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Background: Allograft rejection remains a main hindrance for long-term graft

survival. Cellular senescence (CS) contributes to graft injury, but the role of

immune cell senescence in rejection remains unclear.

Methods: Microarray data from renal transplant biopsy cohorts and age-

matched rat allograft models were integrated to characterize senescence

phenotypes. Immune cell infiltration algorithms and histopathology were

employed to recognize major senescent alloimmune subpopulation. Then,

novel senescent infiltrating macrophages (SnIMs) were identified using cross-

species single-cell transcriptomics and validated in rat models. Finally, the clinical

values of SnIMs were evaluated in renal transplant datasets.

Results: CS gene sets were enriched in rejecting allografts, correlating with graft

loss and pathological injury. Alloimmune responses amplified stress-induced

senescence in rat allografts, with p21+ macrophages emerging as the important

senescent immune subtype. SnIMs exhibited cell cycle arrest, upregulation of

senescence-associated secretory phenotype, and conserved transcriptional

signatures driven by NF-kB/Cebpb across species through single-cell analysis.

These cells accumulated along pseudotime during rejection and interacted with

effector T cells via CXCL chemokines. Clinically, SnIM infiltration predicted T

cell–mediated rejection and correlated with Banff lesion grades and poor

graft survival.
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Conclusions: Our findings identify novel stress-induced SnIMs in renal allograft

rejection and highlight their pathogenic role in rejection injury, providing a

therapeutic target to improve renal transplant outcome.
KEYWORDS

cellular senescence, macrophages, kidney transplantation, allograft rejection, T-cell
mediate rejection
1 Introduction

Despite remarkable progress in immunosuppressive therapies,

allograft rejection remains a main hindrance for long-term graft

survival (1). In renal transplantation, the incidence of rejection

persists at approximately 20% within the first postoperative year,

adversely impacting patient outcomes and imposing a burden on

public health (2). Current pathological classification categorizes

rejection into two primary types: T cell-mediated rejection (TCMR)

and antibody-mediated rejection (AMR). The mechanisms of both

types are complex involving aberrant activation of adaptive

immune responses and synergistic engagement of innate immune

components (3). Unfortunately, existing immunosuppressants that

target these established pathways fail to produce satisfactory results

in clinical practice. Thus, we need to explore novel regulatory

mechanisms of alloimmune injury in hope of uncovering

potential therapeutic targets.

Cellular senescence (CS) is an irreversible process triggered by

external and internal stress, resulting in permanent cell cycle arrest

(4). In general, CS is divided into two types: replicative senescence

and premature senescence. Replicative senescence arises secondary

to telomere shortening and is primarily observed in physiological

contexts such as natural aging. In contrast, premature senescence

refers to senescence induced by diverse stress stimuli, including

oxidative stress, DNA damage, mitochondrial dysfunction,

inflammation, and oncogene activation, collectively termed stress-

induced premature senescence (SIPS) (5).

Recent studies suggest that senescent cell accumulation in

elderly donor kidneys strongly correlates with post-transplant
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nephropathy (CAN) progression (6). Elevated pre-transplant

mRNA levels of senescence markers (p21Cip1 and p16Ink4a) in

biopsies are an independent risk factor of poor graft outcomes

(7). Mechanistically, senescent cells mediate inflammatory cascades

within the graft microenvironment through senescence-associated

secretory phenotype (SASP)—a complex mixture of pro-

inflammatory cytokines, chemokines, and matrix-remodeling

proteases. This SASP-driven process ultimately compromises

renal regenerative capacity and accelerates fibrotic remodeling (8).

Targeted clearance of donor senescent cells pre-transplantation

shows therapeutic potential for improving graft survival (9).

Although the detrimental impact of donor age-related

senescence on transplant outcomes is well-established, the

pathophysiological interplay between SIPS and alloimmunity,

particularly allograft rejection, remains incompletely elucidated.

Notably, the dynamic of alloimmune microenvironment (AME)

may exacerbate senescence phenotypes through dual mechanisms:

On one hand, immunosuppression compromises the host’s capacity

to clear senescent cells (10); on the other hand, transplantation-

associated stressors, including inevitable ischemia-reperfusion

injury (IRI) and persistent alloimmune response, aggravate

senescent cell accumulation, as evidenced by aberrantly high

p16Ink4a and p27Kip1 expression in rejection biopsies (11).

Emerging evidence suggests that senescent immune cells drive

senescence and tissue injury in solid organs (12). We thus posit

that immune cell senescence constitutes a potential driver in

allograft rejection injury.

Conventional senescence biomarkers, limited by insufficient

specificity, fail to distinguish activated immune cells from

senescent cells. Transcriptomics, with its high-throughput

capacity, overcomes the limitations of single-marker approaches

for senescence characterization (13). Single-cell transcriptome

enables precise evaluation of CS state at cellular resolution by

detecting senescence-specific transcriptional profiles. This study

integrates multi-omics data with renal transplant experimental

models to explore the role of CS in rejection pathogenesis.

Crucially, we manage to identify stress-induced senescent

infiltrating macrophages (SnIMs) as the major immune

senescence subtype in rejection and their cross-species genetic

markers through single-cell analysis. Moreover, we observed that

the burden of SnIMs infiltration correlates with poor graft outcomes

and Banff lesion severity of TCMR in kidney transplant biopsy
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cohorts. In summary, our findings provide evidence for post-

transplant senolytic therapies.
2 Materials and methods

2.1 Data acquisition

This study integrated multiple kidney transplant transcriptomic

datasets from the Gene Expression Omnibus database (https://

www.ncbi.nlm.nih.gov/geo/). Microarray data were derived from

two consecutive renal transplant cohorts: the prognostic cohort

(GSE21374 (14), n=282 with graft survival follow-up) and the Banff

cohort (GSE98320 (53, 15), n=685 with histopathological injury

scores). All participants underwent indicated biopsies with diagnostic

confirmation by independent pathologists using the Banff criteria

(Supplementary Table S1). Additionally, in the Banff cohort, we

excluded samples with incomplete Banff score information.

Single-cell transcriptomic data encompassed cross-species

analyses: Murine datasets: Dataset 1 [GSE252337 (15)] included

BALB/c→C57BL/6 allografts (rejection group n=2, naïve controls

n=2); Dataset 2 [GSE157292 (15, 16)] utilized DBA/2J→C57BL/6

transplant (rejection n=1). Human dataset [GSE189536 (17)]

integrated 11 indicated biopsies, covering AMR (n=4), TCMR

(n=3), mixed rejection (n=2), and non-rejection controls (n=2).

In vitro activated macrophage RNA-seq data were derived from

GSE267544 (18), which contains gene expression profiles of mouse

bone marrow-derived macrophages (BMDMs) activated via the

classical LPS/IFN-g pathway.
CS gene sets/signatures were curated from the Molecular

Signatures Database (MSigDB) (https://www.gsea-msigdb.org/

gsea/index.jsp) and supplemented with high-impact literature-

derived signatures (Supplementary Tables S2, Table S3).
2.2 Data processing and analysis

Microarray data Analysis: Raw data were log2-transformed and

batch-corrected during processing. Probe IDs were mapped to gene

symbols. Enrichment of CS gene sets across groups was evaluated

using Gene Set Enrichment Analysis (GSEA) (19). Gene set

variation analysis (GSVA) (20) was conducted to compute CS

scores. Samples were stratified into “High score” and “Low score”

groups based on the median value of each CS scores across the

entire cohort, and then survival differences were assessed using

Kaplan-Meier curves with log-rank tests between groups. For

immune infiltration, single-sample GSEA (ssGSEA) was used to

quantify 22 immune cell signatures (21) in AME, followed by

Pearson correlation analysis with CS GSVA scores.

Single cell RNA-seq Analysis: Data were processed using Seurat

(v4.2). Quality control was performed to retain cells expressing 200-

5,000 genes with mitochondrial content <25%. Log-normalization

and variance-stabilizing transformation were applied to identify the

top 2,000 variable genes. Harmony (22) integration was used for

batch effect correction, followed by PCA, Louvain clustering
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(resolution = 0.5), and UMAP visualization. Cluster-specific

markers were identified via Wilcoxon rank-sum tests (p < 0.05,

log2FC > 0.25) and annotated using CellMarker2.0 (23).

Senescent Cell Identification Tool (SnCIT): While the SenMayo

signature (24), recommended by the SenNet Consortium, was used

for senescence detection at single-cell resolution (13), its exclusion

of canonical markers (CDKN1A/CDKN2A) necessitated

supplementation with the Martina-defined Senescence signature

(Cdkn2a, Cdkn1a, Serpine1, Cdkn1b, Cdkn2d, Cdkn2b) (25) to

mitigate SASP-centric bias and reduce false positives. Feature

expression of these two selected signatures was scored using

AddModuleScore (Seurat package) in each cell. Cluster cells

scoring in the top 25% for both signatures were classified as

senescent. Senescence features were confirmed via ssGSEA, cell

cycle analysis (CellCycleScoring), and differential gene expression

(Wilcoxon test; p < 0.01, logFC > 0.5). Enriched pathways and

transcription factors were analyzed using Metascape (26).

Trajectory and Cell-Cell Communication: Differentiation

trajectories were reconstructed using Monocle2 (27) via high-

variance genes and DDRTree reduction. Differentiation potential

was inferred using CytoTRACE2 (28). Ligand-receptor signaling

networks were analyzed using CellChat (29).
2.3 Animal models

A rat renal transplantation model was established using 8- to

10-week-old male Sprague-Dawley (SD; n=12, Chongqing Medical

University, SYXK[YU]2022-0016) and Wistar rats (n=4; Beijing

Vital River Laboratory Animal Technology Co., Ltd., SCXK[Jing]

2021-0006). Allogeneic grafts (Allo group: SD-to-Wistar) and

syngeneic controls (Syn group: SD-to-SD) were orthotopically

transplanted under intraperitoneal anesthesia with 2% sodium

pentobarbital (40 mg/kg). Specifically, donor left kidneys were

perfused with heparinized saline (1% w/v), excised, and cold-

preserved at 4°C, and transplanted into recipients after native left

nephrectomy. Vascular anastomoses (renal artery and vein) and

ureteroneocystostomy were performed in the retroperitoneal cavity

using 10–0 nylon sutures in a continuous pattern, with the

recipient’s right kidney retained. No immunosuppressants were

administered postoperatively. All recipient rats survived until

postoperative day 7, when euthanasia was performed via

intraperitoneal injection of sodium pentobarbital (150 mg/kg),

with kidney tissues either fixed in 4% paraformaldehyde for

histology or snap-frozen in liquid nitrogen (−80°C) for protein

analysis. Procedures adhered to protocols approved by the

Children’s Hospital of Chongqing Medical University Animal

Ethics Committee (CHCMU-IACUC20220429006).
2.4 Hematoxylin and eosin staining

Renal specimens were fixed in 10% neutral buffered formalin (24

h), dehydrated through graded ethanol, and paraffin-embedded.

Sections were cut, baked at 60°C, deparaffinized, and rehydrated.
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Nuclear staining used Harris’s hematoxylin (5 min), differentiated with

1% acid alcohol, and blued in tap water. Cytoplasmic counterstaining

employed eosin Y (1 min). After ethanol dehydration and xylene

clearing, sections were mounted with neutral resin. Stained slides were

analyzed under a bright-field microscope.
2.5 Senescence-associated b-galactosidase
staining

Following the manufacturer’s protocol (Senescence b-
Galactosidase Staining Kit, Servicebio G1073-100T), fresh frozen

kidney sections were air-dried, fixed with b-galactosidase fixative,

and PBS-washed. A working solution (940 mL Solution A, 10 mL
Solution B, 50 mL X-Gal) was applied, and sections were incubated

at 37°C for 16–18 h. post-incubation, slides were rinsed in PBS and

distilled water, counterstained with Nuclear Fast Red, dehydrated,

and mounted. Blue cytoplasmic precipitates (b-galactosidase
activity) and red nuclei were imaged via bright-field microscopy.
2.6 Immunofluorescence staining

Paraffin-embedded kidney sections were dewaxed, rehydrated

through ethanol gradients, and subjected to microwave-based antigen

retrieval in EDTA buffer. After endogenous peroxidase blockade and

serum blocking, primary antibodies were incubated overnight at 4°C.

HRP-conjugated secondary antibodies and tyramide signal

amplification (TSA) were sequentially applied. Multiplex detection

was achieved through iterative cycles of antibody stripping, re-

blocking, and reprobing. Nuclei were counterstained with DAPI.

Images were acquired using confocal microscopy.
2.7 Immunohistochemistry

Deparaffinized sections were rehydrated through graded

alcohols to water. Antigen retrieval utilized heat-mediated

unmasking. Endogenous peroxidase activity was quenched with

3% H2O2 (10 min). Sections were circled with a hydrophobic barrier

and blocked with normal serum (30 min). Primary antibody

incubation proceeded overnight at 4°C. After washes, sections

received HRP-conjugated secondary antibody (RT, 30 min).

Antibody binding was visualized using DAB chromogen. Nuclei

were counterstained with hematoxylin. Sections underwent

dehydration, clearing in xylene, and mounting prior to microscopy.
2.8 Transplant transcriptomics

Allo/Syn grafts (each n = 4) RNA was sequenced on Illumina

NovaseqTM 6000 (LC-Bio Technology CO., Ltd., Hangzhou,

China). Trimmomatic-filtered reads were aligned (HISAT2,

GRCh38) and quantified (StringTie). FPKM normalization

incorporated gene length and total mapped fragments.
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2.9 Statistical analysis

Analyses were performed in R (v4.2) and GraphPad Prism 10.

Quantitative features of imaging data were analyzed using ImageJ.

All metric data underwent initial verification through Shapiro-Wilk

normality testing and Levene’s variance homogeneity assessment.

Subsequent comparative analyses between study groups were

conducted using either Student’s t-test (parametric conditions) or

the Mann-Whitney U test (non-parametric conditions), with

statistical significance threshold set at a = 0.05.
3 Results

3.1 Cellular senescence is a characteristic
phenotype in renal allograft rejection

To explore the role of CS in renal allograft rejection, we integrated

transcriptomic datasets from for-cause renal biopsy samples of two

independent renal transplant cohorts. In the prognostic cohort,

significant enrichment of three CS gene sets/signatures (REACTOME:

CELLULAR SENESCENCE, GOBP: CELL CYCLE ARREST, and

SenMayo) was observed in rejection samples using GSEA analysis

(Figure 1A). Notably, 60-90% of the genes across the various CS gene

sets were not included in the B-HOT panel (30) (Supplementary Table

S3)—an established gene panel of rejection—supporting the notion that

these gene sets provide more specific insights into senescence-related

mechanisms beyond conventional rejection pathways. Furthermore,

mRNA expression levels of canonical CS markers (CDKN1A rather

than CDKN2A) and core SASP components (IL1B, IL6, CCL2, CXCL1)

were consistently upregulated in rejecting allografts (Figure 1B). These

upregulations were validated across the multiple independent cohorts

integrated within the PROMAD atlas (Supplementary Figure S1) (31).

Through survival analysis, grafts with higher CS GSVA scores exhibited

elevated risks of graft loss (Figure 1C). When testing the enrichment of

CS gene sets in the Banff cohort, the GSVA scores were significantly

higher in TCMR and mixed rejection samples and correlated positively

with Banff lesion scores (Figures 1D, E). Notably, compared to AMR,

the GSVA scores exhibited significantly greater differences among Banff

lesion grades associated with TCMR: interstitial inflammation (i),

intimal arteritis (v), tubulitis (t), interstitial fibrosis (ci), tubular

atrophy (ct), demonstrating a graded positive correlation

(Supplementary Figure S2). Given all that, we have good reasons to

believe that CS is a characteristic phenotype in renal allograft rejection,

especially TCMR.
3.2 Stress-induced senescence is
aggravated in renal allograft rejection

Age-matched rat renal transplant models were established to

avoid confounding factors such as donor-recipient age and storage

time of grafts existing in the cohorts (Figure 2A). H&E staining

showed that Allo group displayed distinctly exacerbated acute

rejection injury, characterized by extensive interstitial infiltration
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FIGURE 1

Cellular senescence characterizes renal allograft rejection in clinical cohorts. (A) GSEA plots manifesting significant enrichment of senescence-
associated gene sets (GOBP: CELLULAR SENESCENCE, GOBP: CELL CYCLE ARREST, and SenMayo) in rejection versus non-rejection biopsies (all NP
< 0.05, normalized enrichment score >1.5). (B) Violin plots comparing mRNA expression of core senescence markers (CDKN1A, CDKN2A) and SASP
components (IL1B, IL6, CCL2, CXCL1) between rejection and non-rejection groups (all p < 0.05 except CDKN2A, unpaired two-tailed t-test). (C)
Kaplan-Meier curves showing inferior graft survival in patients with high cellular senescence GSVA scores (log-rank all p < 0.001). (D) Comparative
cellular senescence GSVA scores across rejection subtypes: antibody-mediated rejection (AMR), T cell-mediated rejection (TCMR), mixed rejection,
and non-rejection controls (Kruskal-Wallis test, all p < 0.001). (E) Heatmap illustrating coordinated elevation of senescence pathway activities with
progressive Banff lesion severity (rows: senescence signatures, Banff lesion classification, rejection types; columns: samples; color scale: z-scored
GSVA scores). *p<0.05, **p<0.01,***p<0.001,****p<0.0001.
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of immune cells, though both groups exhibited IRI features (tubular

injury) (Supplementary Figure S4A). Importantly, more remarkable

senescence phenotype was observed in Allo group, manifested by

intensified SA-b-gal staining (Figure 2B) and upregulated

expression of Cdkn1a (encoding p21) as well as SASP genes

(Figure 2C). Notably, the expression of Cdkn2a (encoding p16)

didn’t show similar tendency, which was likely attributed to

transcript dropout during sequencing. p21 was overexpressed in

Allo group compared with Syn group, confirmed by
Frontiers in Immunology 06
Immunofluorescence and validated by IHC (Figure 2D,

Supplementary Figure S4A). Regionally, the peritubular area

exhibited a substantially greater proportion of p21-positive IHC

staining than glomeruli (Supplementary Figure S4A). These

findings suggest more pronounced senescence features in tubular

and tubulointerstitial compartments during rejection, an

observation further validated through b-galactosidase staining

(Supplementary Figure S4B) and immunofluorescence assays

(Supplementary Figure S4C). Furthermore, to delineate cell-type-
FIGURE 2

Cellular senescence biomarkers are elevated in allograft rejection of the rat model. (A) Schematic workflow of syngeneic (Syn) versus allogeneic
(Allo) rat orthotopic kidney transplantation (n=4/group). Inset: Surgical image of graft implantation. (B) Representative images of SA-b-Gal staining
(blue) in the Syn, and Allo groups on postoperative day 7 (Scale bar 100 mm, partial enlarged drawing with Scale bar 20 mm). (C) Elevated mRNA
levels (FPKM) of senescence markers (Cdkn1a, Cdkn2a) and SASP components (Il1b, Il6, Ccl2, Cxcl1) in Allo versus Syn groups (*p < 0.05, unpaired
two-tailed t-test). (D) Immunofluorescence co-staining of p21 (red, expressed in both the nucleus and cytoplasm) and nuclei (DAPI, blue) in the Syn
and Allo groups (Scale bar 100mm). Barplot showing the fluorescence intensity of p21 in Allo versus Syn groups (***p < 0.001, unpaired two-tailed t-
test); AU, Arbitrary Units. (E) Immunofluorescenceco-staining for p21 (red) with Immune cell marker Cd45 (green) in Syn and Allo groups (Scale bar
50mm). Barplot showing the number of p21+Cd45+ immune cells in Allo versus Syn groups per 1mm2 (***p < 0.001, unpaired two-tailed t-test).
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specific senescence, we performed double immunofluorescence co-

staining for p21 with tubular marker Lrp2 and immune marker

Cd45. Quantitative analysis revealed no significant difference in

p21+Lrp2+ tubular cell counts between Allo and Syn groups (P >

0.05) (Supplementary Figure S5). Conversely, p21+Cd45+ immune

cells were significantly elevated in the Allo group (P < 0.001)

(Figure 2E). These results collectively indicated that stress-

induced senescence was activated at the early stage of acute

rejection mediated by alloimmune responses.
3.3 Macrophage senescence is an
important component of immune
senescence in rejection

The overexpression of p21 within infiltrating immune cells in

allografts prompted the hypothesis that rejection induces

senescence in immune cells. To verify this hypothesis, we

conducted immune infiltration analysis in the prognostic cohort

using ssGSEA. Analysis revealed that the CS GSVA score showed

significant positive correlations with infiltration levels of effector

immune cells in rejection responses, including CD4+ T cells, CD8+

T cells, NK cells, macrophages, B cells, dendritic cells, neutrophils,

and mast cells (Figure 3A, Supplementary Figure S6). Notably, the

highest correlation coefficient was observed between SenMayoScore

and M1 macrophages (R = 0.73, p < 2.2 × 10^−16) (Figure 3B). This

association was experimentally validated by immunofluorescence

manifesting enhanced co-localization of macrophage marker CD68

(green) with p21 signals (red) in the Allo group (Figure 3C).

Moreover, compared to M0 and M2 macrophage subtypes, M1

macrophage infiltration demonstrated significantly stronger

correlations with the CS GSVA scores (Supplementary Figure S7).

These findings implicate proinflammatory macrophages (M1) as

the significant senescent immune cell population in rejection.
3.4 Identification of senescent
macrophages in renal allograft rejection

To identify senescent macrophages in rejection, we analyzed

single-cell datasets from two murine and one human renal allograft

rejection study. In mouse dataset 1, all cells were partitioned into 20

subpopulations through dimensionality reduction and clustering

(Supplementary Figures S8A–C), in which immune cell clusters

distinctly enriched in rejection samples (Supplementary Figure

S8D). The AddModuleScore algorithm revealed upregulated

expressions of SenMayo and Senescence signature genes in rejection

groups (Supplementary Figure S8E), and these genes were spatially

enriched in macrophage subclusters (Supplementary Figure S8F),

further supporting previous findings.

Subsequent analyses focused on monocyte-derived infiltrating

macrophages (IMs), identified as Cd68+ Plac8+ immune cells in
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renal tissues. First, IMs represent the dominant macrophage

population driving inflammation during allograft rejection;

Second, the senescence phenotypes of tissue-resident

macrophages were partly attributed to homeostatic turnover (13).

By integrating CS signature scoring, we successfully developed a

computational framework (SnCIT) (Figure 4A) (Supplementary 3)

that robustly identified Cdkn1a+ SnIMs (Figure 4B). SnIMs showed

distinct enrichment in rejection samples, characterized by G1/ S-

phase cell cycle arrest (Figure 4C), elevated activity of senescence

pathways (GOBP: SIPS, GOBP: CELL CYCLE ARREST,

REACTOME: SASP) (Figure 4D), and marked overexpression of:

(i) Cell cycle inhibitors: Cdkn1a, Cdkn1b, Gadd45b; (ii) SASP

components: Cxcl10, Il1b, Cxcl2; (iii) Anti-apoptotic mediators:

Bcl2a1b; (iv) Senescence surface markers: Icam1 (immune

interaction), Cd274/PD-L1 (immune evasion), and Plaur/uPAR

[senescence-specific membrane protein (32)] (Figure 4E).

Furthermore, SnIM-upregulated differentially expressed genes

(DEGs) enriched in NF-kB signaling, apoptosis resistance, and

cytokine production pathways. NF-kB family members (Nfkb1,

Rela, Ikbkb), Jun, Stat1, and Cebpb were implicated as key

transcription factors (TFs) of SnIMs gene networks using TRUST

database (Figure 4F). These pathways and TFs are established

regulators of inflammatory SASP secretion and persistent

senescence (13).

Additionally, we confirmed Cdkn1a+/CDKN1A+ SnIMs with

similar transcriptional features, molecular pathways and regulatory

networks in mouse dataset 2 and human dataset (Supplementary

Figure S9). A conserved transcriptional signature was yielded

through intersection analysis of SnIM-upregulated DEGs from

two murine datasets (Figure 3G, Supplementary Table S4),

subsequently validated in human dataset (Figure 3F). To evaluate

the specificity of SnIM signature, we analyzed its component genes

in a publicly available dataset of in vitro stimulated BMDM. While

the majority of signature genes (9/14) were significantly upregulated

at 12 hours post M1-polarization (LPS/IFN-g), the expression of

most genes (e.g., Malt1, ptgs2) had returned to low levels by 24

hours, and core senescence markers Cdkn1a and Cdkn1b showed no

significant induction at two time point (Supplementary Figure S10).

This expression pattern demonstrates that the sustained

transcriptional profile of SnIMs observed in allografts is not

entirely consistent with a transient macrophage activation

response and further supports its specificity to a senescence-

like state.

In rat allografts, senescent-like macrophages (Cd68+ p21+ uPAR+

Nfkb+) were localized to perivascular and tubulointerstitial regions by

multiplex immunofluorescence (Figure 5A), presenting enlarged size

and irregular shape (white arrows). SnIM infiltration (using Plac8,

Cd68 and SnIM signature as cell markers) was significantly higher in

Allo than Syn groups (p < 0.05), estimated by ssGSEA (Figure 5B),

which is consistent with the upregulation of SnIM signature genes

(Figure 5C). These analyses suggested that there was a conserved

SnIM subcluster across species in renal allograft rejection.
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3.5 Senescent macrophages accumulated
as rejection progressed and showed
interacted with T cells

A distinct subpopulation of senescent macrophages within the

AME was identified through single-cell transcriptomic profiling.

Then, pseudotime trajectory and cell-cell communication analyses

were conducted to track their temporal dynamics during acute

rejection and their cellular interactions with adjacent immune cells

as well as renal parenchymal cells. Significantly diminished

differentiation potential was observed in SnIMs through Cytotrace2

analysis (Figure 6A). Monocle2 trajectory inference localized SnIMs

predominantly at trajectory termini (Figure 6B), suggesting

progressive accumulation of SnIMs during rejection. This temporal

accumulation pattern was further supported by pseudotime density

plots, showing peak SnIM enrichment at pseudotime terminus
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(Figure 6C). Moreover, SnIM signature genes exhibited

pseudotime-dependent upregulation in IMs (Figure 6D). CellChat

analysis showed that SnIMs displayed enhanced incoming

interactions with other cells (Figure 6E), and tubular epithelial cells

served as prominent singling senders to them through Mif-(Cd74

+Cd44) and Spp1-(Itga4+Itgb1) ligand-receptor axes (Figure 6F).

This could potentially contribute to SnIM recruitment to peritubular

areas. Notably, interaction potentials were identified between CD4+

T cells and CD8+ T cells through Cxcl9/Cxcl10-Cxcr3 and Cxcl16-

Cxcr6 pathways, respectively (Figures 6F, G). This observed crosstalk

suggests a potential mechanism by which SnIMs, via sustained SASP

secretion (notably Cxcl chemokines), might participate in sustaining

inflammatory responses associated with rejection injury.

Importantly, similar SnIM-T cell interaction patterns were

replicated in independent mouse and human scRNA-seq

datasets (Figure 6H).
FIGURE 3

Cellular senescence is associated with macrophages in graft rejection. (A) Heatmaps showing the immune profile in the prognostic cohort, with the
right panel showing the enrichment level of 24 cell types in alloimmune microenvironment and the left panel showing their correlation with three
senescence GSVA scores (CS, CELLULAR SENESCENCE; CCA, CELL CYCLE ARREST; SenMayo). The senescence GSVA scores and rejection types
were annotated at the top of the heatmap. (B) Scatter plots showing the correlation between inflammatory macrophages (M1) infiltration and three
senescence GSVA scores (Pearson’s test). The blue regression curve represents the fitted linear relationship between variables, and the blue shaded
areas on both sides of the curve indicate the 95% confidence interval. (C) Immunofluorescence co-staining of p21 (red, expressed in both the
nucleus and cytoplasm) and Cd68 (green, expressed on the cell membrane) and nuclei (DAPI, blue) in the Syn and Allo groups (Scale bar 100 mm).
*p<0.05, **p<0.01,***p<0.001,****p<0.0001.
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FIGURE 4

Identification of senescent infiltrating macrophages across species in kidney transplant rejection. (A) Schematic representation of Senescent Cell
Identification Tool (SnCIT) for identifying senescent infiltrating macrophages (SnIMs) in macrophage cluster. (B) UMAP plots of infiltrating
macrophages colored by SenMayo_signature, Senescence_signature and senescent cells. (C) Bar plots showing proportion of senescent and not
senescent IMs between rejection and naïve samples, and G1/ S and G2/M cell cycle phases. D Violin plots showing ssGSVA scores of senescence
gensets (GOBP: STRESS-INDUCED PREMATURE SENESCENCE, GOBP: CELL CYCLE ARREST, REACTOME: SENESCENCE-ASSOCIATED
SECRETORYPHENOTYPE) of senescent and not senescent IMs (two sided Wilcox-test, **p < 0.01, **** p < 0.0001). (E) Dot plot indicating
differentially expressed genes (DEGs) between senescent and not senescent IMs. Genes with a p < 0.01 and logFC > 0.5 are shown highlighted as
upregulated (red) in senescent IMs. (F) Bar plots displaying enrichment analysis and transcription factor prediction of upregulated DEGs (up-DEGs) in
senescent IMs, using Metascape and Trust database. (G) Venn diagram showing overlap of up-DEGs in SnIMs between the 2-mouse single-cell
datasets. The genes highlighted in red have evidence to associate them with senescence. Dotplots demonstrating expression and percentage of
intersecting up-DEGs in senescent and not senescent IMs of mouse datasets, which were validated in human dataset (H) and consistent across
species.
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3.6 SnIMs abundance shows association
with graft outcomes and rejection injury

To explore the clinical value of SnIMs, we quantified their

infiltration abundance in renal transplant biopsy cohorts using

ssGSEA. A correlative relationship was observed, with patients

showing high SnIM infiltration levels experiencing poorer graft

survival (p < 0.0001) (Figure 7A). SnIMs enrichment was notably

higher in TCMR and mixed rejection biopsies (Figure 7B) and

displayed good predictive performance for TCMR diagnosis (AUC

= 0.78; Figure 7C). Furthermore, SnIMs infiltration showed

stepwise positive correlations with key Banff lesion scores,

including interstitial inflammation (i), intimal arteritis (v),

tubulitis (t), interstitial fibrosis (ci), and tubular atrophy (ct)

(Figure 7D). Collectively, these data associate increased SnIMs

infiltration with acute/chronic allograft injury and inferior clinical

outcomes. Based on these correlative findings, targeted depletion of

SnIMs represents a hypothesis warranting future investigation to

assess its potential for improving long-term graft survival.
4 Discussion

CS is multifactorial in organ transplantation, including donor/

recipient age, the recipient’s chronic medical conditions, IRI during

organ implantation, alloimmune responses against the donor organ,

and post-transplant recurrence of primary diseases (8, 33). Up to
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now, the age-and IRI-related senescence mechanisms are relatively

well understood, while our study focuses on the interplay between

rejection and CS. First, transcriptomic analysis of renal transplant

biopsy specimens revealed that CS is a characteristic phenotype in

rejection. Subsequently, dynamic evolution of senescence

phenotypes in the AME were found in age-matched rat renal

transplant models: alloimmune response acts as secondary

stressors that exacerbate the senescence process initiated by IRI,

characterized by accelerated senescence of immune cells,

particularly macrophages. Single-cell analysis further confirmed

the presence of transcriptionally conserved SnIMs in cross-species

rejection samples. These cells accumulate as rejection progresses

and mediate sustained inflammatory responses via their SASP

(predominantly via CXCL chemokine family members). Clinical

cohort studies also validated that the infiltration of SnIMs in renal

allografts correlates with both Banff lesion severity and adverse

transplant outcomes.

A recent study found that transplantation-stress induces CS in

age-matched corneal grafts and targeted elimination of senescent

cells could effectively reduce rejection immune reaction. While the

authors observed accelerated senescence phenotypes in allogeneic

grafts compared to syngeneic controls (primarily in CD45+

immune cells, aligning with our findings), they didn’t elucidate

the source of stress only attributing senescence to general

“transplantation injury” (34). Based on existing evidence, we

speculate that allograft rejection may serve as a key trigger for

cellular senescence: alloantigens excessively activate immune
FIGURE 5

Identifying senescent infiltrating macrophages in allograft rejection of the rat model. (A) Immunofluorescence co-staining of Cd68 (green, expressed
on the cell membrane), p21 (red, expressed in both the nucleus and cytoplasm), uPAR (cyan, expressed on the cell membrane), Nfkb (ginger,
expressed in both the nucleus and cytoplasm), and nuclei (DAPI, blue) in cortex of allograft of the rat model (Scale bar 200 mm or 20 mm), with the
white arrows pointing the senescent-like macrophages. (B) Estimated SnIMs infiltration using GSEA in Allo versus Syn grafts (*p < 0.05, unpaired two-
tailed t-test; ES, Enrichment Score). (C) Heatmap showing conserved signature of SnIMs in Allo versus Syn grafts.
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FIGURE 6

SnIMs accumulation patterns and potential interactive signaling with T cells. (A) Boxplots comparing CytoTRACE scores (differentiation potential)
between SnIMs and non-senescent IMs (p = 0.00024, two sided Wilcox-test). (B) Monocle trajectory displaying the origin of differentiation of IMs
determined by cytotrace score, and the direction of differentiation from not senescent IMs to SnIMs. (C) Density plot demonstrating pseudotime-
dependent expansion of SnIM proportion. (D) Expression patterns of genes of SnIMs’ signature along pseudotime. (E) Dot plot showing the incoming
and outcoming interaction strength of cells in alloimmune microenvironment, with the size of dots representing counts of interactions. (F) Bubble
plots comparing the outgoing communication patterns of senescent and not senescent IMs (left) and the incoming communication patterns of
target cells (right). The size of each dot is proportional to the contribution score calculated by pattern recognition analysis. Higher contribution
scores indicated richer signaling pathways in the corresponding cell group. (G) Circle plot (upper) of CXCL signaling pathway network between cells
in alloimmune microenvironment, with the thickness of the line representing strength of interactions. Violin plot (lower) showing the cell-type-
specific expression of CXCL ligands (Cxcl9/10/16) and receptors (Cxcr3/6). (H) Heatmap showing various signaling functions (sender, receiver,
mediator, and influencer) in the Cxcl pathway of alloimmune cells of independent mouse (upper) and human (lower) single-cell databases.
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response and generate robust inflammatory cascades. Notably, a

bidirectional interplay exists between inflammation and senescence:

on one hand, hyperactive inflammation predisposes cells to SIPS; on

the other, senescent cells induce paracrine senescence via the SASP,

creating a self-amplifying “inflammation-senescence” vicious cycle

(5, 35). Moreover, damage-associated molecular patterns (DAMPs)

likely act as central hubs in this crosstalk. In solid organ

transplantation, initial DAMP release triggered by IRI activates

innate immunity and subsequent alloimmune responses inflict

secondary damage on graft cells, perpetuating DAMP generation

(36, 37). As critical mediators bridging innate and adaptive

immunity, DAMPs establish a positive feedback loop through

three interconnected pathways: 1. DAMP-TLR signaling activates

cell cycle arrest pathways and SASP secretion (38, 39); 2. SASP

components stimulate further DAMP release (40); 3. Sustained

DAMPs exacerbate the inflammatory response and potentiate

rejection (37). This “DAMP-senescence-DAMP” amplification

loop may provide a novel explanatory framework for post-

transplant rejection pathogenesis.

As central components of the innate immune system,

macrophages initiate adaptive immune responses through TLR-

mediated recognition of DAMPs released from injured grafts (41).

Notably, this biological predisposition renders macrophages

vulnerable to the “DAMP-senescence” vicious cycle, establishing

them as primary effectors of cellular senescence in acute organ
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injury. Marked macrophage senescence was found in CCl4-induced

liver injury models and it in return aggravated liver tissue damage

(42). Similarly, our study identifies IMs as predominant senescent

immune cell populations in allograft rejection. Currently, the

absence of single, universal, or specific biomarkers for identifying

senescent immune cells poses significant challenges to senescence

research in vivo (43). We successfully identified Cdkn1a+SnIMs in

rejecting renal grafts and delineated their conserved transcriptomic

gene-expression profiles across species by analyzing singe-cell

datasets. While cell cycle inhibitors p16 and p21 are

conventionally employed as senescence markers, our selection of

Cdkn1a (p21) as the principal biomarker is methodologically

justified: 1. Technical limitations in sequencing platforms result in

approximately 50% dropout rates for Cdkn2a (p16) transcripts (44);

2. p21 has been proved to be more related to SIPS while p16 is

mainly involved in regulating replicative senescence (45, 46). Recent

studies have demonstrated p21 upregulation coupled with rapid

senescence emergence following hemorrhagic shock (47). Although

Cdkn1a+SnIMs exhibits limited potential for differentiation as

validated by Cytotrace, they achieve persistent survival through

the following dual mechanisms: 1. Dysregulated activation of anti-

apoptotic pathways (e.g., BCL-2 family); 2. immune evasion

mediated by overexpressed immune checkpoint molecule CD274

(PD-L1). This survival paradigm explains their progressive

accumulation during rejection and suggests enduring graft-
FIGURE 7

Association of SnIMs infiltration with clinical outcomes. (A) Kaplan-Meier curves showing inferior graft survival in patients with high SnIMs infiltration
versus low infiltration (p < 0.001, log-rank test). (B) Boxplot comparing SnIMs infiltration across rejection subtypes: antibody-mediated rejection
(AMR), T cell-mediated rejection (TCMR), mixed rejection, and non-rejection controls (p < 0.001, Kruskal-Wallis test). (C) ROC curves assessing the
predictive ability of SnIMs infiltration for TCMR (area under the curve, AUC = 0.78). (D) Boxplot comparing SnIMs infiltration across Banff lesion
score: interstitial inflammation (i), intimal arteritis (v), tubulitis (t), interstitial fibrosis (ci), tubular atrophy (ct) (p < 0.001, Kruskal-Wallis test).
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destructive effects. In renal transplant biopsies, SnIM infiltration

correlates not only with acute injury (interstitial inflammation,

endarteritis, tubulitis) but also chronic allograft lesions

(interstitial fibrosis/tubular atrophy, IF/TA). Pre-transplant

treatment of aged donor kidneys with BCL-2 inhibitor ABT-263

removes senescent cells by inducing apoptosis and significantly

improves functional recovery after transplantation (9). Given that,

we have good reasons to see ABT-263-based senolytic therapy as a

promising strategy for eliminating senescent macrophages to

mitigate rejection-mediated injury post- transplantation.

The SASP, a hallmark of cellular senescence, perpetuates a low-

grade inflammatory microenvironment through secretion of

proinflammatory cytokines and chemokines, mediating paracrine

propagation of senescent phenotypes and triggering secondary cell

death (48). Single-cell analysis revealed that SnIMs exhibit specific

overexpression of canonical SASP component genes, including Il1b,

Cxcl2, and Cxcl10. The transcription factor NF-kB occupies a

central regulatory role within the SASP network. Protein kinase D

(PKD) and CCAAT/enhancer-binding protein b (C/EBPb)
cooperatively interact with NF-kB to activate SASP gene

transcription (49). Our analysis surmised NF-kB family members

(Nfkb1, Rela, Ikbkb) and Cebpb as key TFs predicted to govern the

gene networks of senescent IMs. Intercellular communication

analysis further uncovered that CXCL chemokine family

members (Cxcl9, Cxcl10, Cxcl16) constitute the principal

molecular that connecting SnIMs and effector T cells. Notably,

CXCL9/CXCL10 in blood and grafts is widely recognized as a

biomarker of rejection, due to their biological function of T cell

recruitment (50). Similarly, CXCL16 demonstrates T cell

chemotactic activity within the inflammatory milieu of renal

allografts (51). SnIMs’ persistent chemoattraction of effector T

cells is likely the key factor for the acute and chronic graft injury.

This may partly explain SnIMs’ more pronounced infiltration in

TCMR and could be used as a biomarker to predict TCMR.

We acknowledge several limitations in our study. Firstly, while

rejection stress-induced cellular senescence was observed in age-

matched rat renal transplant models and a “DAMP-senescence-

DAMP” feedback loop hypothesis was proposed to rationalize the

findings, the underlying mechanisms and potential differences in

senescence induction pathways of TCMR and AMR require deeper

exploration. Secondly, although single-cell analyses inferred

interactions between senescent macrophages and T cells, co-culture

experiments are needed to dissect direct cellular crosstalk between

senescent cells and their effector targets, thereby explaining their

enhanced immunopathogenic functions. Finally, the CS gene sets

utilized herein - in particular, the SenMayo signature - as well as our

proposed SnIM signature, incorporate numerous inflammatory

components of the SASP. As these genes are also induced during

macrophage activation, their upregulation may not exclusively reflect

senescence, potentially leading to false-positive interpretations in the

context of immune responses. However, macrophage activation and

CS are not mutually exclusive biological states. Recent evidence

suggests that inflammatory stimuli (e.g., LPS) can concurrently

induce both macrophage activation and senescence (52). Future
Frontiers in Immunology 13
studies should focus on identifying more specific markers that can

unequivocally distinguish senescent macrophages, particularly in

inflammatory microenvironments.

In summary, our findings shed light on the role of CS in renal

allograft rejection. We successfully identified and characterized

novel senescent macrophages induced by rejection stress in silico

and in vivo. The observed accumulation of SnIMs appears linked to

graft injury and poor outcomes. These findings position SnIMs as a

candidate biomarker for rejection severity and suggest their

potential as a therapeutic candidate worthy of future

experimental validation.
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