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Aims Aging entails profound immunological transformations that can impact myocardial homeostasis and predispose to heart failure. 
However, preclinical research in the immune-cardiology field is mostly conducted in young healthy animals, which potentially weak
ens its translational relevance. Herein, we sought to investigate how the aging T-cell compartment associates with changes in myo
cardial cell biology in aged mice.

Methods 
and results

We phenotyped the antigen-experienced effector/memory T cells purified from heart-draining lymph nodes of 2-, 6-, 12-, and 18- 
month-old C57BL/6J mice using single-cell RNA/T cell receptor sequencing. Simultaneously, we profiled all non-cardiomyocyte cell 
subsets purified from 2- to 18-month-old hearts and integrated our data with publicly available cardiomyocyte single-cell sequen
cing datasets. Some of these findings were confirmed at the protein level by flow cytometry. With aging, the heart-draining lymph 
node and myocardial T cells underwent clonal expansion and exhibited an up-regulated pro-inflammatory transcription signature, 
marked by an increased interferon-γ (IFN-γ) production. In parallel, all major myocardial cell populations showed increased IFN-γ 
responsive signature with aging. In the aged cardiomyocytes, a stronger IFN-γ response signature was paralleled by the dampening 
of expression levels of transcripts related to most metabolic pathways, especially oxidative phosphorylation. Likewise, induced 
pluripotent stem cells-derived cardiomyocytes exposed to chronic, low grade IFN-γ treatment showed a similar inhibition of meta
bolic activity.

Conclusions By investigating the paired age-related alterations in the T cells found in the heart and its draining lymph nodes, we provide evidence 
for increased myocardial IFN-γ signaling with age, which is associated with inflammatory and metabolic shifts typically seen in heart 
failure.
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1. Introduction
The prevalence of myocardial diseases increases sharply with age, but most 
preclinical research in cardiology is conducted in young healthy animals. In 
Germany, for example, the average age of first myocardial infarction onset 
is 66.6 and 75.3 in men and women, respectively.1 Likewise, the prevalence 
of heart failure increases from less than 1% among patients ageing 45–55  
years to over 10% among octogenarians. In elderly patients, myocardial dis
eases are often accompanied by diverse comorbidities and frailty, which 
overall can impact the prognosis and therapy success.

The crosstalk between the immune and cardiovascular systems has 
come more into focus over the past few decades,2 and the immune system 
also undergoes profound changes during the aging process.3,4 This is man
ifested by a reduction in the thymic output of naive T cells,5 a skewing of 
the adaptive T cell receptor (TCR) repertoire diversity in response to life- 
long exposure to chronic infections.6 Additionally, haematopoietic stem 
cells accumulate somatic mutations, giving rise to clones that have a higher 
pro-inflammatory signature.7 These changes in the immune system, with 
increased baseline low-grade inflammation, have been termed ‘inflamma
ging’3 and have been associated to worsened response to infection,8 and 
reduced vaccine efficacy.9 Simultaneously, aging is characterized by a wor
sened wound healing capacity,10 and adverse remodelling after myocardial 
injury compared to young individuals.11

A potential link between aging of the immune system and cardiovascular 
health has been suggested.12 Previously, we showed that physiological 
myocardial aging is accompanied by an increased inflammatory response 
in the heart. This is reflected by a shift in T cells in the heart draining me
diastinal lymph nodes towards an effector, pro-inflammatory 
cytokine-releasing profile. Other studies have computed scoring metrics 
to assess the aging of the immune system and its correlation with increased 
cardiovascular disease risk.13,14 A reduction in the naive T cell pool and an 
increase in CD57+ highly differentiated T cells were among the strongest 
predictors of an increase in cardiovascular events.13 Additionally, chronic 
viral infections such as the cytomegalovirus, which are associated to accel
erated immunological senescence profile, have been linked to increased 
cardiovascular risk and mortality, and with more advanced heart failure.15

Yet, a clear distinction of the roles played by the immune cell subsets in the 
aging heart is yet to be established.

In the present study, we used single-cell transcriptomics, single-cell T cell 
repertoire analyses, and multi-colour flow cytometry to characterize how 
the murine heart and its draining lymph nodes change side-by-side with 
aging. Simultaneously, we profiled the non-cardiomyocyte cell subsets 
from 2- to 18-month-old hearts. Our data revealed an age-dependent in
crease in T cell-derived IFN-γ signalling in the heart and its draining lymph 
nodes, which promotes low-grade inflammation and metabolic rewiring in 
the aged heart.

2. Methods
2.1 Animals and study approval
Physiological aging was studied in naive male and female C57BL/6J mice 
aged 2, 6, 12, or 18 months acquired from the Jackson Laboratory and 
housed under specific pathogen-free conditions, with a controlled light– 
dark cycle and a standard diet. All animal procedures were approved by 
the local authorities (Regierung von Unterfranken) and conformed to 
the guidelines from Directive 2010/63/EU of the European Parliament 
on the protection of animals used for scientific purposes.

2.2 Ex vivo analyses
Animals were sacrificed by cervical dislocation and then perfused with 
phosphate buffered saline -heparin (50 IU/mL) to flush the coronary circu
lation and remove blood-borne leucocytes, according to a described 
protocol.16 Depending on the experimental setup, mediastinal, popliteal, 
and mesenteric lymph nodes, spleen, heart, lung liver, and hind limb skeletal 
muscle were harvested, and blood was drawn from the cheek as previously 

described.17 Single-cell suspensions were prepared from the different or
gans to be used for flow cytometry or magnetic cell sorting for single-cell 
sequencing (sc-seq) purposes. A detailed description of all procedures is 
provided in Supplemental Methods.

2.3 Single-cell RNA-sequencing
Single-cell RNA-sequencing was performed using a 10× Genomics plat
form (Pleasanton, CA, USA). Libraries generated were sequenced using 
the NovaSeq 6000 platform (S2 Cartridge, Illumina, San Diego, CA, 
USA). Raw data were processed using the Cell Ranger Software Suite 
(10 ×  Genomics, Pleasanton, CA, USA), and downstream analyses were 
performed using different R packages. A more detailed explanation for 
the sc-seq experiment is found in the Supplemental Methods.

2.4 Induced pluripotent stem cells-derived 
cardiomyocyte cultures
Induced pluripotent stem cell (iPSC) derived cardiomyocytes were gener
ated as previously descried,18 followed by treatment with 10 IU/mL IFN-γ 
for either 1 or 4 weeks. After treatment period, cells were assessed by im
munofluorescence microscopy and by Seahorse Extracellular flux Analyzer 
(Seahorse Bioscience, Billerica, MA, USA) for measuring cellular metabol
ism. Detailed protocols can be found in the Supplemental Methods.

2.5 Statistical analyses
Unless otherwise stated, the results are presented as the mean ± standard 
error of the mean (SEM) along with the distribution of all individual values 
in each group. The sample size for each group is described in each graph 
legend. The statistical analyses were performed with GraphPad Prism (ver
sion 7.0 or 9.0.0, GraphPad Software, San Diego, CA, USA), as described in 
the figures’ legends. Differences were considered significant when P < 0.05.

3. Results
3.1 Single-cell sequencing analysis of heart 
and T cells in heart draining mediastinal 
lymph node simultaneously
C57BL/6J male and female mice of ages 2, 6, 12, and 18 months were used 
to dissect the kinetics of T cell aging and their impact on cardiac tissue in
flammation during the process of physiological aging (Figure 1A). There was 
a linear increase in heart and body weight of the animals both in males and 
females along the aging axis (see Supplementary material online, Figure S1). 
We sorted CD4+ and CD8+ T cells with an effector and/or memory 
phenotype, including both central memory (CD62L+ CD44high) and effect
or cells (CD44high CD62L−) from the heart draining mediastinal lymph 
nodes (see Supplementary material online, Figure S2A, Supplementary 
material online, Table S1) and performed sc-seq using 5′ technology 
from the 10× Genomics platform. This enabled us to simultaneously char
acterize the gene expression profile of each T cell together with its antigen 
receptor variable regions (encompassing the V, D, and J gene segments).

To avoid batch effects, sorted mediastinal lymph node T cells of different 
age groups were labelled with Totalseq-C hashtag antibodies, sequenced 
together and, de-multiplexed in silico (see Supplementary material online, 
Figure S3). Additionally, from the same 2- and 18-month-old male and fe
male C57BL/6J mice, we sorted the different non-cardiomyocyte subsets 
using an adjusted strategy from Skelly et al. (see Supplementary material 
online, Figure S2B, Supplementary material online, Table S2). Namely, the 
live, metabolically active, and MHC-I+ cells were sorted into either 
CD45+ CD31− immune cells, CD45− CD31+ endothelium, or CD45− 

CD31− remaining mesenchymal cells. The sorted populations were mixed 
in a 1:1:1 ratio to enrich for leucocytes and resident mesenchymal cells and 
sequenced in two separate libraries. Of note, we were able to sort a signifi
cantly lower number of CD45− CD31− resident mesenchymal cells from 
18-month-old hearts, compared to young controls. We performed 
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Figure 1 Dissecting aging kinetics using single-cell transcriptomics from cardiac cells and T cells in heart-draining mediastinal lymph node simultaneously. 
Panel A: experimental outline for the sc-seq pipeline. Panel B: UMAP plot representation of the sorted 7243 mediastinal lymph node effector/memory T cells 
from 2-, 6-, 12-, to18-month-old male and female C57BL/6J mice shown on a UMAP dimensionality reduction plot. Panel C: bar graph representation for the 
lymph node T cell subsets identified based on the Seurat clustering among the different age groups. Age groups were identified based on the hashtag antibody 
signal, which was demultiplexed prior to Seurat clustering. Panel D: UMAP plot representation of the sorted 12 613 non-cardiomyocyte cells from 2- (left) to 
18- (right) month-old male and female hearts. Panel E: bar graph representation for the cardiac cell subset distribution among the 2- and 18-month-old hearts. 
Panel F: dot plot of the compiled scores for the average expression levels of gene sets ascribing a gene set of senescence and effector functions within me
diastinal lymph node CD8-cytotoxic, CD4-EM, and Tregs among the different age groups. Size of the dot represents the percentage of cells expressing the gene 
set within each population and colour represents the expression level. Panel G: dot plot of the complied score for genes related to the inflammaging process 
within cardiac fibroblasts, endothelial cells, and leucocytes from 2- to 18-month-old hearts. Each age group comprises four mice that were pooled into two 
meta-mice (one male and one female in each pool) for panels (B, C, D, E, F, G). Panel H: heatmap of the frequency of intracellular TNF+ expression in fibroblasts, 
endothelial cells, and leucocytes, assessed by flow cytometry in different anatomical sites in 2- and 18-month-old female C57BL/6J mice (n = 6). Statistical test: 
two-way ANOVA followed by Sidak’s multiple comparisons test. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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canonical correlation analysis for batch correction of the data from 2- to 
18-month-old cardiac cells.19

After filtering out cells with low RNA content, doublets, and minor con
taminating cell subsets, we defined 7243 T cells from the different age groups 
from the mediastinal lymph nodes, and 12 613 non-cardiomyocyte cells from 
2- to 18-month-old hearts. Cardiomyocytes were not purified as they exceed 
the size limits of the droplet-based sc-seq technology used in this study. 
Clustering analysis of the gene expression data from the lymph node T cells 
yielded 10 clusters (Figure 1B, see Supplementary material online, 
Figure S4A, Supplementary material online, Table S5). The clusters defined in
cluded central memory (Cd8a, Sell, Ccr7, and Cd44) and effector memory 
(Cd8a, Cx3cr1, Cd127, and Cd44) CD8 T cells, cytotoxic (Cd8a, Ngk7, 
Gzmk, and Ccl5) CD8 T cells, effector memory (Cd4 and Cd44), and T regu
latory (Cd4 and Foxp3) CD4 T cells. We also observed a small subset of naive 
CD4 T cells (Ccr7, Lef1, Dapl1, and Satb1), which were likely remnants from 
the cell sorting strategy, and a subset exhibiting an interferon-responsive gene 
signature (e.g.: Ifit3, Ifit3b, Ifit1, Ifit2, Irf7, and Isg15, termed Ifr subset). 
Additionally, two clusters (cluster 1 and CD8 cluster 5) could not be defined 
based on the classical markers of T cell subsets, expressed genes associated 
with damaged cells in sc-seq data (Malat1, Lars2, Gm42418, and Gm2682), 
presumably induced by the tissue dissociation protocol, and had low counts 
of productive TCR sequences assigned per cell base. These two clusters 
were thus removed from downstream analysis.

A linear decline in CD4 naive, Ifr cluster, and CD8 central memory T 
cells was observed with aging, with a contrasting linear increase in CD4 ef
fector memory and CD8 cytotoxic T cell abundancy. Strikingly, T regula
tory cells dropped in numbers from the 12 to 18 months age groups 
(Figure 1B, C). Clustering of the 2- and 18-month-old cardiac non-myocyte 
yielded 10 subsets (Figure 1D, see Supplementary material online, 
Figure S4B, Supplementary material online, Table S5) including blood vascu
lar (BEC) and lymphatic (LEC) endothelial cells, fibroblasts, macrophages, 
neutrophils, B cells, monocytes, smooth muscle cells, pericytes, and a clus
ter comprising T cells, NKT cells, and ILC2 (T/NKT/ILC). Within the car
diac leucocyte populations (Figure 1D and E), neutrophils were more 
abundant in the 18-month-old hearts. B cells and monocytes were also 
more abundant though to a lesser extent.

Based on a compiled score assigned to mediastinal lymph node T cells 
per cell base for ‘effector functions and cellular senescence’ gene signa
tures, we observed a linear increase in the score within CD4 effector mem
ory T cells (CD4_EM), and in CD8 cytotoxic T cells (CD8_cytotoxic) along 
the aging axis. These scores were mainly driven by the transcripts Cxcr3, 
Rela, Ccl5, Tigit, and Pdcd1 (see Supplementary material online, Figure S6). 
On the other hand, T regulatory cells (Tregs) showed an abrupt increase 
in the ‘effector functions and cellular senescence’ score gene signature 
from the 12- to 18-month age groups (Figure 1F, see Supplementary 
material online, Table S3, Supplementary material online, Figure S6). The 
up-regulated expression levels of several pro-inflammatory transcripts in 
18-month-old Tregs indicated that these cells might exhibit an unstable 
phenotype and acquire inflammatory functions with aging.20

Next, we identified the sex of the cells based on the expression of Xist 
gene in female cells and Ddx3y, Eif2s3y, Gm29650, Kdm5d, and Uty gene in 
male cells. Based on the gene definition, 33% of the cells were defined as 
female cells, 16% as male cells, and 51% of the lymph node cells could 
not be ascribed to a defined sex (see Supplementary material online, 
Figure S7A). Pro-inflammatory and T helper-1 response (Cxcr3, Stat1, 
Ctla2a, Nfkb2, and S100a6), cytokine (Gzmk), and exhaustion (Lag3, 
Pdcd1, Tigit, and Tox2) genes were up-regulated in 18-month-old compared 
to 2-month-old T cells, in both male and female T cells (see Supplementary 
material online, Figure S7B, Supplementary material online, Table S5).

Additionally, we observed an increased score of the gene set hallmark inflam
mation in all main cardiac subsets from 2 to 18 months (Figure 1G, see 
Supplementary material online, Table S3). Flow cytometry analysis further con
firmed these findings by showing an increased cardiac influx of neutrophils and 
MHC-II+ CCR2+ monocyte-derived macrophages (see Supplementary material 
online, Figure S5A and B). We also observed increased production of TNF by 
immune cells (CD45+), fibroblasts (CD45− CD31−), and endothelial cells 
(CD45−CD31+) purified from the aged myocardium (Figure 1H, see

Supplementary material online, Figure S8A). Though this age-dependent TNF in
crease was observed in other organs (lung and liver), it was more pronounced in 
the heart (Figure 1H). Moreover, we observed an age-related reduction in the 
expression of the immune checkpoint inhibitor PD-1 in myocardial endothelial 
cells, but not in other organs (see Supplementary material online, Figure S8B and 
C). Using the same genes for sex definition in the heart yielded a more homo
genous clustering pattern between male and female cells (see Supplementary 
material online, Figure S9A). Globally, pro-inflammatory genes such as Il1b, 
S100a9, Ccl5, and Ccl6 were up-regulated both in male and female 
18-month-old cardiac cell subsets compared to 2-month-old cells (see 
Supplementary material online, Figure S9B). Interestingly, the alarmin S100a8/ 
9 was consistently up-regulated in cardiac immune cell subsets and also in endo
thelial cells and fibroblasts (see Supplementary material online, Figure S9C, 
Supplementary material online, Table S5), which has been indicated as a predict
or of increased cardiovascular risk.21

3.2 Aberrantly expanded, effector-like and 
IFN-γ producing T cells build up in the aged 
heart-draining lymph nodes
Reduction in the diversity of the T cell repertoire is a major feature of 
physiological aging.6 Thus, we next analysed the clonal expansion status 
of individual T cell clones in the different subsets along the aging axis 
(Figure 2A). The TCR variable region sequences of each individual T cell 
were combined with their respective gene expression data, and each 
TCR clonal expansion was calculated across the entire dataset. 
Interestingly, T cell clonal expansion was observed in the aged healthy 
mice. T cell clonal expansion was mainly visible in the 18-month-old 
CD8_cytotoxic cluster and to a lesser extent in the 18-month-old 
CD4_EM and Treg clusters (Figure 2A).

Senescence and exhaustion of T cells with aging is a well-documented 
phenomenon.22 However, the kinetics of aging within the different T cell 
sub-populations is not fully understood. We analysed gene sets associated 
with Th1/17 response, cytotoxicity, exhaustion, cellular senescence, and 
metabolic shifts towards glycolytic processes (which promotes the expan
sion of inflammatory T cells23), and compiled a score for the average gene 
expression of each gene set within different subsets. Interestingly, inter
mediately (6–20 clones) and highly expanded (>20 clones) groups up- 
regulated gene signatures associated with Th1/17 response, cytotoxicity, 
cellular senescence, exhaustion, and glycolytic activity. (Figure 2B, see 
Supplementary material online, Table S3). Particularly, an IFN-γ production 
signature built up in the aged CD8 cytotoxic, CD4 EM, and in the Treg clus
ters (Figure 2C, see Supplementary material online, Table S3). This was in
dicated by a higher expression of Tbx21 (T-bet), Eomes, Cxcr3, and Itgb1 
(which encodes for CD29, surface surrogate marker for IFN-γ producing 
T cells24) in the 12- and 18-month-old cells (Figure 2D). IL4 and IL13 pro
duction signature was down-regulated in the 18-month-old cells (see 
Supplementary material online, Figure S1S0A and B, Supplementary 
material online, Table S3), suggesting a particular relevance for IFN-γ signal
ing in aging mechanisms. Interestingly, the IFN-γ production signature over
lapped with the increase in clonal expansion, with 18-month-old cytotoxic 
T cells showing the highest overlap between the two signatures (Figure 2E). 
By flow cytometry, we confirmed that an IFN-γ+ CD29+ population was 
expanding along the aging axis in both CD4 and CD8 T cells (Figure 2F). 
This CD29+ T cell population was found to be increased in other lymphoid 
sites during aging such as the mesenteric lymph node, spleen and in blood, 
and to a lesser extent in the popliteal lymph node, which drains the hind 
limb skeletal muscle and skin (Figure 2G).

3.3 An IFN-γ response signature in the 
myocardium is potentially fuelled by aged 
T cells
We next wanted to address how the aged T cell compartment influences 
the inflammaging status of older hearts. First, we focused on the T cells in
filtrating the myocardium. Cardiac-infiltrating T cells from 18-month-old 
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Figure 2 A clonally expanded, effector and IFN-γ producing profile of T cells in mediastinal lymph node T cells from aged mice. Panel A: T cell receptor 
sequencing analysis overlaid on UMAP plots of the T cell subsets from the different age groups. Cells are colour-coded according to how many times the 
T cell receptor is repeated i.e. clonal size. The identity of the T cell receptor clones is based on the variable chain usage (VDJ gene segments) and the 
CDR3 sequences. Panel B: dot plot of the complied score for gene sets ascribed to Th1/17 effector, cytotoxicity functions, glycolysis activity, cellular 
senescence-related genes, and exhaustion classified based on the definition of the clonally expanding class. Panel C: feature plot for the expression score 
of IFN-γ production gene set in each cell projected onto dimension reduction ‘UMAP’ plots to identify the signature expression in the different age groups 
in lymph node T cells. Panel D: dot plot of the averaged expression of Tbx21, Eomes, Cxcr3, and Itgb1 within CD4-EM, Tregs, and CD8 cytotoxic T cells along the 
aging axis. Panel E: feature plot showing the overlapping expression score of IFN-γ production gene set (red) and clonal expansion (green) per cell base in the 
lymph node T cell subsets. Cells with a high overlapping score are indicated with a yellow colour. Each age group comprises four mice that were pooled into 
two meta-mice (one male and one female in each pool) for panels (A, B, C, D, E). Panel F: (left) representative flow cytometry plot from young (2 months old) 
and old (18 months old) mediastinal lymph node for CD29 (Itgb1) and IFN-γ double positive population in CD8 and CD4 T cells from mediastinal lymph nodes. 
(Right) frequency of CD4+ IFN-γ+ CD29+ (left) and CD8+ IFN-γ+ CD29+ (right) T cells from mediastinal lymph nodes of 2-, 6-, 12-, and 18-month-old C57BL/6J 
mice. The bar graphs indicate the group mean values ± SEM per group (n = 4–6), and the distribution of each individual value. Statistical test: ordinary one-way 
ANOVA followed by Dunnett’s multiple comparison test. Panel G: heatmap depicting the frequency of CD29+ CD4+ (upper panel) and CD8+ (lower panel) T 
cells assessed by flow cytometry in different anatomical sites in 2- and 18-month-old female C57BL/6J mice (n = 6). Statistical test: two-way ANOVA followed 
by Sidak’s multiple comparisons test. ***P < 0.001, ****P < 0.0001.
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mice presented a higher IFN-γ production gene signature (Figure 3A) and 
up-regulated effector molecules such as Gzmb and Prf1 (see
Supplementary material online, Figure S9D). Moreover, we confirmed by 
flow cytometry an increased frequency of myocardial CD29+ T cells, which 
associated with increased IFN-γ production (Figure 3B, see Supplementary 
material online, Figure S10E). The frequency of CD29+ was also increased 
in T cells purified from aged lungs and livers, suggesting a systemic IFN-γ 
production bias along the aging process (see Supplementary material 
online, Figure S10F). To analyse the global immunological changes affecting 
the heart, we made use of publicly available cardiac bulk RNA sequencing 
data from the Tabula Muris Senis consortium.25 Gene set enrichment ana
lysis (GSEA) was performed on a kinetic from 3- to 27-month-old cardiac 
tissue of C57BL/6J mice using Pearson’s correlation. Pathways related to 
inflammatory response, IFN-γ response, and IFN-γ production positively 
correlated with the aging trajectory (Figure 3C). In contrast, IL-4 signaling 
pathway was not up-regulated in the myocardium (see Supplementary 
material online, Figure S10C and D, Supplementary material online, 
Table S3). Interestingly, the normalized score of the IFN-γ response gene 
set was increasingly up-regulated starting from 18 months of age, which 
matches the Treg senescence breaking-point observed in the lymph 
node T cells. We next performed a meta-analysis from 2- to 
18-month-heart single-cell RNA-seq data from the Tabula Muris Senis, 
our in-house generated data from Figure 1D, and single-nucleus RNA seq 
data26 from the same age groups (Figure 3D) to pinpoint the subsets mainly 
affected by the IFN-γ signalling. All three datasets were integrated and cor
rected for batch effects using the Seurat package. The data generated from 
our lab were pre-enriched for the less abundant cardiac leucocytic popula
tions (CD45+ CD31−), while the data from the Tabula Muris Senis and from 
Vidal et al. included cardiomyocytes, which were sequenced through 
SMART-seq and single-nuclei-seq platforms, respectively. This approach al
lowed for a better depth and more robustness when analysing the different 
cardiac cell subsets.

Genes downstream to IFN-γ signaling were up-regulated in 
18-month-old compared to 2-month-old heart cells. This included Irf1, 
Irf9, Jak1, Stat1, Smad7, and the two immunoproteosome components 
Psmb8 and Psmb9, which are induced by IFN-γ (Figure 3E). Additionally, 
the IFN-γ response gene set score was higher for cardiomyocytes, fibro
blasts, endothelial cells, and leucocytes from 18-month-old mice 
(Figure 3F).

So far, our data point towards an accumulated senescence and exhaus
tion profile of the T cell compartment in the heart-draining lymph node, 
which aligns with an inflammatory burden that builds up in cardiac tissue 
and an increased IFN-γ response signature. We thus wanted to better 
characterize the potential impact that the senescent T cells impart on 
the myocardial cell subpopulations. We used NicheNet,27 an algorithm 
that probes for ligand-receptor interacting partners together with down
stream signaling targets that are being affected in the recipient cells. 
CD4_EM, Tregs, and CD8_cytotoxic T cells were used as the ligand source 
and, the different cardiac subsets were probed for target gene perturba
tions in the 18-month compared to the 2-month-old cells. Interestingly, 
NicheNet inferred connections between Hmgb1 (a secreted inflammatory 
mediator in response to IFN-γ,28) Itgb1 or CD29 from the T cell subsets, 
and pro-inflammatory responder genes in cardiac macrophages, fibro
blasts, and endothelial cells (see Supplementary material online, 
Figure S11). Gene ontology analysis of the top target genes interacting 
with the aged T cells indicated a positive regulation of response to cyto
kines and inflammatory signatures in cardiac cell subsets (see 
Supplementary material online, Figure S11).

3.4 Shifts in the metabolic profile of aging T 
cells correlate with their effector state
Activation of T cells has been correlated with an increased utilization of the 
glycolytic pathway for energy production, which is required as a fast energy 
source for these activated T cells to proliferate and produce effector mo
lecules.29,30 In order to track whether such metabolic shifts are observed in 
the aging mediastinal lymph node T cells, we made use of compiled gene 

scores for oxidative phosphorylation (OxPhos), fatty acid oxidation 
(FAO), and glycolysis for T cells across the different age groups. 
Interestingly, we observed a linear increase in glycolysis and fatty acid oxi
dation gene set scores, and a mild decrease in OxPhos score along the aging 
axis (see Supplementary material online, Figure S12A and B, Supplementary 
material online, Table S3). Fatty acid oxidation is a key pathway required for 
the generation of memory CD8 T cells.31 T cells with an increased glyco
lytic score also showed an overlap with a high score for IFN-γ response 
(see Supplementary material online, Figure S1S2C), further supporting 
the notion that metabolic shifts in the mediastinal lymph node T cells go 
in parallel with their pro-inflammatory state.

3.5 Myocardial IFN-γ response is intertwined 
with metabolic shifts resembling heart 
failure
IFN-γ is a pleiotropic cytokine, which is involved in regulating immune re
actions in ischaemic and non-ischaemic cardiomyopathies, and in promot
ing a pro-fibrotic response.32–34 It has also been associated with insulin 
resistance and shifts of glycaemic control in skeletal muscles.35 Thus, we 
hypothesized that an increased IFN-γ response signature can potentially 
correlate with metabolic shifts in the heart. Focusing on cardiomyocytes 
from the Tabula Muris Senis dataset, we compiled gene scores for 
OxPhos, fatty acid oxidation, and glycolysis from young (3 months old) 
and aged (18, 21, and 24 months old) cardiomyocytes. The gene set scores 
showed metabolic shifts compatible with the shifts seen in failing hearts,36

which is presented by a reduction in OxPhos, FAO scores, and a higher gly
colysis score (Figure 4A, see Supplementary material online, Figure S1S3). In 
aged non-cardiomyocyte subsets from our own data, OxPhos was consist
ently down-regulated (Figure 4B). Down-regulation of the OxPhos signa
ture overlapped with an increase in IFN-γ response in old 
cardiomyocytes (Figure 4C). Using GSEA of OxPhos, FAO, and glycolysis 
on the generated bulk RNA-seq data from 3- to 27-month-old cardiac tis
sues from the Tabula Muris Senis indicated down-regulation of all three 
metabolic pathways along the whole aging time course (Figure 4D). 
Interestingly, the down-regulation of metabolic pathways was more pro
nounced in bulk mRNA sequencing data from cardiac tissue compared 
to liver and skeletal muscle (see Supplementary material online, 
Figure S14B and C). Lung and spleen on the other hand did not show 
such down-regulation (see Supplementary material online, Figure S14A 
and D) potentially indicating an organ specific modulation of metabolic 
pathways along the aging axis.

3.6 IFN-γ stimulation of iPSC-derived 
cardiomyocytes recapitulates the metabolic 
shifts seen in aging
To address the direct effect of prolonged exposure to IFN-γ stimulation on 
cardiomyocytes, we made use of human cardiomyocytes derived from 
iPSCs (iPSCs-CM). Five-week-old iPSCs-CM were stimulated with recom
binant IFN-γ (10 IU/mL) for 1 week or 4 weeks (Figure 5A). IFN-γ stimula
tion did not affect the morphology of the cells (Figure 5B), nor did it affect 
the mitochondrial network structure (Figure 5C). This underscores that the 
chronic IFN-γ treatment had no direct toxic effects on the mitochondrial 
and cell morphology in iPSC-CM. One week after IFN-γ stimulation, the 
oxygen consumption rate (OCR) and extracellular acidification rate 
(ECAR) were measured by a Seahorse XF assay. ECAR, which is a meas
urement of glycolytic activity, was reduced compared to control cultures, 
while OCR, a measurement of OxPhos activity, was not affected. Four 
weeks after IFN-γ stimulation, the effects were more pronounced, and 
both OCR and ECAR were significantly reduced compared to control cul
tures (Figure 5D). Taken together, these findings show that chronic IFN-γ 
stimulation mediates metabolic changes in cardiomyocytes compatible 
with the transcriptomic profile observed in aging myocardial cells, as well 
as in failing hearts.36
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4. Discussion
In the present study, we bring to focus the aging process as an important 
aspect that is often neglected in animal models when studying the role 
played by the immune system in cardiovascular pathologies. Using longitu
dinal single-cell RNA transcriptomics, we observed that effector T cells ex
panding in the aged heart-draining lymph nodes up-regulate signatures of 
cellular senescence and pro-inflammatory effector functions, marked by 

a strong IFN-γ production signature. Additionally, we report that an 
IFN-γ responsive program amasses with age in all main myocardial cell sub
sets, contributing to local baseline inflammation and metabolic rewiring, re
capitulating some important features of heart failure.

Our profiling of T cell subsets from the heart-draining mediastinal lymph 
node from aged mice showed increased pro-inflammatory gene expression 
on effector T cells such as Ccl5, Rela, Batf, Stat1, and Cxcr3, and an increase 
in exhaustion markers such as Tox, Lag3, and Tigit. Mogilenko et al.37
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Figure 3 An IFN-γ signature builds up in aged hearts. Panel A: (left) feature plot of Cd3e indicating T cells within the heart sc-seq dataset. (Right) Feature plot 
for the expression score of interferon-γ production gene set within the cardiac T cells in 2- and 18-month-old hearts after subsetting and re-clustering. Panel B: 
frequency of CD29+ CD4+ and CD8+ T cells from heart tissue of 2- and 18-month-old female C57BL/6J mice. The bar graphs indicate the group mean values ±  
SEM per group (n = 6), and the distribution of each individual value. Statistical test: unpaired t-test. Panel C: (left) gene set enrichment analysis of inflammatory 
response, IFN- γ response, and IFN- γ production genes in an age range of 3–27 months from cardiac tissue of C57BL/6J mice from the Tabula Muris Senis bulk 
RNA-seq data. Normalized enrichment score (NES) and false discovery rate (FDR) are indicated in the graphs. (Right) heatmap of the normalized score of 
IFN-γ response gene set in cardiac tissue of the different ages. Blue indicates down-regulation and rosa indicates up-regulation of the signature. All replicates 
from the Tabula Muris Senis per age group were used for the analysis. An FDR value <0.25 was considered significant. Panel D: computational pipeline for 
integrating the cardiac single-cell sequencing datasets. Panel E: dot plot of the complied score for IFN-γ response gene set in cardiac fibroblasts, endothelial 
cells, macrophages, and cardiomyocytes (CMs) from 2- to 18-month-old hearts. Panel F: heatmaps of selected differentially expressed genes from the IFN-γ 
response gene set in young and old cardiomyocytes from the Tabula Muris Senis data.25 Each age group comprises four mice that were pooled into two meta- 
mice (one male and one female in each pool) for in-house generated sc-seq data.
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reported a unique Gzmk+ aging associated CD8 T cell subset found in 
spleen and in different non-lymphoid tissues, which showed high T cell clo
nal expansion. We found a similar subset of CD8 T cells in the aged medi
astinal lymph node. Interestingly, we found no shared TCRs between both 
datasets. This potentially implies that the expanding clones in our dataset 
might respond to cardiac-specific antigens or preferentially reside in car
diac tissue, though this remains to be tested. We additionally profiled 
the activated CD44high Tregs and showed that they rapidly decline after 
12 months and gain a pro-inflammatory profile based on up-regulation 
of genes such as Stat1, Cxcr3, and Ccl5. Taken together, we propose 
from these shifts that physiological aging of the mediastinal lymph node 
T cell compartment starts from an overly activated effector T cell compart
ment, which may eventually be sufficient to break Treg control.

We and others have previously reported increased inflammatory med
iators, and pro-fibrotic and cellular senescence genes in the aging 

heart.12,26,38 In our dataset, we observed several cell specific genes that 
were regulated in the aged myocardium supporting such a notion. For ex
ample, fibroblasts showed up-regulated pro-fibrotic genes and anti- 
angiogenic genes such as Efemp1,39 Cebpb,40 and Serpina3n.41 Endothelial 
cells revealed up-regulated senescence genes (Cdkn1a42 and Adamts143) 
and down-regulated angiogenesis genes (Aplnr44). Smooth muscle cells 
had up-regulated Mt1, a gene involved in pathological vessel remodelling.45

Several inflammatory mediators were up-regulated by most immune cell 
subsets including Il1b, Ccl6, and Ccl6. Interestingly, the expression of the 
two alarmins S100a8/a9 was not only limited to immune cells but was 
also up-regulated by fibroblasts and endothelial cells. These molecules 
have been associated with an increased risk of cardiovascular disease,21

but their generalized expression in the aged myocardium needs further in
vestigation. It is of crucial importance to understand the immuno- 
metabolic crosstalk in the heart to face the current challenges in 
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Figure 4 Dynamics of interferon-γ response and metabolic gene signatures in aged cardiomyocytes. Panel A: dot plot of the complied score for OxPhos, 
FAO, glycolysis, and interferon-γ response gene sets in young and old cardiomyocytes from the Tabula Muris Senis data.25 Panel B: dot plot of the complied 
score for OxPhos, FAO, glycolysis, and interferon-γ response gene sets in young and old endothelial cells, leucocytes, and fibroblasts from in-house generated 
sc-seq data. Panel C: feature plot showing the overlapping expression score of IFN-γ response gene set (red) and the expression score of down-regulation of 
OxPhos gene set (green) per cell base in young, and old cardiomyocytes. Cells with a high overlapping score are indicated with a yellow colour. Panel D: gene set 
enrichment analysis (GSEA) of Oxphos, FAO, glycolysis gene sets in an age range of 3–27 months from cardiac tissue of C57BL/6J mice from the Tabula Muris 
Senis bulk RNA-seq data. Normalized enrichment score (NES) and false discovery rate (FDR) are indicated in the graphs. All replicates from the Tabula Muris 
Senis per age group were used for the analysis. An FDR value <0.25 was considered significant. Each age group comprises four mice that were pooled into two 
meta-mice (one male and one female in each pool) for in-house generated sc-seq data.
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understanding cardiovascular disease.46 Based on our observations from 
bulk and single-cell transcriptomic data, together with metabolic assays 
on iPSC-derived cardiomyocytes, we hypothesize that IFN-γ from medias
tinal lymph node T cells is required for shaping the inflammaging profile of 
the heart and is also contributing to the metabolic shifts, which happen 
with age.47 Mice globally over-expressing IFN-γ exhibit a high inflammatory 
response in multiple organs.48 Also, constitutive expression of IFN-γ in li
ver impairs cardiac function and induces LV dilation.49 On the other hand, 
IFN-γ−/− mice were described to have improved glucose tolerance and in
creased physical activity.50 Chronic inflammation has been associated with 
oxidative stress and mitochondrial dysfunction as seen in heart failure.51

Interestingly, IFN-γ has been associated with metabolic dysfunction seen 
in Chagasic cardiomyopathy.52

Whereas we found a consistent age-related down-regulation of tran
scripts associated to OxPhos in all major myocardial cell subsets across dif
ferent datasets, the impact of aging on the regulation of glycolytic pathways 
is less clear. Bulk RNA-seq data from the Tabula Muris Senis consortium in
dicated an overall down-regulation of transcripts related to the glycolytic 
pathway in the aged myocardium. On the other hand, changes in glycolysis 
from our generated and from the Tabula Muris Senis single-cell RNA-seq 
data were subset specific, and were up-regulated in aged cardiomyocytes, 
endothelial cells, and leucocytes. The latter hold important similarities to 
what is observed in TAC model, in which glycolysis-related transcripts 
were shown to be initially up-regulated but then down-regulated at chron
ic stages.53 Whether these differences are related to the sequencing plat
form utilized remains to be addressed. In the functional cellular respiration 
assays, which we conducted using human iPSC-CM chronically incubated 
with low-dose IFN-γ, a marked decrease in both OCR and ECAR was 

observed, suggesting a reduction on oxygen consumption and glycolytic ac
tivity. Thus, our functional observations were more in line with the bulk 
mRNA findings from the Tabula Muris Senis consortium.

Chronic low-grade inflammation is a systemic hallmark of aging. In the 
present study, we indeed observed an overall increase in inflammatory 
mediators in several tissues, including heart, lung, liver, and skeletal muscle. 
Notwithstanding, we also observed some alterations that were particularly 
enriched in the aging myocardium. For instance, a heart-specific decrease in 
PD-L1 expression in myocardial endothelial cells suggests that the heart 
may be more susceptible to immune-mediated damage in elderly. 
Likewise, the expression levels of transcripts required for OxPhos were 
particularly down-regulated in aged hearts, but not in lungs and spleen.

Our study also has some important limitations. We acknowledge that 
our transcriptomic analyses and in vitro assays on cardiomyocytes do not 
provide final proof of the impact of IFN-γ on the aging heart. We were 
able to confirm some of our findings at the protein level using flow cyto
metry. However, our analysis is not exhaustive, and post-transcriptional 
modifications still need to be further characterized in future studies. 
Moreover, the observations on the differential expression of transcripts re
lated to the different metabolic pathways need to be carefully interpreted. 
Though we observed global shifts in mRNA levels that were consistent 
within each metabolic pathway, it is important to caution that cellular me
tabolism is regulated at the protein level,54 and future functional studies 
using aged transgenic animals are necessary to understand the dynamics 
in the highly complex in vivo context.

Though unlikely to be the sole player, we propose that the IFN-γ axis 
between T cells and the aging myocardium may be an important factor 
promoting myocardial immune-metabolic shifts typically seen in the failing 
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Figure 5 Effect of IFN-γ stimulation on iPSC derived cardiomyocytes. Panel A: schematic representation of the experiment outline. Panel B: visualization of 
sarcomeric (α-actinin/green) and mitochondrial (Mitospy/red) structure of iPSC-CM with treatment of IFN-γ. Scale bars = 50 µm Panel C: quantification of 
mitochondrial network structures based on the Mitospy-staining. Statistical analysis was performed with Mann–Whitney. Every dot represents one analysed 
picture. Panels D and E: basal respiration (OCR) and H+ production (ECAR) of iPSC-derived cardiomyocytes after 1 (D) or 4 (E) weeks of IFN-γ stimulation or 
control cultures. Each point indicates group mean value ± SEM per group (n = 3 differentiations of five measurements each). Statistical test: unpaired t-test.
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heart. Although physiological aging is not a disease entity per se, these me
chanisms may help explain how age is associated with an increased risk of 
heart failure.
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Translational perspective
Aging is a major risk factor for heart failure, but the mechanisms underlying this susceptibility remain unknown. In the present study, we provide novel 
evidence that, with aging, the T cell compartment undergoes clonal expansion with a pro-inflammatory bias, exposing the myocardium to chronic 
IFN-γ signaling, which can recapitulate some inflammatory and metabolic shifts typically seen in failing hearts. Though physiological aging is not a disease 
entity, the age-related cardio-immune alterations described herein may help explain how advanced age poses an increased risk for the development of 
heart failure.
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