique CD4+ T cell subsets, distinct from the aging systemic T cells, are increased in the intestinal mucosa of aged mice. Subset 1 has a strong pro-inflammatory component, with expression of Ifng and Ccl4 and upregulation of TCR and NFkB signaling pathways. Subset 2, on the other hand, does not express Ifng, but upregulates inhibitory molecules such as Lag3 and Tigit, and nIEL markers such as NKR, Cd200r and Fcer1g. Expression of granzymes and Cd8a was common to both. These two fractions were in opposite positions in the clustering by UMAP and indeed had different TCR repertoires.

Although the detailed functions of these fractions are still unknown, they may be involved in the suppression of intestinal aging and longevity through anti-tumor immunity, elimination of senescent cells and stressed cells in the aging environment. This finding could be a breakthrough in aging research.
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