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BACKGROUND: Ischemic heart disease remains a leading cause of mortality worldwide, with adverse remodeling after myocardial 
infarction driven by inflammation and cardiomyocyte loss. Although cytotoxic lymphocytes exacerbate myocardial injury and 
P16 marks cellular senescence in diseased hearts, the cell type–specific functions of P16+ populations remain unclear.

METHODS: Using p16-CreER;R26-tdT reporter mice, we mapped P16+ cell heterogeneity after myocardial infarction. Senolytic 
effects were assessed with combined dasatinib and quercetin treatment. Transcriptomic profiling (bulk and single-cell RNA 
sequencing) of sorted P16+ cells identified secreted factors, validated through in silico predictions and quantitative polymerase 
chain reaction. Intercellular communication was analyzed using CellChat. Functional relevance was tested through CCL8 
(cytokine [C-C motif] ligand 8) neutralization, Ccl8 deletion in P16+ cells, lymphocyte depletion, and intersectional genetic 
ablation of P16+ fibroblasts or macrophages using dual-recombinase systems (p16-DreER;Pdgfra-CreER;R26-lr-tdT-DTR 
and p16-DreER;Cx3cr1-CreER;R26-lr-tdT-DTR).

RESULTS: P16 was induced in fibroblasts, macrophages, coronary endothelial cells, and cardiomyocytes after myocardial infarction. 
Dasatinib and quercetin treatment selectively eliminated P16+ macrophages and fibroblasts, improving cardiac function. 
Transcriptomic analysis identified P16+ fibroblasts and macrophages as the main sources of CCL8. CCL8 blockade reduced 
infiltration of cytotoxic lymphocytes (CD8+ T cells and natural killer cells), decreased cardiomyocyte apoptosis, and enhanced 
repair. Genetic deletion of Ccl8 in P16+ cells reproduced these benefits. It is important to note that ablation of P16+ fibroblasts, 
but not macrophages, diminished fibrosis and improved function, and depletion of CD8+ T cell attenuated adverse remodeling.

CONCLUSIONS: P16+ cells orchestrate maladaptive remodeling after myocardial infarction through CCL8-dependent recruitment 
of cytotoxic lymphocytes, particularly CD8+ T cells, which drive cardiomyocyte apoptosis. Targeting P16+ fibroblasts or 
blocking CCL8 offers a promising therapeutic approach for ischemic heart disease.
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Ischemic heart disease is a leading global cause of 
morbidity and mortality.1 Acute interruption of myocar-
dial perfusion initiates pathological cascades—includ-

ing inflammation, fibrosis, and cardiomyocyte death—that 
collectively drive adverse cardiac remodeling and, if 
unresolved, progress to heart failure.2,3 Elucidating the 

mechanisms underlying postischemic cardiac remodel-
ing is therefore crucial for both mechanistic insight and 
therapeutic innovation.

After ischemic injury, diverse innate and adaptive 
immune cell subsets infiltrate the myocardium, exerting 
either protective or deleterious effects depending on 
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their phenotype and temporal activation.4 Among them, 
T lymphocytes (T cells) play essential roles in postisch-
emic cardiac remodeling.5–7 T cells are broadly divided 
into CD4+ and CD8+ subsets, with distinct effects on 
myocardial injury and repair. In permanent left anterior 
descending coronary artery ligation models, both con-
ventional and regulatory CD4+ T cells are activated after 
myocardial infarction (MI).8 In this context, CD4+ T cell 
activation promotes wound healing and survival through 
self-antigen recognition, whereas CD4+ T cell–deficient 

mice exhibit worsened left ventricular dilation, impaired 
collagen deposition, and higher mortality.8 Furthermore, 
regulatory CD4+ T cells further facilitate healing by mod-
ulating monocyte/macrophage differentiation.9

CD8+ T cells also infiltrate the heart after coronary 
artery occlusion in rodents and are equally as abundant 
as CD4+ T cells in ischemic failing human hearts.10–12 
Post-MI CD8+ T cells display cytotoxic activity against 
normal cardiomyocytes in vitro10 and produce high lev-
els of cytotoxic mediators, such as perforin and GZMB 
(granzyme B).12 The perforin–granzyme pathway, a key 
mechanism by which cytotoxic lymphocytes induce 
apoptosis, plays a critical role in immune defense, tumor 
surveillance, and tissue homeostasis.13 Recent evidence 
indicates that CD8+ T cells recruited to the ischemic 
myocardium promote cardiomyocyte death through 
GZMB release, exacerbating inflammation, tissue injury, 
and cardiac functional deterioration.14

Natural killer (NK) cells, another cytotoxic lymphocyte 
subset that employs the perforin–granzyme pathway,13 
have also been implicated in cardiac pathology, although 
their role in MI remains incompletely defined.15–17 NK cell 
cytotoxicity is reduced in the peripheral blood of patients 
with MI and murine models, yet these cells may still con-
tribute to myocardial remodeling by lysing damaged cells 
or modulating inflammation through cytokine release.18,19

P16, a cyclin-dependent kinase inhibitor protein 
encoded by Cdkn2a (also known as p16INK4a), is widely 
used as a senescence marker. P16 expression is rarely 
detected in young, healthy tissues, but accumulates in 
aged and diseased organs.20–26 Reporter models driven 
by the p16 promoter have been instrumental in track-
ing senescent cells.20–26 Removal of P16+ cells through 
genetic ablation or senolytics such as ABT263 (also 
known as navitoclax) or dasatinib and quercetin (DQ) 
has demonstrated diverse physiological and pathologi-
cal effects across tissues.27–29 The impact of P16+ cells 
is context- and cell type–dependent, varying between 
aging, disease, and regeneration.

Senolytic studies suggest a role for P16+ cells in 
post-MI cardiac remodeling.30,31 For instance, ABT263 
eliminated P16+ cells after ischemia–reperfusion MI, 
reducing scar size, enhancing angiogenesis, and improv-
ing cardiac function.32 Yet systematic characterization of 
P16+ cardiac populations after MI remains incomplete, 
and the cell type–specific mechanisms through which 
P16+ cells influence remodeling are poorly understood.

Here we show that P16 is induced in multiple cardiac 
cell populations—including fibroblasts, macrophages, 
coronary vascular endothelial cells (cVECs), and cardio-
myocytes—after MI. Senolytic DQ selectively removed 
P16+ macrophages and fibroblasts, improving cardiac 
repair. Bulk and single-cell transcriptomics combined 
with intercellular communication analyses identified 
P16+ macrophages and fibroblasts as major producers 
of CCL8 (cytokine [C-C motif] ligand 8), which recruits 

Clinical Perspective

What Is New?
• This study provides a systematic characterization of 

P16+ cellular heterogeneity in the heart after myo-
cardial infarction.

• CCL8 (cytokine [C-C motif] ligand 8) is identified as 
a critical secreted factor from P16+ macrophages 
and fibroblasts that drives adverse remodeling by 
recruiting cytotoxic lymphocytes.

• Using intersectional genetics, selective ablation of 
P16+ fibroblasts, but not macrophages, improves 
cardiac repair after myocardial infarction.

What Are the Clinical Implications?
• CCL8 blockage emerges as a novel immuno-

modulatory strategy to mitigate cytotoxic lympho-
cyte–mediated injury and adverse remodeling after 
myocardial infarction.

• These findings advocate moving beyond broad 
senolysis toward precision targeting of pathogenic 
subsets, specifically P16+ cardiac fibroblasts, 
to disrupt a key node in the maladaptive repair 
network.

Nonstandard Abbreviations and Acronyms

CAR 	 chimeric antigen receptor
c-CASP3	 cleaved caspase 3
CCL8 	 cytokine (C-C motif) ligand 8
cVEC	 coronary vascular endothelial cell
DQ	 dasatinib and quercetin
DTR	 diphtheria toxin receptor
GZMB 	 granzyme B
IL	 interleukin
MI	 myocardial infarction
NK	 natural killer
SASP	� senescence-associated secretory 

phenotype
scRNA-seq	 single-cell RNA sequencing
TGF‑β 	 transforming growth factor β
TNFα 	 tumor necrosis factor α
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cytotoxic CD8+ T cells and NK cells to promote adverse 
cardiac remodeling. It is important to note that genetic 
ablation of P16+ fibroblasts, but not P16+ macrophages, 
reduced scar area and improved cardiac function. These 
findings highlight CCL8 blockade and fibroblast-specific 
elimination of P16+ cells as promising strategies for 
treating ischemic heart disease.

METHODS
The data supporting this study are available from the corre-
sponding author upon reasonable request. The primers and 
antibodies used in this study are listed in Tables S1 and S2, 
respectively. Detailed methods are provided in the Supplemental 
Material.

Animal Experiments
All procedures were approved by the Institutional Animal Care 
and Use Committee at ShanghaiTech University (Shanghai, 
China). Mice were maintained under controlled temperature and 
humidity with a 12-hour light/12-hour dark cycle and ad libitum 
access to water and standard chow. Investigators performing 
surgeries and subsequent echocardiography were blinded to 
group allocation throughout data collection and analysis.

Statistical Analysis
Quantitative data represent at least 3 independent biological 
replicates and are presented as mean ± SEM. The Shapiro-Wilk 
test was used to ensure that the data were distributed normally, 
and P≥0.05 was interpreted as consistent with a normal distri-
bution. Comparisons between 2 groups were performed with a 
2-tailed Student t test. For comparisons among 3 or more groups 
with a single independent variable, 1-way ANOVA followed 
by the Tukey multiple comparisons test was used. A 2-sided 
P<0.05 was considered statistically significant. Analyses were 
performed using GraphPad Prism (version 10.3.1; GraphPad 
Inc), with blinding maintained throughout data processing.

Data and Code Availability
Raw single-cell RNA sequencing (scRNA-seq) and bulk 
RNA sequencing datasets have been deposited in the Gene 
Expression Omnibus and are publicly available at publication. The 
scRNA-seq data were deposited at GSE303571. The bulk RNA 
sequencing data were deposited at GSE305646. Additional 
information required for reanalysis is available from the corre-
sponding author upon request. No unique code was generated.

RESULTS
P16+ Cellular Heterogeneity in the Myocardium 
After MI
To define the identify of P16+ cells after MI, we generated 
a p16-CreER knock-in mouse by inserting a 2A-CreER 
cassette into the terminal exon upstream of the stop co-
don in the endogenous Cdkn2a locus (Figure 1A). The 
self-cleaving 2A peptide enables concurrent expression 

of P16 and CreER. p16-CreER mice were crossed with 
Rosa26-loxP-Stop-loxP-tdTomato reporter mice (hereaf-
ter R26-tdT) to obtain p16-CreER;R26-tdT animals.33

Because P16+ cells accumulate with age, p16-
CreER;R26-tdT mice aged 2, 6, and 12 months were 
treated with tamoxifen and harvested 48 hours later. 
Immunofluorescence showed age-progressive accumu-
lation of tdTomato+ cells in multiple organs, including 
heart, lung, spleen, liver, intestine, and kidney (Figure 
S1A and S1B). Coimmunostaining of lung and spleen 
with anti-tdTomato and anti-P16 confirmed concordant 
expression (Figure S1C through S1F), validating tdTo-
mato as a faithful surrogate for endogenous P16.

We next characterized P16+ cellular heterogeneity 
in the post-MI heart. Adult p16-CreER;R26-tdT mice 
(2 months old) underwent permanent left anterior 
descending coronary artery ligation. A single dose of 
tamoxifen was given at 5 days after MI, and hearts were 
analyzed at 7 days after MI. Sparse tdTomato+ cells 
were present in remote myocardium, whereas dense 
labeling appeared within infarct zones (Figure 1B). 
tdTomato+ cells colocalized with P16 in injured myo-
cardium (Figure 1B). Cell type analysis within injured 
regions identified tdTomato+ PDGFRa+ fibroblasts 
(Figure 1C), CDH5+ cVECs (Figure 1D), F4/80+ mac-
rophages (Figure 1E), and TNNI3+ cardiomyocytes 
(Figure 1F), indicating endogenous p16 activation in 
these populations. Flow cytometry of infarct tissues at 7 
days after MI showed tdTomato labeling in both Ly6Chigh 
(inflammatory) and Ly6Clow (reparative) macrophage 
subsets (Figure S2A). Immunostaining further identified 
tdTomato+ARG1+ M2-like macrophages in injured areas 
(Figure S2B). Validation in wild-type mice by costaining 
confirmed P16 expression in fibroblasts, cVECs, mac-
rophages, and cardiomyocytes within infarct regions at 
7 days after MI (Figure 1G through 1J).

To assess persistence of P16 expression at later 
stages, p16-CreER;R26-tdT mice received tamoxifen 
at 26 days after MI and were analyzed 48 hours later. 
Costaining demonstrated ongoing P16 activation in 
fibroblasts, cardiomyocytes, macrophages, and cVECs 
in chronic infarcts (Figure S3), underscoring sustained 
P16+ cellular heterogeneity during long-term cardiac 
remodeling.

DQ Treatment Selectively Eliminates P16+ 
Macrophages and Fibroblasts After MI
Senolytics remove P16+ cells across tissues, but their 
cell type specificity and impact on post-MI repair are 
incompletely defined. To address this, we administered 
DQ or vehicle to wild-type mice every 4 days after MI 
and analyzed outcomes at 28 days. Compared with con-
trols, DQ-treated mice exhibited improved cardiac func-
tion (Figure 2A; Figure S4A) and a reduced fibrotic scar 
area (Figure 2B and 2C). The decrease in overall heart 
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size indicated an attenuation of post-MI hypertrophy 
(Figure 2B). Immunostaining revealed fewer P16+ cells 
within infarcts after DQ treatment (Figure 2D), corrobo-
rated by significantly reduced p16 expression in infarct 
tissue (Figure 2E). Collectively, DQ treatment promotes 
cardiac repair after MI.

We then identified which P16+ subsets were ablated 
by DQ. p16-CreER;R26-tdT mice received DQ or 
vehicle every 4 days after MI, followed by tamoxifen 
at 26 days after MI; hearts were harvested 48 hours 
later (Figure 2F). Analysis of tdTomato-labeled cells 
revealed comparable densities of tdTomato+ cVECs and 

Figure 1. P16+ cellular heterogeneity in post-MI myocardium.
A, Strategy for generating the p16-CreER knock-in allele. B, p16-CreER;R26-tdT labels P16+ cells in infarct zones at 7 days after MI. C through 
F, p16-CreER;R26-tdT labels PDGFRa+ fibroblasts (C), CDH5+ endothelial cells (D), F4/80+ macrophages (E), and TNNI3+ cardiomyocytes (F) in 
injured regions at 7 days after MI. Arrows in C through F indicate tdTomato+ cells of respective lineage. G through J, P16 is detected in fibroblasts 
(G), endothelial cells (H), macrophages (I), and cardiomyocytes (J) in injured regions at 7 days after MI. Arrows in G through J indicate P16+ cells 
of respective lineage. White scale bars, 100 µm; yellow scale bars, 50 µm. MI indicates myocardial infarction.
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Figure 2. Senolytic treatment improves cardiac repair and eliminates P16+ macrophages and fibroblasts after MI.
A, DQ treatment (dasatinib, 5 mg/kg; quercetin, 50 mg/kg, every 4 days) improves cardiac function after MI. n=6 (vehicle), 7 (DQ); *P<0.05 
(2-tailed Student t test). Both sexes were included. B, DQ treatment reduces fibrotic scar area (delineated by dashed line) after MI. Scale bars, 
2 mm. C, Percentage of fibrotic area in injured hearts with vehicle or DQ treatment. n=5 per group; *P<0.05 (2-tailed Student t test). Both sexes 
were included. D, Immunostaining for P16 in injured sites. Scale bars, 100 µm. E, Fold change of p16 expression in infarct tissues. n=3 or 4 per 
group; *P<0.05 (2-tailed Student t test). Both sexes were included. F, Schematic of the experimental strategy for detecting p16-CreER;R26-
tdT targeted cells in injured sites with vehicle or DQ treatment. G, I, K, and M, tdTomato-labeled endothelial cells (G), cardiomyocytes (I), 
macrophages (K), and fibroblasts (M) in injured regions. Arrows indicate tdTomato+ cells of respective lineage. Scale bars, 100 µm. H, J, L, and N, 
Quantification of tdTomato+ endothelial cells (H), cardiomyocytes (J), macrophages (L), and fibroblasts (N) in injured regions. n = 5 per group; NS, 
nonsignificant; ****P<0.0001 (2-tailed Student t test). Both sexes were included. DQ indicates dasatinib and quercetin; EF, ejection fraction; ESV, 
end-systolic volume; FS, fractional shortening; LVESD, left ventricular end-systolic dimension; and MI, myocardial infarction.
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cardiomyocytes between groups in injured regions (Fig-
ure 2G through 2J). In contrast, DQ significantly reduced 
tdTomato+ macrophage and fibroblast densities within 
infarcts (Figure 2K through 2N). Consistently, immunos-
taining revealed increased apoptosis of macrophages 
and fibroblasts in DQ-treated infarct areas (Figure S4B 
through S4E). Collectively, these data demonstrate that 
DQ selectively eliminates P16+ macrophages and fibro-
blasts after MI.

To further validate this finding by flow cytometry, we 
crossed p16-CreER mice with Rosa26-loxP-mTomato-
loxP-mGFP (R26-mTmG) reporter mice to generate 
p16-CreER;R26-mTmG animals.34 After MI, these mice 
received DQ or vehicle every 4 days and were given 
tamoxifen at 26 days after MI to label P16+ cells, and 
hearts were harvested 48 hours later. Flow-cytometric 
analysis confirmed that DQ treatment eliminated P16+ 
macrophages and fibroblasts in the post-MI hearts (Fig-
ure S4F through S4I).

To exclude the possibility that insufficient dosing 
accounted for the lack of clearance of P16+ cVECs and 
cardiomyocytes after MI, we tested intensified DQ dos-
ing regimens (shortened intervals or increased doses) 
in p16-CreER;R26-tdT mice after infarction (Figure 
S5A through S5C). Immunofluorescence analysis dem-
onstrated that even with these modified regimens, the 
densities of tdTomato+ cVECs and cardiomyocytes in 
infarct regions were not significantly reduced (Figure 
S5D through S5O).

CCL8 Upregulation in P16+ Macrophages and 
Fibroblasts After MI
Because DQ selectively eliminates P16+ macrophages 
and fibroblasts while improving repair after MI, we hy-
pothesized that these populations drive maladaptive re-
modeling and represent therapeutic targets. To identify 
shared mechanisms by which P16+ macrophages and fi-
broblasts promote pathology, we interrogated their com-
mon secretory programs after MI.

To isolate P16+ macrophages and fibroblasts, p16-
CreER;R26-mTmG mice were administered tamoxifen at 
5 days after MI, and hearts were harvested at 7 days for 
flow cytometry sorting. GFPhigh and GFPlow macrophages 
were sorted for bulk RNA sequencing (Figure 3A and 
3B), identifying 981 differentially expressed genes 
between subsets: 106 downregulated and 875 upregu-
lated in GFPhigh macrophages (Figure 3C). Expression 
of key pro- and anti-inflammatory factors did not differ 
significantly between GFPhigh and GFPlow macrophages 
(Figure S6A). Similarly, GFPhigh and GFPlow fibroblasts 
were isolated from injured tissue (Figure 3D and 3E), 
yielding 1239 differentially expressed genes by RNA 
sequencing (432 downregulated; 807 upregulated) in 
GFPhigh fibroblasts (Figure 3F). Compared with GFPlow 
fibroblasts, GFPhigh fibroblasts did not show significant 

differences in the expression of cytoskeletal genes that 
serve as myofibroblast markers (Figure S6B), key profi-
brotic factors (Figure S6C), or major extracellular matrix 
genes (Figure S6D), indicating that GFPhigh fibroblasts do 
not exhibit a more activated or profibrotic state.

Cross-comparison revealed 332 genes coordinately 
upregulated in both GFPhigh macrophages and fibroblasts 
(Figure 3G). We then predicted shared secreted factors 
among these 332 coupregulated genes. Sequential bioin-
formatic filtering nominated candidate secreted proteins 
if they possessed a predicted N-terminal endoplasmic 
reticulum–targeting signal peptide, lacked predictable 
transmembrane domains, and were devoid of intracellu-
lar localization motifs (eg, endoplasmic reticulum reten-
tion signals, mitochondrial targeting peptides, nuclear 
export signals) (Figure 3H). This pipeline identified 12 
candidate secreted proteins upregulated in both GFPhigh 
macrophages and fibroblasts after MI (Figure 3H).

Quantitative polymerase chain reaction of infarcted 
versus remote myocardium at 7 days after MI revealed 
significant upregulation of only 2 candidates: Ccl8 and 
epidermal growth factor–like domain 7 (Egfl7) (Figure 3I). 
Immunostaining confirmed markedly higher CCL8 pro-
tein levels in infarct zones compared with sham hearts 
or remote myocardial regions (Figure S7A and S7B). In 
p16-CreER;R26-tdT hearts harvested 7 days after MI, 
CCL8 protein was clearly detected in tdTomato+ mac-
rophages and fibroblasts within injured areas, whereas 
expression in tdTomato+ cVECs and cardiomyocytes was 
negligible (Figure S7C through S7G). Although dysregu-
lated CCL8 has been implicated in infectious, inflamma-
tory, and neoplastic diseases, its role in post-MI cardiac 
remodeling remains undefined. We therefore focused 
subsequent investigation on CCL8 in the infarcted heart.

CCL8-Mediated Intercellular Communication 
Pathways in Hearts After MI
To delineate CCL8-centered signaling, we performed 
scRNA-seq on GFPhigh and GFPlow noncardiomyocytes 
isolated from 3 p16-CreER;R26-mTmG mouse hearts 
at 7 days after MI. After quality control, 11 027 GFPlow 
and 9013 GFPhigh cells remained. Uniform manifold ap-
proximation and projection identified 7 clusters—mac-
rophages, fibroblasts, endothelial cells, T cells, vascular 
mural cells, B cells, and NK cells—each expressing es-
tablished lineage markers (Figure 4A through 4C). Rela-
tive to GFPlow clusters, GFPhigh populations contained a 
higher fraction of Ccl8-expressing cells, predominantly 
macrophages and fibroblasts, corroborating that CCL8 
is selectively upregulated in P16+ macrophages and fi-
broblasts after MI (Figure 4D and 4E).

We next inferred intercellular communication using 
CellChat.35 Integrated analyses revealed extensive sig-
naling networks for both GFPhigh and GFPlow macro-
phages in post-MI hearts (Figure S8A), including robust 
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outgoing signals to other cell types (Figure S8B). GFPhigh 
and GFPlow fibroblasts similarly formed broad commu-
nication networks with outgoing signaling to other cell 
types (Figure S8C and S8D).

Focusing on CCL family ligand–receptor pairs, we 
detected CCL8-mediated outgoing signaling from 
GFPhigh but not GFPlow macrophages (Figure 4F; Figure 
S9A). Recipient populations included endothelial cells, 

Figure 3. Ccl8 expression is upregulated in P16+ macrophages and fibroblasts after MI.
A, GFPhigh and GFPlow macrophages isolated from p16-CreER;R26-mTmG mice at 7 days after MI. B, Fold change in p16 expression in GFPhigh 
versus GFPlow macrophages. n=3 mice per group; ***P<0.001 (2-tailed Student t test). Both sexes were included. C, Differential expression 
analysis revealed 106 downregulated and 875 upregulated genes in GFPhigh macrophages. Ccl8 was upregulated (~33-fold). D, GFPhigh and 
GFPlow fibroblasts isolated from p16-CreER;R26-mTmG mice 7 days after MI. E, Fold changes in p16 expression in GFPhigh versus GFPlow 
fibroblasts. n=3 mice per group; **P<0.01 (2-tailed Student t test). Both sexes were included. F, Differential expression analysis identified 
432 downregulated and 807 upregulated genes in GFPhigh fibroblasts. Ccl8 was upregulated (~7-fold). G, A total of 332 genes coordinately 
upregulated in both GFPhigh macrophages and fibroblasts. H, Bioinformatics pipeline for identifying secreted proteins among the 332 upregulated 
genes. I, Expression fold changes of candidate genes in infarct versus remote cardiac tissues. n=4 mice per group; NS, nonsignificant; *P<0.05; 
**P<0.01; ***P<0.001 (2-tailed Student t test). Both sexes were included. GFPhi indicates GFPhigh; GFPlo, GFPlow; and MI, myocardial infarction.
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Figure 4. CellChat analysis identifies CCL8-mediated intercellular communication pathways in post-MI hearts.
A, UMAP visualization comparing cardiac cell populations between GFPhi and GFPlow noncardiomyocyte cells from p16-CreER;R26-mTmG mice 
at 7 days after MI. Three mouse hearts were included per group. B, Integrated UMAP projection of major cardiac cell types from combined GFPhi 
and GFPlow noncardiomyocyte cells. C, Dot plots displaying lineage marker gene expression for each cardiac cell population. Dot color and size 
indicate expression level and fraction of expressing cells, respectively. D, Ccl8 expression in GFPhi fibroblasts and macrophages. E, Violin plots 
depicting expression of Ccl8 across cell populations in MI hearts. NS, nonsignificant; ****P<0.0001; statistical significance was (Continued)
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fibroblasts, NK cells, and T cells (Figure 4F). Analo-
gously, CCL8-mediated signaling arose exclusively from 
GFPhigh fibroblasts, with no detectable signaling from 
GFPlow fibroblasts, and targeted multiple cardiac cell 
types (Figure 4G; Figure S9B). Together, scRNA-seq 
and CellChat analyses establish P16+ macrophages and 
fibroblasts as the principal sources of CCL8-driven com-
munication in post-MI hearts, coordinating crosstalk with 
diverse recipient cells.

We next examined the expression of CCL8 recep-
tors in MI hearts using our integrated scRNA-seq data-
set. Multiple CCL8 receptors—Ackr4, Ccr1, Ccr2, and 
Ccr5—were expressed across various noncardiomyocyte 
clusters (Figure S10A). Quantitative polymerase chain 
reaction further confirmed that all 4 receptors were sig-
nificantly upregulated in infarcted regions versus sham-
operated hearts (Figure S10B).

To define cell-type–specific changes in CCL8 recep-
tor expression after MI, we analyzed a publicly available 
scRNA-seq dataset from sham and 7-day post-MI hearts 
(GSE266597). Uniform manifold approximation and 
projection identified 9 distinct clusters, each express-
ing established lineage markers (Figures S11A and 
S11B). We found that Ackr4 was significantly elevated 
in fibroblasts after MI, Ccr1 was markedly upregulated 
in macrophages, and Ccr2 was strongly induced in mac-
rophages, T cells, and NK cells. Ccr5 expression was 
increased in macrophages and T cells but decreased in 
NK cells after MI (Figure S11C). These results further 
suggest that CCL8 produced by P16+ macrophages 
and fibroblasts may act on multiple cell types within the 
infarcted heart.

CCL8 Neutralization Enhances Cardiac Repair 
and Reduces Cytotoxic Lymphocyte Infiltration 
After MI
We next evaluated the role of CCL8 in remodeling af-
ter MI using a neutralizing antibody, administered at a 
dose of 20 µg per mouse weekly as adapted from pre-
vious studies (Figure 5A).36 Compared with controls, 
CCL8 blockade significantly improved cardiac function 
(Figure 5B and 5C) and reduced fibrotic scar area (Fig-
ure 5D and 5E), indicating enhanced cardiac repair.

Because CCL8 is known to recruit CD8+ T cells and 
these cells accumulate in the infarcted myocardium (Fig-
ure S12A), we examined whether CCL8 blockade altered 
their infiltration. Both immunostaining and flow cytometry 
confirmed that CCL8 neutralization markedly reduced 
CD8+ T-cell accumulation in infarct regions (Figure 5F 
and 5G; Figure S12B and S12C), whereas immunostain-

ing for CD4 showed no significant differences in CD4+ 
T-cell recruitment (Figure 5H and 5I).

We next examined NK cells, another cytotoxic subset 
recruited to infarcted myocardium after MI. NKp46 (nat-
ural cytotoxicity triggering receptor 1) immunostaining 
confirmed NK cell infiltration (Figure S12D), and these 
cells expressed the cytotoxic effectors perforin 1 (Prf1) 
and Gzmb (Figure S12E). Consistent with CellChat pre-
dictions linking CCL8 to NK cell recruitment (Figure 4F 
and 4G), CCL8 blockade reduced NK cell infiltration 
(Figure 5J and 5K; Figure S12F and S12G).

To evaluate dose dependency, we also tested higher 
antibody doses (30 µg and 40 µg per mouse weekly). 
Although these regimens similarly reduced CD8+ and 
NKp46+ cell recruitment into infarct regions (Figure 
S12H through S12O), the effects did not substantially 
exceed those achieved with the 20-µg dose. Therefore, 
the 20-µg weekly regimen was employed for analysis in 
all subsequent experiments.

Because both CD8+ T cells and NK cells mediate 
cytotoxicity, we evaluated cardiomyocyte apoptosis by 
c-CASP3 (cleaved caspase 3) immunostaining. CCL8 
neutralization decreased c-CASP3+ cardiomyocyte 
density in infarct border zones (Figure 5L and 5M) and 
reduced GZMB expression in injured myocardium (Fig-
ure 5N and 5O). Together, these findings demonstrate 
that CCL8 blockade diminishes cytotoxic lymphocyte 
infiltration, suppresses GZMB expression, and alleviates 
cardiomyocyte apoptosis after MI.

To evaluate broader inflammatory states, we mea-
sured Tnfα expression, which was reduced in infarcted 
tissues of CCL8-neutralized mice (Figure 5P). By con-
trast, CD68 (macrophage marker) and MPO (myeloper-
oxidase; neutrophil marker) staining revealed comparable 
accumulation between groups (Figure 5Q and 5R), sug-
gesting that diminished Tnfα likely reflects reduced cyto-
toxic lymphocyte activity rather than altered macrophage 
or neutrophil recruitment.

Analysis of coronary vasculature revealed no signifi-
cant change in vascular density (Figure S13), indicating 
that CCL8 blockade does not substantially affect post-
MI angiogenesis. Given the observed reduction in fibrotic 
scar area (Figure 5D and 5E) and the predicted interac-
tions between CCL8 and fibroblasts (Figure 4F and 4G), 
we tested whether CCL8 directly modulates fibroblast 
activity. However, CCL8 treatment did not significantly 
alter the expression of major extracellular matrix genes 
(eg, Col1a1, Col3a1, Postn) (Figure S14A) and had no 
detectable effect on fibroblast proliferation or senes-
cence in vitro (Figure S14B through S14E). Next, we iso-
lated macrophages from post-MI hearts and examined 

Figure 4 Continued.  determined by Wilcoxon test. F and G, Outgoing communication patterns of GFPhi macrophages (F) and fibroblasts 
(G) through CCL signaling pathways. Dot color and size represent calculated interaction probability and P values, respectively. Red rectangles 
highlight CCL8-mediated interactions. CCL indicates cytokine (C-C motif) ligand; GFPhi, GFPhigh; MI, myocardial infarction; and UMAP, uniform 
manifold approximation and projection.
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Figure 5. CCL8 neutralization improves cardiac repair and attenuates lymphocyte infiltration after MI.
A, Experimental timeline for anti-CCL8 antibody administration (20 µg per mouse, weekly) after MI. B, Representative echocardiographic 
images at 28 days after MI. C, Cardiac function at 28 days after MI. n=5 or 6 mice per group; *P<0.05; **P<0.01 (2-tailed Student t test). Both 
sexes were included. D, Sirius red staining of hearts at 28 days after MI. Fibrotic scars are delineated by dashed lines. Scale bars, 2 mm. E, 
Quantification of fibrotic scar area in MI hearts. n=5 mice per group; **P<0.01 (2-tailed Student t test). Both sexes were included. F, H, and J, 
Immunostaining for CD8a (F), CD4 (H), and NKp46 (J) in infarct regions at 28 days after MI. Scale bars, 100 µm. G, I, and K, Quantification of 
CD8a+ (G), CD4+ (I), and NKp46+ (K) cell densities in infarct regions. n=5 mice per group; **P<0.01; ***P<0.001; NS, nonsignificant (2-tailed 
Student t test). Both sexes were included. L, Costaining of c-CASP3 and TNNI3 in border zones at 28 days after MI. Arrows indicate c-CASP3+ 
cardiomyocytes. White scale bars, 100 µm; yellow scale bars, 25 µm. M, Quantification of c-CASP3+ cardiomyocytes in border zones. n=5 mice 
per group; ****P<0.0001 (2-tailed Student t test). Both sexes were included. N, Immunostaining for GZMB in hearts at 28 days (Continued)
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whether CCL8 influences their polarization. CCL8 treat-
ment did not significantly alter the M1/M2 polarization 
ratio of these macrophages (Figure S15).

Genetic Ablation of Ccl8 in P16+ Cells 
Attenuates Adverse Cardiac Remodeling After 
MI
To directly test the contribution of P16+-derived CCL8, 
we generated conditional Ccl8 knockout mice (Ccl8fl/fl) 
by flanking exon 2 with loxP sites and crossed them with 
p16-CreER mice to produce p16-CreER;Ccl8fl/fl mutants. 
Mutants and littermate Ccl8fl/fl controls received tamoxi-
fen every 4 days after MI to induce Ccl8 deletion in P16+ 
cells (Figure 6A). Compared with controls, mutants dis-
played improved cardiac function and reduced scar area 
(Figure 6B through 6D).

Both immunostaining and flow cytometry confirmed 
that deleting Ccl8 in P16+ cells attenuated CD8+ T cell 
and NK cell infiltration in infarct regions (Figure 6E 
through 6H; Figure S16A through 16D). It also reduced 
c-CASP3+ cardiomyocyte density (Figure 6I and 6J) 
and GZMB levels (Figure 6K and 6L). Tnfα expression 
was significantly lower in mutants (Figure 6M), whereas 
macrophage and neutrophil accumulation remained 
unchanged (Figure 6N and 6O). Together, these findings 
indicate that genetic deletion of Ccl8 in P16+ cells miti-
gates adverse remodeling by limiting cytotoxic lympho-
cyte infiltration and cardiomyocyte apoptosis.

We also observed prominent c-CASP3 signals in non-
cardiomyocyte areas of the infarct region in both control 
and mutant mice (Figure S16E). To determine whether 
Ccl8 deletion affected apoptosis in specific noncardio-
myocyte populations, we quantified apoptosis in fibro-
blasts, endothelial cells, and macrophages within the 
infarct zones. This analysis revealed no significant dif-
ferences in apoptosis of any of these cell types between 
groups (Figures S16F through S16K). Therefore, Ccl8 
ablation in P16+ cells did not detectably alter the apopto-
sis rate of fibroblasts, endothelial cells, or macrophages.

CD8+ T-Cell Depletion Improves Cardiac Repair 
After MI
Because both CCL8 blockade and genetic Ccl8 dele-
tion reduced CD8+ T cell and NK cell infiltration, we next 
asked whether depleting either subset alone was suf-
ficient to improve remodeling. Using antibody-mediated 
depletion (Figure S17A), anti-CD8a treatment signifi-
cantly improved left ventricular ejection fraction (Figure 
S17B and S17C), decreased CD8+ T cell infiltration and 

GZMB levels (Figure S17D through S17G), and reduced 
apoptotic cardiomyocyte density in infarct border zones 
(Figure S17H and S17I). Macrophage and neutrophil 
accumulation remained unaffected (Figure S17J and 
S17K). In contrast, NK cell depletion with anti-NK1.1 
antibody—tested across varying doses and administra-
tion routes—failed to improve cardiac function or reduce 
cardiomyocyte apoptosis compared with controls (Figure 
S18). These findings demonstrate that CD8+ T cells as 
key mediators of adverse post-MI remodeling.

Intersectional Genetic Ablation of P16+ 
Fibroblasts, but Not P16+ Macrophages, 
Promotes Repair
Because CCL8 originates from both P16+ macro-
phages and fibroblasts, we next asked whether se-
lective ablation of either subset modulates post-MI 
repair. To achieve population-specific ablation, we 
used Rosa26-loxP-stop-loxP-rox-stop-rox-tdTomato- 
2A-DTR (hereafter R26-lr-tdT-DTR) mice,37 in which 
DTR (diphtheria toxin receptor) expression is activat-
ed only by dual recombination with Cre and Dre (Fig-
ure 7A). Single recombinase activity does not induce 
DTR, and diphtheria toxin administration ablates only 
double-recombinase (DTR+) cells.37

We generated a p16-DreER knock-in line by insert-
ing a 2A-DreER cassette into the terminal exon of the 
endogenous Cdkn2a locus (Figure S19A). Crossing with 
H11-rox-stop-rox-tdTomato (hereafter H11-tdT) report-
ers validated tamoxifen-inducible recombination: 2- and 
12-month-old p16-DreER;H11-tdT mice exhibited age-
dependent increases in tdTomato+ cells across multiple 
organs (Figure S19B and S19C). In post-MI hearts, 
tamoxifen induced tdTomato+ cells among fibroblasts, 
cVECs, macrophages, and cardiomyocytes (Figure 
S19D through S19G), paralleling the distribution in p16-
CreER;R26-tdT mice (Figure 1C through 1F).

To selectively ablate fibroblasts or macrophages, we 
generated p16-DreER;Pdgfra-CreER;R26-lr-tdT-DTR 
mice and p16-DreER;Cx3cr1-CreER;R26-lr-tdT-DTR 
mice, respectively (Figure 7A and 7B).38 Controls included 
p16-DreER;R26-lr-tdT-DTR, Pdgfra-CreER;R26-lr-tdT-
DTR, and Cx3cr1-CreER;R26-lr-tdT-DTR mice. Echocar-
diography revealed comparable baseline function across 
groups (Figure S20A). After tamoxifen and diphtheria 
toxin administration, mice were analyzed at 28 days after 
MI (Figure 7C).

Immunostaining confirmed significant reduc-
tions in P16+ fibroblast density in p16-DreER;Pdgfra-
CreER;R26-lr-tdT-DTR mice (Figure 7D and 7E) and 

Figure 5 Continued.  after MI. Scale bars, 100 µm. O, Quantification of GZMB+ signals in infarct regions. n=5 mice per group; **P<0.01 (2-tailed 
Student t test). Both sexes were included. P, Tnfα mRNA fold-changes in infarcted myocardium. n=4 mice per group; ***P<0.001 (2-tailed Student 
t test). Both sexes were included. Q and R, Immunostaining for CD68 and MPO in hearts at 28 days after MI. Scale bars, 100 µm. c-CASP3 
indicates cleaved caspase 3; CCL8, cytokine (C-C motif) ligand 8; GZMB, granzyme B; MI, myocardial infarction; and MPO, myeloperoxidase.
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Figure 6. Genetic deletion of Ccl8 in P16+ cells attenuates adverse post-MI cardiac remodeling.
A, Experimental timeline for tamoxifen-induced Ccl8 deletion. B, Echocardiographic analysis at 28 days after MI. n=5 mice per group; 
*P<0.05; **P<0.01 (2-tailed Student t test). Both sexes were included. C, Sirius red staining of hearts at 28 days after MI. Scale bars, 2 mm. D, 
Quantification of scar areas. n=5 mice per group; *P<0.05 (2-tailed Student t test). Both sexes were included. E, Immunostaining for CD8a in 
hearts at 28 days after MI. Scale bars, 100 µm. F, CD8a+ cell density in infarct zones. n=5 mice per group; ****P<0.0001 (2-tailed Student t test). 
Both sexes were included. G, Immunostaining for NKp46 in hearts at 28 days after MI. Scale bars, 100 µm. H, NKp46+ cell density in infarct 
regions. n=5 mice per group; **P<0.01 (2-tailed Student t test). Both sexes were included. I, Costaining of c-CASP3 and TNNI3 in border zones. 
Arrows indicate c-CASP3+ cardiomyocytes. White scale bars, 100 µm. J, c-CASP3+ cardiomyocyte density in border zones. (Continued)
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P16+ macrophage density in p16-DreER;Cx3cr1-
CreER;R26-lr-tdT-DTR mice (Figure 7F and 7G). How-
ever, only p16-DreER;Pdgfra-CreER;R26-lr-tdT-DTR 
mice exhibited reduced scar area (Figure 7H and 7I) and 
improved heart function (Figure 7J; Figure S20B). Thus, 
selective ablation of P16+ fibroblasts—but not P16+ mac-
rophages—promoted functional repair after MI.

DISCUSSION
In this study, we combined genetic mouse models with 
single-cell transcriptomics to systematically map P16+ 
cellular heterogeneity in the post-MI myocardium. We 
show that P16 is induced in fibroblasts, macrophages, 
cVECs, and cardiomyocytes after ischemic injury. Al-
though P16 is widely used as a senescence marker, 
whether all P16+ cells in post-MI hearts are truly senes-
cent remains unresolved; senescence may be confined 
to specific lineages, requiring further study. It is impor-
tant to note that our findings shift the emphasis from 
senescence classification to functional consequences: 
P16+ macrophages and fibroblasts emerge as key driv-
ers of adverse remodeling through convergent secretory 
programs. The pronounced heterogeneity among P16+ 
subsets suggests that P16 induction may serve lineage- 
and context-specific biological roles. The contributions of 
other P16+ populations to post-MI remodeling remain to 
be defined.

We identify P16+ macrophages and fibroblasts as 
the principal sources of CCL8 in infarcted hearts. Inte-
grating intercellular communication analyses with func-
tional studies, we delineate a CCL8-driven pathway in 
which these populations recruit cytotoxic lymphocytes, 
establishing a direct mechanistic link between P16+ 
stromal/immune cells and cardiomyocyte apoptosis. 
This aligns with observations in central nervous system 
injury, where microglia-derived CCL2/CCL8 chemo-
kines mediate CD8+ T-cell infiltration and tissue dam-
age in models of radiation-induced brain injury and 
ischemic stroke; conditional deletion of CCL2 or CCL8 
prevents CD8+ T cell entry into the injured brain.36 
Whether CCL2 plays a similar role in post-MI CD8+ T 
cell recruitment remains to be determined. Our inter-
cellular communication analyses also highlight other 
CCL ligands enriched in P16+ macrophages or fibro-
blasts, including CCL3, CCL5, and CCL12 (Figure 4F 
and 4G), which may modulate cytotoxic lymphocyte 
recruitment or activation. However, bulk RNA sequenc-
ing revealed no significant upregulation of Ccl3, Ccl5, 
or Ccl12 in P16+ macrophages or fibroblasts relative 

to their P16– counterparts after MI. Defining the rela-
tive contributions of these chemokines to lymphocyte 
infiltration and subsequent remodeling represents an 
important direction for future work.

Our findings further demonstrate that P16+ cells 
recruit both CD8+ T cells and NK cells to infarcted 
myocardium. Antibody-mediated depletion experiments 
revealed that CD8+ T-cell removal mitigated adverse 
remodeling, whereas NK-cell depletion with anti-NK1.1 
did not improve function or reduce cardiomyocyte apop-
tosis. This divergence is consistent with established 
evidence that CD8+ T cells directly kill cardiomyocytes 
through the perforin–granzyme pathway.14 In the pres-
ent study, however, anti-NK1.1 treatment reduced NK-
cell infiltration by only approximately half, and incomplete 
depletion may limit the interpretation of their functional 
contribution. Thus, whether NK cells exert cytotoxicity 
comparable to that of CD8+ T cells during MI progres-
sion remains an open question that merits further inves-
tigation.

We speculate that the specific upregulation of CCL8 
within P16+ macrophages and fibroblasts likely results 
from the convergence of cell-intrinsic senescent pro-
gramming and injury-specific microenvironmental sig-
nals. First, P16+ populations are heterogeneous and likely 
contain a subset of senescent cells; thus, CCL8 could 
be a core component of the senescence-associated 
secretory phenotype (SASP) in the heart.39 Ischemic 
stress-induced cellular senescence may thus directly 
activate Ccl8 transcription alongside other classic SASP 
factors, positioning it as a programmed response that 
promotes immune cell recruitment. Second, the postin-
farct milieu—characterized by hypoxia and the release 
of primary inflammatory mediators (eg, IFN-γ [interferon 
γ], TNFα [tumor necrosis factor α], and IL [interleukin] 
1β])—also likely provides additional signals through 
master regulators such as NF-κB (nuclear factor κB) 
or STAT1 (signal transducer and activator of transcrip-
tion 1), which are known to drive Ccl8 expression.40 Last, 
the cell type–specific amplification in macrophages and 
fibroblasts may stem from their central roles in the injury 
response, in which innate signaling pathways—such as 
Toll-like receptor signaling in macrophages and TGF‑β 
(transforming growth factor β) signaling in fibroblasts—
synergize with the above mechanisms to further amplify 
Ccl8 expression.41,42 Thus, CCL8 upregulation is probably 
not the result of a single trigger but rather a multifac-
torial response in which diverse signals synergistically 
shape the chemokine landscape of the injured heart. 
This hypothesis, although it requires formal validation, 

Figure 6 Continued.  n=5 mice per group; **P<0.01 (2-tailed Student t test). Both sexes were included. K, Immunostaining for GZMB in hearts 
at 28 days after MI. Scale bars, 100 µm. L, Quantification of GZMB+ signals in infarct regions. n=5 mice per group; **P<0.01 (2-tailed Student 
t test). Both sexes were included. M, Tnfα expression in injured myocardium. n=8 mice per group; *P<0.05 (2-tailed Student t test). Both sexes 
were included. N and O, Immunostaining for CD68 and MPO in hearts at 28 days after MI. Scale bars, 100 µm. c-CASP3 indicates cleaved 
caspase 3; GZMB, granzyme B; MI, myocardial infarction; and MPO, myeloperoxidase.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.077172


OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

May 5, 2026� Circulation. 2026;153:1385–1401. DOI: 10.1161/CIRCULATIONAHA.125.0771721398

Yan et al P16+ Cells Recruit Cytotoxic Lymphocytes After MI

Figure 7. Ablation of P16+ fibroblasts, but not P16+ macrophages, promotes cardiac repair.
A, Schematic of the intersectional genetic strategy to ablate P16+ fibroblasts or macrophages. B, Sequential tamoxifen and DT treatment induces 
apoptosis of P16+ fibroblasts or macrophages. C, Experimental timeline for post-MI ablation. D, Immunostaining for P16 and PDGFRa in hearts at 
28 days after MI. Arrows denote P16+ fibroblasts. Scale bars, 100 µm. E, Quantification of P16+ fibroblasts in infarct regions. n=5 mice per group; 
NS, nonsignificant; ****P<0.0001 (1-way ANOVA with Tukey multiple comparison test). Both sexes were included. (Continued)
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provides a mechanistic framework for our findings and 
suggests directions for further investigation.

Genetic deletion of Ccl8 in P16+ cells improved car-
diac repair, but this should not be equated with the effects 
of global P16+ cell clearance. Targeted gene deletion 
and wholesale cellular ablation represent distinct inter-
ventions with potentially divergent outcomes. Here we 
demonstrate that selective ablation of P16+ fibroblasts 
enhanced cardiac function and reduced fibrotic scar 
area after MI, consistent with previous reports that diph-
theria toxin–mediated elimination of periostin-positive 
fibroblasts reduces fibrosis and improves cardiac per-
formance.43 Beyond MI, targeted fibroblast elimination 
using CAR (chimeric antigen receptor) T cells or CAR 
macrophages has been shown to promote repair in 
other cardiac pathologies.44–47 It is important to note that 
excessive fibroblast loss may predispose to ventricular 
rupture or worsen outcomes.48 In our model, however, we 
did not observe rupture or increased mortality, indicating 
that selective ablation of P16+ fibroblasts alone is insuf-
ficient to trigger rupture under the tested conditions.

Fibroblasts are the primary effector cells responsible 
for cardiac fibrosis after injury. Sustained fibrotic remod-
eling disrupts tissue architecture, reduces ventricular 

compliance, and impairs electromechanical function, 
ultimately contributing to heart failure.49 Previous stud-
ies indicate that inhibiting fibroblast activation or deplet-
ing fibroblast numbers attenuates fibrosis and improves 
cardiac recovery.43–47,50 In this context, P16+ fibroblasts 
represent a subpopulation that contributes to extracel-
lular matrix production and expresses profibrotic media-
tors (Figure S6B through S6D); selective elimination of 
this subset may therefore help mitigate excessive scar-
ring and support functional repair. Moreover, the P16+ 
fibroblast population likely contains a senescent subfrac-
tion, which could act as active signaling hubs through 
the SASP and dysregulate the injury microenvironment. 
For example, these cells may secrete TGF‑β, PDGF, and 
other fibrogenic factors that activate neighboring fibro-
blasts (Figure S6C), further driving myofibroblast differ-
entiation and extracellular matrix overproduction. Through 
inflammatory SASP components (eg, IL-6, TNFα), they 
could promote a proinflammatory milieu, inhibit endothe-
lial cell migration and tube formation, and compromise 
reparative angiogenesis. SASP factors such as TNFα 
may also induce apoptosis in nearby cardiomyocytes, 
extending injury beyond the initial infarct zone. Our Cell-
Chat analysis further supports a role for P16+ fibroblasts 

Figure 7 Continued.  F, Immunostaining for P16 and F4/80 in hearts at 28 days after MI. Arrows denote P16+ macrophages. Scale bars, 
100 µm. G, Quantification of P16+ macrophages in infarct regions. n=5 mice per group; NS, nonsignificant; ***P<0.001; ****P<0.0001 (1-way 
ANOVA with Tukey multiple comparison test). Both sexes were included. H, Sirius red staining of hearts at 28 days after MI. Scale bars, 2 mm. I, 
Quantification of scar area at 28 days after MI. n=5 mice per group; NS, nonsignificant; *P<0.05; **P<0.01 (1-way ANOVA with Tukey multiple 
comparison test). Both sexes were included. J, Echocardiographic analysis of heart function at 28 days after MI. n=5 mice per group; NS, 
nonsignificant; *P<0.05; **P<0.01 (1-way ANOVA with Tukey multiple comparison test). Both sexes were included. DT indicates diphtheria toxin; 
and MI, myocardial infarction.

Figure 8. P16+ cells recruit cytotoxic lymphocytes through CCL8, driving cardiomyocyte apoptosis and adverse remodeling after 
MI.
CCL8 indicates cytokine (C-C motif) ligand 8; and MI, myocardial infarction.
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in coordinating intercellular communication, showing 
strong interaction potentials with other fibroblasts and 
endothelial cells (Figure S8C and S8D)—consistent with 
their putative role in modulating fibrosis and vascular 
remodeling. Collectively, P16+ fibroblasts likely contrib-
ute to post-MI remodeling not only through direct matrix 
deposition but also through paracrine signaling that 
sustains fibrosis, impairs angiogenesis, and perpetuates 
inflammation. Their selective clearance through senolytic 
intervention or genetic approaches may thus disrupt a 
key node within this maladaptive network, although the 
precise functional identity of this subset warrants further 
investigation.

Partial ablation of P16+ macrophages did not alter 
cardiac function or fibrosis. This might reflect the het-
erogeneity of cardiac macrophage subsets, which exert 
stage-dependent and often opposing functions during 
inflammation, proliferation, and maturation phases of 
infarct healing.51,52 As P16 is expressed in both proin-
flammatory and reparative macrophages, eliminating 
P16+ subsets could yield context-dependent effects. 
Future work should define the contributions of distinct 
P16+ macrophage subsets through combinatorial fate 
mapping, transcriptomic profiling, and temporally con-
trolled ablation.

Collectively, our findings position P16+ cells as cen-
tral orchestrators of adverse post-MI remodeling through 
CCL8-mediated recruitment of cytotoxic lymphocytes 
(Figure 8). These data provide a mechanistic and cell 
type–specific framework for precision immunomodula-
tion after MI. By moving beyond indiscriminate senolysis, 
our study highlights CCL8 blockade and selective target-
ing of P16+ fibroblasts as promising strategies to miti-
gate cytotoxic immunopathology, offering translational 
potential for ischemic heart disease.
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