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INTRODUCTION 
 

Type 2 diabetes mellitus is considered a defining 

disease of the 21st century due to its prevalence, reduced 

life expectancy, and potentially fatal complications. In 

2021, it was estimated that there were 529 million 

people living with type 2 diabetes across the world. By 

2050, that number is projected to increase to 1.31 

billion people worldwide [1]. 

 

T2DM is characterized by elevated blood glucose 

levels resulting from insulin resistance and/or impaired 

insulin secretion by pancreatic β-cells [2, 3].  

Frequently occurring in the context of metabolic 

dysfunction, this heterogeneous and progressive non-

autoimmune disease is partly driven by pancreatic β-

cell senescence [4, 5]. 

 

Cellular senescence is a response triggered by acute or 

chronic stress [6], leading to cell cycle arrest through 

the upregulation of cyclin-dependent kinase inhibitors 

p21 (encoded by Cdkn1a) and/or p16 (encoded by 

Cdkn2a), the increased activity of senescence-

associated β-galactosidase (SA-βgal), the development 

of Senescence-Associated Secretory Phenotype (SASP), 

as well as through activation of anti-apoptotic pathways 

such as the BCL-2 protein family [4]. Activation of 

anti-apoptotic proteins, such as BCL-2, functions as a 
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ABSTRACT 
 

Senescent pancreatic beta (β)-cells accumulate with age and contribute to impaired insulin secretion and 
progression of type 2 diabetes mellitus (T2DM). Although the urokinase-type plasminogen activator receptor 
(uPAR; encoded by PLAUR) has been used as a surface marker of senescence in mice and humans, its broad 
expression across tissues limits therapeutic specificity. Here, we identify transmembrane-4-L-six-family 
member-1 (TM4SF1) as a selective surface marker of senescent β-cells. 
Using RNA sequencing, flow cytometry, and immunofluorescence, we demonstrate that TM4SF1 is enriched in 
p21 (encoded by CDKN1A) senescent β-cells, with minimal expression in non-senescent β-cells or non-
pancreatic cell types. TM4SF1+ β-cells exhibit reduced insulin content and impaired glucose-stimulated insulin 
secretion, linking this population to functional decline. 
Importantly, compared to uPAR, TM4SF1 shows stronger concordance with canonical senescence markers and 
greater specificity for β-cells. These findings establish TM4SF1 as a robust and selective marker of senescent β-
cells and support its potential as a target for β-cell-directed senotherapeutic strategies in T2DM. 
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cellular defense mechanism by inhibiting ribonucleotide 

reductase, the enzyme responsible for synthesizing 

DNA precursors [7]. This inhibition prevents replication 

of cells with damaged DNA, however, because BCL-2 

also suppresses apoptosis [8], these cells persist in a 

non-proliferative state, contributing to the gradual 

accumulation of senescent cells with aging [9].  

 

Senescent β-cells are dysfunctional [10, 11] and 

therefore progressively worsen T2DM outcomes over 

time, highlighting the need to investigate the 

mechanisms and signaling pathways driving β-cell 

senescence to develop therapies that eliminate these 

cells and slow the progression of β-cell dysfunction 

[11]. A potential strategy to target senescent β-cells is 

through Chimeric Antigen Receptor (CAR) T-cell 

therapy. CAR T cells are genetically engineered T 

lymphocytes that are modified to express synthetic 

chimeric antigen receptors on their surface. These 

receptors are designed to recognize and eliminate 

antigen-expressing cells via cytotoxic effects [12]. This 

technology was originally developed for cancer 

immunotherapy, but recent trials have shown CAR T 

cells are also effective at clearing senescent cells [13]. 
 

Trials have shown that CAR T cells specific for 

urokinase-type plasminogen activator receptor (uPAR 

encoded by PLAUR), a cell-surface protein involved in 

inflammation and matrix remodeling, have effectively 

eliminated senescent cells in vitro and in vivo [14]. 

Despite uPAR’s well-established role as a senescence 

surface marker, which is useful as a reference for 

identifying other senescent cell surface markers, its 

lack of tissue specificity for pancreatic β-cells is a 

limitation in the setting of T2DM. The identification of 

a surface marker with higher tissue-specificity for 

senescent pancreatic β-cells could improve studies on 

this cell population and could eventually be used for 

immunological targeting.  
 

Herein, transmembrane-4-L-six-family member-1 

(TM4SF1), normally an extracellular signal transducer 

involved in regulating vital cellular activities such as 

adhesion and migration [15], was identified as a cell 

surface marker tissue-specific for pancreatic β-cells in 

rodents and humans.  

 

RESULTS 
 

TM4SF1 is highly expressed in pancreatic β-cells 

 

Using RNA-seq data from β-Gal+ vs. β-gal- β cells 

(GSE72753 [16, 11]), we identified Cluster of 

Differentiation (CD) and other known plasma 

membrane genes that were expressed at low levels in β-

Gal- cells and were significantly upregulated in β-Gal+ 

cells. G-protein coupled receptors were excluded since 

they face the cytoplasm (Figure 1A). 

 

PLAUR and TM4SF1 emerged as candidates of surface 

markers of senescent β-cells based on their known 

expression in the cytoplasmic membrane. TM4SF1 is a 

member of the tetraspanin family characterized by the 

presence of four hydrophobic domains, predicting 

plasma membrane localization as a primary site. Its 

extracellular loop accessibility makes it amenable to 

antibody based targeting while its recycling behaviour 

could influence payload delivery. Expression of these 

cell surface markers at the protein level was compared 

across different human tissues using data from the 

Human Protein Atlas. TM4SF1 was confirmed as a 

viable tissue-specific candidate due to its high 

expression in human pancreas and low expression in 

other tissues (Figure 1B).  

 

To identify suitable experimental models, the multiple 

comparative genome viewer (MCGV) at the NCBI data 

was used to compare the genetic sequence of TM4SF1 

in human and mice. Out of 202 amino acids, 158 are 

identical between human and mouse TM4SF1 

suggesting high evolutionary conservation (Figure 1C). 

This 78% identity supports that mouse models are 

suitable for studying TM4SF1 function and targeting. 

 

To confirm the relationship between senescence and 

expression of TM4SF1, C57Bl6 mouse pancreas were 

stained for TM4SF1 and nuclear exclusion of HMGB1, 

which is a marker of senescence as described by 

Campisi J et al. [17, 18] (Figure 2A). Image analysis 

revealed a statistically significant expression of 

TM4SF1 in β-cells with nuclear exclusion of HMGB1 

(Figure 2B). 

 

Senescence Associated β-Galactosidase activity (SA-

bGAL) is another well-known marker of senescence 

also identified by Campisi J et al. [19] in the context of 

p21-mediated cell cycle arrest [20]. We compared the 

expression of Plaur and Tm4sf1 in RNA-seq data from 

β-Gal+ (senescent) and β-Gal– (non-senescent) mouse 

islet cells. Cdkn1a/P21 (Figure 2C), Plaur (Figure 2D) 

and Tm4sf1 (Figure 2E) were expressed at significantly 

higher levels of expression in β-Gal+ cells, indicating an 

association of these cell markers with the senescent 

state and supporting Tm4sf1 as a biologically valid 

candidate with potential therapeutic and diagnostic use.  

 

To evaluate whether expression of Tm4sf1 followed the 

known dynamics of senescent β-cells, metabolic stress 

was induced with high-fat-diet (HFD) for 4 weeks in 

C57Bl6J mice, an intervention reported to increase 

senescence in β-cells [11, 21] and a subset of mice 

received simultaneous senolytic treatment with ABT263, 
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a Bcl2 inhibitor (Bcl2i) [11, 22]. Expression of Plaur and 

Tm4sf1 followed the same expression kinetics as Cdkn1a 

(p21) a known marker and effector of β-cell senescence 

(Figure 3A). Tm4sf1 expression increased with high-fat 

diet and was decreased with BCL2i, consistent with its 

value as a senescent marker at the mRNA level. At the 

protein levels, pancreas from control, HFD and 

HFD+Bcl2i treated mice, were stained for INSULIN, 

TM4SF1 and P21 (Figure 3B). Image analysis revealed 

an increase of TM4SF1 expression in β-cells from mice 

on a HFD and while Bcl2i restored expression to control 

levels (Figure 3C). These dynamics were mirrored by 

P21 (Figure 3D), supporting the validity of TM4SF1 as a 

marker of β-cell senescence. 

 

 
 

Figure 1. Identification of TM4SF1 as a candidate surface marker of senescent pancreatic β-cells. (A) Fluorescence-activated cell 
sorting (FACS) was used to isolate potential candidates for a tissue-specific pancreatic β-cell senescence cell-surface marker. TM4SF1 highest 
expression in pancreas. (B) Heatmap of TM4SF1 and PLAUR across tissues in humans. Data obtained from the Human Protein Atlas. (C) 
Graphical display for genome sequence alignment between Human and Mouse for the TM4SF1 gene. 
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Figure 2. TM4SF1 marks senescent β-cells in mice. (A) Immunostaining for TM4SF1 and nuclear exclusion of HMGB1 in mouse β-cells. 
(B) Scatter plot showing a negative relationship between TM4SF1 protein levels and nuclear HMGB1 in mouse islets. TM4SF1 levels 
negatively correlated with nuclear-to-cytoplasmic HMGB1 ratio (p < 0.0001), correlating higher TM4SF1 expression with HMGB1 nuclear 
exclusion. Protein levels were quantified as mean fluorescence intensity (MFI). n=3 Control, n=3 HFD, n=3HFD + Bcl2i. 10-13 images per 
animal were analyzed. (C–E) Islets isolated from 7-8-month-old C57Bl/6J male retired breeders were FACS sorted into non-senescent (β-Gal 
negative) and senescent (β-Gal positive) subpopulations for RNA-seq after gating for enrichment of β-cells (GSE121539). Individual matched 
subpopulations from β-Gal negative and positive from 7 biological replicates. Specific gene expression was compared between senescent and 
non-senescent populations: Cdkn1a, Plaur and Tm4sf1. 
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Figure 3. TM4SF1 transcription and protein expression increase with HFD and are decreased following senolytic treatment. 
(A) RNA-seq heat map showing elevated Tm4sf1 expression in high fat diet (HFD) and decreased with a BCL2i (ABT263) which acts as a 
senolytic. Plaur and Tm4sf1 followed a similar pattern to Cdkn1a and Bcl2, senescence markers. n=4 Control, n=4 HFD, n=4 HFD + Bcl2i. (B) 
Representative immunostaining of mouse pancreas for TM4SF1, P21, and insulin, consistent with increased expression in HFD and reduction 
with BCL2i treatment. (C) TM4SF1 and (D) MFI over the total islet area, normalized to cell count per islet, showing increased expression in 
HFD and reduction with BCL2i treatment. n=3 Control, n=3 HFD, n=3HFD + Bcl2i. 10-13 images per animal were analyzed.  
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Reporter mouse model supports expression of 

TM4SF1 in P21-tdTom+ cells 

 
To assess the expression of TM4SF1 and uPAR in P21-

tdTom+ cells, we utilized a whole-body fluorescent 

reporter mouse for p21 (P21-tdTomato). In this model, 

CRISPR/Cas9-mediated insertion of a P2A-tdTomato 

cassette into the endogenous Cdkn1a locus enables the 

expression of p21 and tdTomato in the same transcript, 

allowing fluorescent identification of P21-tdTom+ cells 

(Figure 4A).  

 

Pancreatic islets from P21-tdTom mice were assessed 

for co-expression of tdTomato with uPAR or TM4SF1 

with flow cytometry and immunostaining (Figure 4B). 

By flow cytometry, a significantly (p < 0.01) larger 

 

 
 

Figure 4. P21-tdTom reporter mouse supports TM4SF1 as a senescent β-cell surface marker. (A) CRISPR/Cas9-mediated knock-in 

strategy for the p21Cip1-tdTomato reporter mice. (B) Experimental design using P21-tdTom reporter mouse to validate surface markers by 
flow cytometry (8-18 months of age, n = 6) and immunofluorescence (4-12 months of age, n = 5). (C) Flow cytometry subpopulations of p21-
tdTom and uPAR or TM4SF1. Each dot represents islets from a single mouse. (D) Representative confocal image of mouse pancreatic islet 
from a 53- week-old male uPAR+ mouse stained for tdTom (red) and uPAR (green). Mag bar 100 µm. (E) Immunofluorescence quantification 
of tdTom expression in uPAR+ vs. uPAR- cells; pancreas from 5 separate mice were evaluated; each dot represents a single cell from the top 
and bottom 20% of TdTomato intensity. More than 80 cells were measured. (F) Representative confocal image of mouse pancreatic islet from 
a 23-week-old female tdTom+, stained for tdTom (red) and TM4SF1 (green), indicating senescent β-cell localization. Mag bar 20 µm. (G) 
Immunofluorescence quantification of tdTom expression in TM4SF1+ vs. TM4SF1- cells pancreas from 5 separate mice were evaluated. 
Statistically significant higher expression of TdTomato in TM4SF1+ cells; each dot represents a single cell from the top and bottom 20% of 
TdTom intensity. More than 80 cells were measured. Results are mean ± SEM; *p ≤ 0.05; **p ≤ 0.01. 
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proportion of tdTom+ β-cells expressed TM4SF1 (15%) 

compared to uPAR (PLAUR) (7%) supporting the 

former as a more consistent surface marker of senescent 

P21+ β-cells (Figure 4C).  

 

Immunostaining of pancreatic slices allowed the 

measurement uPAR and TM4SF1 coexpression with 

tdTom+ β-cells, as a surrogate marker of P21 (Figure 

4D, 4F). Fluorescence quantification showed higher 

p21-tdTom intensity in uPAR+ compared to uPAR- cells 

(Figure 4E), consistent with its role as a surface marker 

of senescent cells [14].  

 

Comparison of td-Tom intensity in TM4SF1+ and 

TM4SF1- cells (Figure 4G) revealed a better positive 

predictive value of senescence than uPAR, as indicated 

by higher statistical significance. This strengthens the 

argument that TM4SF1 is a reliable cell surface marker 

of mouse senescent β-cells. 

 

TM4SF1 is a specific surface marker of P21+ cells in 

mice 

 

To evaluate the sensitivity and specificity of both 

uPAR and TM4SF1, islets from P21-tdTom mice were 

isolated, dispersed into single cells and stained for 

either uPAR or TM4SF1 followed by flow cytometry 

analysis. Subpopulation analysis (Figure 5A and 

Supplementary Figure 1) was performed and P21-

tdTom positive signal was considered the true 

senescent signal against which the two surface 

markers were evaluated.  

 

In this analysis, cells with uPAR+/TdTom+ or 

TM4SF1+/TdTom+ signals were classified as “double 

positive” while cells with uPAR–/ TdTom– or TM4SF1–

/ TdTom– signals were classified as “double negative”. 

A false positive was defined as positive signal for  

either TM4SF1 or uPAR in P21 negative cells 

(uPAR+/TdTom– or TM4SF1+/TdTom–). A false 

negative was defined as no signal for either TM4SF1 or 

uPAR in P21 positive cells (uPAR–/TdTom+ or 

TM4SF1–/TdTom+ cells).  

 

Islet cells evaluated for uPAR and TdTom staining 

revealed 80% double negative cells, 8% double positive 

cells, 5% of false positives and 6% false negatives 

(Figure 5B). These proportions resulted in a 58% 

sensitivity (Figure 5D) and 95% specificity (Figure 5E) 

for uPAR as a marker of P21+ mouse islet cells. Flow 

cytometry analysis of TM4SF1 and tdTom signals 

revealed 45% of double negative cells, 15% double 

positive cells, 38% of false positive and 2% of false 
negatives (Figure 5C). These proportions resulted in an 

89% sensitivity (Figure 5D) and 54% specificity (Figure 

5E) for TM4SF1 as a marker of P21+ mouse islet cells. 

These results point to TM4SF1 as a sensitive surface 

marker to identify P21+ senescent cells in mouse 

pancreatic islets and uPAR as a specific surface marker 

for the same subpopulation.  

 

In conjunction, these surface markers represent a 

specific and sensitive platform to isolate P21+ senescent 

β-cells.  

 

TM4SF1 correlates with age and P21 expression in 

human islets 

 

Senescence is a progressive, age-dependent cellular 

stress response. In type 2 diabetes, the accumulation of 

senescent pancreatic β-cells contributes to impaired 

insulin secretion and metabolic dysfunction [11, 23]. 

We found an age-related upregulation of TM4SF1 in 

human pancreatic islets (Figure 6A), supporting its 

potential involvement in β-cell senescence and diabetic 

pathophysiology. Immunofluorescence staining of 

human pancreas for TM4SF1 and INSULIN (donor 

information in Supplementary Table 1), revealed 

coexpression in a proportion of cells, consistent with its 

expression at the protein level (Figure 6B) in humans. 

Expression analysis of scRNASeq in β-cells from 

human islets, revealed higher expression levels of 

TM4SF1 in CDKN1A+ (P21) senescent cells and lower 

levels in the non-senescent CDKN1A- population 

(Figure 6C). Additionally, senescent β-cells had the 

highest levels of expression when compared with other 

islet cell types. Analysis of P21 expression in islets 

from different human donors revealed a direct and 

significant correlation between CDKN1A and TM4SF1 

transcripts (Figure 6D). 

 

TM4SF1 negatively correlated with β-cell function in 

humans 

 

To evaluate the relationship of uPAR and TM4SF1 with 

pancreatic β-cell function, the HumanIslets database 

was queried. The β-cell stimulation index from 1mM to 

10 mM glucose negatively correlated with PLAUR and 

TM4SF1 gene transcript levels (Figure 7A, 7B). These 

data support that higher levels of expression of TM4SF1 

mark progressively impaired β-cell function which is 

consistent with loss of function in P21+ cells [24]. 

Insulin content (Insulin: DNA ratio) did not correlate 

with PLAUR (Figure 7C) but negatively correlated with 

TM4SF1 transcript levels (Figure 7D). Further 

functional assessment of cells expressing uPAR and 

TM4SF1 included human islets which were sorted 

based on cell surface expression in live cells (Figure 

7E). Glucose stimulated insulin secretion (GSIS) 
revealed that TM4SF1+ cells secreted significantly less 

insulin than TM4SF1– cells in response to a stimulatory 

concentration of 16.8 mM glucose (Figure 7F). This 
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result supports the dysfunctionality of TM4SF1+ cells. 

No significant functional differences were found 

between uPAR positive and negative cells.  

 

Identification of TM4SF1 as a surface marker of 

senescent β-cells in humans will further our under-

standing of human β-cell senescence and guide 

therapeutic strategies to target them.  

 

DISCUSSION 
 

Established senescent markers such as uPAR+ and β-

Gal+ are widely expressed across different tissue types 

[25]. The identification of a tissue-specific cell marker 

is crucial for developing targeted diabetes therapies and 

advancing senolytic therapies that minimize off-target 

effects and preserve healthy tissue during 

immunological targeting with CAR T cells.  

 

Herein, TM4SF1 was identified as a tissue-specific cell 

marker for senescent pancreatic β-cells in mouse and 

humans.  

 

TM4SF1 exhibited high levels of expression in TdTom+ 

β-cells, a reporter for p21+ cells. Flow cytometry also 

found a higher proportion of TM4SF1 coexpression 

with TdTom+ β-cells compared with uPAR. 

Additionally, higher levels of expression of TM4SF1 

correlated with impaired β-cell function and lower 

insulin content per cell in humans.  

 

 
 

Figure 5. TM4SF1 demonstrates high sensitivity as a surface marker for senescent β-cells. (A) Graphical representation of 

subpopulation identity from FACS to determine the sensitivity and specificity of uPAR and TM4SF1 as surface markers of P21-tdTom mice 
islet cells (8-18 months of age, n = 6). (B) Percentage of cells expressing uPAR and tdTom across the indicated conditions. (C) Percentage of 
cells expressing TM4SF1. (D) Sensitivity = (True Positives) / (True Positives + False Negatives). (E) Specificity = True Negatives / (True Negatives 
+ False Positives) where TdTomato+ signal is considered as “True”. A false positive is a positive signal for either TM4SF1 or uPAR in P21 
negative cells. A false negative was defined as no signal for either TM4SF1 or uPAR in P21 positive cells. Each dot represents an individual 
sample. Results are mean ± SEM; *p ≤ 0.05; **p ≤ 0.01. 
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Figure 6. Association of TM4SF1 with β-cell senescence and aging in human islets. (A) Scatter plots showing the relationship 
between donor age and β-cell transcript levels of TM4SF1 in human islets. Statistically significant positive correlation with age (p = 0.04), 
suggesting age-related upregulation. Data downloaded from HumanIslet.com. (B) Confocal image of human pancreatic islet from 3 donors 
(Supplementary Table 1), stained for INSULIN (green) and TM4SF1, confirming β-cell localization. Mag bar 50 μm. (C) scRNAseq human heat 
map comparing TM4SF1 expression human CDKN1A+ and – subpopulations in different islet cell types (α, β, δ, and γ) (D) RNA-seq analysis 
showing a direct positive correlation between CDKN1A transcript and TM4SF1 in human islets. Experimental replicates from 3 independent 
donors. 
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The mechanism by which senescence leads to TM4SF1 

expression in mouse and human β-cells is unknown. 

TMF4SF1 has been shown to enhance the interaction 

between AKT and PDPK1, promoting AKT 

phosphorylation and subsequently decreasing p21 in 

hepatocellular carcinoma cells [26], In pancreatic β-

cells, AKT phosphorylation is a critical signaling 

mechanism stimulated by insulin, IGF1 and glucose, all 

of which have been shown to induce senescence in 

different tissues [27–29]. Further investigation is 

 

 
 

Figure 7. TM4SF1 levels negatively correlate with β-cell function and insulin content in human islets. Negative linear regression 

between stimulation index (1→10 mM) and PLAUR transcript (A) and TM4SF1 transcript (B). Scatter plots showing the relationship between 
insulin content after culture and transcript levels of PLAUR (C) and TM4SF1 (D) in human islets. Data downloaded from HumanIslets.com. (E) 
Experimental design to evaluate function from uPAR and TM4SF1 subpopulations. (F) Glucose-stimulated insulin secretion (16.8 mM glucose) 
in UPAR+ and TM4SF1+ β-cells normalized to their negative counterparts, showing significantly reduced insulin secretion in TM4SF1+ cells; n= 
5 technical replicates from Donor 4.  
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necessary to corroborate the implications of the AKT 

pathway in the regulation of TM4SF1 in senescent cells. 

It is possible that TM4SF1 works in a tissue and disease 

specific manner. 

 

Further studies are required to understand the potential 

mechanistic involvement of TM4SF1 in β-cell 

senescence and dysfunction.  

 

In conclusion, our research found that TM4SF1 was 

upregulated in p21-senescent pancreatic β-cells and 

can be used as a surface marker in mice and humans. 

These findings deepen our understanding of the 

biological processes involved in β-cell aging and may 

lead to targeted senotherapies such as the 

development of TM4SF1-specific CAR T cells with 

the potential to target senescent pancreatic β-cells, 

improve β-cell function, and alter the course of 

T2DM.  

 

MATERIALS AND METHODS 
 

Human Protein Atlas 

 

The data for TM4SF1 gene expression across various 

tissue types was obtained from the Human Protein 

Atlas. Protein expression across different human organs 

was quantified utilizing antibody-based immuno-

histochemistry. Levels of protein expression were 

standardized using Z-scores. 

 

Multiple Comparative Genome Viewer 

 

The data for the genetic sequence alignment of TM4SF1 

in human and mice was obtained from the Multiple 

Comparative Genome Viewer (MCGV) tool from the 

National Center for Biotechnology Information (NCBI) 

database. The NCBI is a division of the National 

Library of Medicine (NLM) at the National Institutes of 

Health (NIH).  

 

Human Islets 

 

RNA-seq and clinical data were obtained from the 

public database HumanIslets.com (Alberta Diabetes 

Institute IsletCore). 

 

Animals 

 

All experiments were conducted at the Joslin Diabetes 

Center with the approval of its Animal Care and Use 

Committee. Male and female retired breeder C57BL6J 

mice aged 4-13 months were obtained from Jackson 

Laboratories and housed under a 12-hour light/12-hour 

dark cycle with ad libitum access to water and food at a 

controlled temperature of 22.2-22.7° C.  

p21 tdTom mice 

 

The P2A-tdTomato transgene was inserted in place of a 

stop codon at the 3’ end of the coding region using easi-

CRISPR [30, 31] to generate a mouse with tdTomato 

expression driven by the p21Cip1 gene. The bio-

informatics analysis of the gene for gRNA 

identification was performed by crispor.tefor.net. 

Microinjection was performed into embryos from 4-

week C57Bl6 female donors (Jackson) and implanted 

into 6-week-old Swiss Webster females (Charles 

River). Junction sequencing was performed to cor-

roborate the construct. 

 

Isolation of pancreatic islets and tissue preparation 

 

Under anesthesia, the pancreas from P21-tdTomato 

mice was excised for fixation in 4% paraformaldehyde 

(PFA) for 2 hours, followed by embedding in paraffin 

for histological analysis. Additionally, islets were 

isolated from both C57BL/6J and P21-tdTomato mice 

via collagenase digestion [32] followed by a stationary 

in vitro digestion in a 37° C water bath. After stopping 

the digestion, islets were isolated using a gradient 

separation with Lymphocyte Separation Medium 

(Corning, 25-072-CV) and centrifugation. The tissue at 

this interface were collected, washed, allowed to 

sediment, and handpicked for RNA extraction and 

FACS sorting.  

 

Human tissue 

 

Pancreatic islets from suitable adult brain-dead donors 

were acquired through the Integrated Islet Distribution 

Program (IIDP). Immediately upon arrival, islets were 

cultured overnight in CMRL 1066 medium, enriched 

with 10% FBS, 1% Glutamax, and 1% penicillin-

streptomycin at 37° C with 5% CO2. Islets were 

carefully handpicked under a stereomicroscope and 

plated in Petri dishes containing islet media (RPMI 

1640 with 10% FBS and 1% penicillin-streptomycin). 

Additionally, paraformaldehyde-fixed paraffin sections 

of the upper head, lower head, body, and tail of five 

human pancreas were sourced from SenNet and the 

Joslin Clinical Islet Isolation Core for immunostaining 

(Supplementary Table 1). All tissues were reviewed and 

approved for research under IRB-exempt status. 

 

Human scRNAseq raw datasets are made available  

via the SenNet Consortium portal 
(https://data.sennetconsortium.org/).  

 

Fluorescence-Activated Cell Sorting (FACS) 

 

Following overnight culture, islets were dispersed into 

single cells using TrypLE Express Enzyme (1X, [-] 
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Phenol red) for 10 minutes at 37° C, then resuspended in 

M199 media with 10% calf serum for mouse tissue, or in 

CMRL media (with 10% FBS, 1% Glutamax, 1% 

Pen/Strep) for human tissue. Cells were analyzed using a 

DakoCytomation MoFlo Cytometer (Dako, Ft. Collins, 

CO, USA), where they were gated based on forward 

scatter and sorted as β cells according to higher 

endogenous fluorescence. Propidium iodide was used to 

exclude dead cells. For sorting based on surface markers, 

cells were incubated for 1 hour at 4° C, first in a blocking 

solution (normal goat serum in FACS buffer- PBS + 2% 

FBS), followed by incubation with a primary antibody 

and then with a secondary antibody for 30 minutes at 4° 

C. Sorted positive and negative cells were collected, for 

each marker, in FACS buffer and suspended in culture 

media (RPMI with 10% FBS and 1% Pen/Strep) for 

attachment and secretion studies. 

 

Functional assays in human β-cells 

 

To evaluate GSIS in vitro, positive and negative uPAR 

and TM4SF1 human β-cells populations were utilized, 

collected post-FACS and cultured overnight in RPMI. 

After conditioning the cells in low glucose (2.6 mM) 

concentration, they were exposed to this low 

concentration for 1 hour, followed by serum collection. 

Subsequently, the cells were exposed to high glucose 

(16.8 mM) concentration for an additional hour, with a 

second serum collection performed thereafter. Insulin 

levels were measured from the collected serum, with 

concentrations determined using the Mercodia Insulin 

ELISA kit (10-1113-01). After serum collection, the 

cells were preserved in PBS for DNA extraction using 

the DNeasy Blood and Tissue Kits for DNA Isolation 

kit (QIAGEN), so that the results obtained from the 

GSIS measurements could be normalized. 

 

Immunofluorescence 

 

Immunostaining was utilized to visualize the co-

localization and expression of surface markers, uPAR 

and TM4SF1 with the senescence marker P21 and 

HMGB1, as well as with insulin. Sections were 

deparaffinized with xylene and rehydrated with 

ethanol gradients, washed with PBS + 1% NDS and 

incubated overnight with primary antibody at 4° C 

(Table 1). On the subsequent staining day, sections 

were washed and incubated for one hour with 

secondary antibodies, followed by another overnight 

incubation at 4° C with a second primary antibody. 

Sections were washed and incubated 1-hour with 

secondary antibodies, followed by DAPI or Hoechst 

33342 (1:10,000) for nuclear staining. Sections  
were stained and imaged in parallel such that the 

staining intensity reflected protein expression. For 

quantification, images were captured systematically, 

covering the whole section in confocal mode on a 

Zeiss LSM 710 microscope or a Zeiss Axio Observer 

inverted microscope. Clusters of 4-10 cells from each 

pancreatic islet, positive for uPAR and TM4SF1, were 

evaluated, and for each positive cell, a corresponding 

negative cell was analyzed at a 1:1 ratio. The co-

localization of these markers with tdTom was 

analyzed and quantified in each single cell.  

 

Five mice were evaluated for each staining. For human 

samples, sections from a single donor were stained and 

analyzed. 

 

Immunofluorescent image analysis 

 

Image analysis was performed using a custom macro in 

Fiji (ImageJ) to enable automated quantification across 

all images using the following workflow. 

 

All channels were converted to 8-bit grayscale prior to 

analysis. Islet regions of interest (ROIs) were defined 

using the insulin channel. A single empirically 

determined threshold was applied uniformly across all 

images, followed by binary processing to generate 

continuous islet masks. ROIs corresponding to total islet 

area were identified using particle analysis (size ≥500 

pixels, circularity 0.00–1.00) and combined into a single 

ROI representing the total islet area. 

 

Nuclear ROIs were generated from the DAPI channel 

using thresholding, watershed segmentation, and 

particle analysis (size ≥20 pixels, circularity 0.30–1.00). 

Nuclear ROIs were then filtered to retain only those 

overlapping with the islet ROI, and the number of 

nuclear ROIs was used as a proxy for cell count per 

islet. All nuclear ROIs were combined into a single ROI 

representing the total nuclear area. 

 

The cytoplasmic ROI was defined as the exclusive area 

of the total islet ROI minus the total nucleus ROI. 

 

Mean fluorescence intensity (MFI) was measured for 

TM4SF1, P21, or HMGB1 within the total islet, 

nuclear, and cytoplasmic ROIs. 

 

Experiment vignettes 

 

Clinical vignettes illustrating experiments (Figures 1A, 

4A, 4B, 5A, 7E) were created on BioRender Inc. 

 

Quantification and statistical analysis 

 

Data analysis and figure plotting were completed on 
Prism – GraphPad (version 10.4.2 GraphPad Software 

Inc.). Unpaired Student’s t tests were used to compare 

two groups, and one-way ANOVA followed by post 
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Table 1. Antibodies used for immunostaining and FACS. 

Antigen Species Manufacturer and item no. 
Immunostaining Dilution for 

FACS Image Dilution 

uPAR Rabbit Invitrogen Cat# PIPA581629 4D 1:500 1:20 

TM4SF1/L6 Rabbit Novusbio Cat# NBP1-76549 2A, 3B, 4F, 6B 1:600 1:20 

TdTomato Goat Origene Cat # AB8181-200 4D, 4F 1:250 1:20 

Insulin Guinea Pig Agilent Cat# A0564 2A, 3B, 6B 1:50  

Waf1/Cip1/CDKN1A 

P21 
Mouse 

Santa Cruz Biotechnology  

Cat # sc-6246 
3B 1:50  

HMGB1 Mouse Invitrogen Cat # GT383 2A 1:200  

Cy3 Anti-Mouse Jacksonimmuno code: 715-165-151 2A, 3B 1:150  

AlexaFluor™ 594 anti-Goat 
Jacksonimmuno  Code:  

805-585-180 
4D, 4F 1:200  

AlexaFluor™ 594 anti-Rabbit Jacksonimmuno Code: 111-585-003   1:100 

AlexaFluor™ 488 anti-Rabbit 
Jacksonimmuno  

code: 111-545-003 

2A, 3B, 6B 1:150 
1:100 

4D, 4F 1:200 

AlexaFluor™ 647 Anti-Guinea Pig 
Jacksonimmuno  

code: 706-605-148 
2A, 3B, 6B 1:150  

 

hoc tests were applied for more than two groups. A p-

value < 0.05 was considered consistent with a 

statistically significant level. Flow cytometry analysis 

was performed using FlowJo version (10.10), and 

images were processed using ImageJ. 

 

Data availability 

 

RNA-seq data reported can be obtained with the 

accession number GSE121539. 
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SUPPLEMENTARY MATERIALS 

Supplementary Figure 

Supplementary Figure 1. Flow cytometry gating strategy for identifying senescent β-cells in P21-tdTomato mice. Gating 
strategy used to quantify uPAR+ (A) and TM4SF1+ cells (B) within a population of TdTomato+ β-cells from P21-tdTomato reporter mice  
(8-18 months of age, n = 6). TdTomato expression are a label of p21+ cells.  
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Supplementary Table 

Supplemental Table 1. Donor information for human pancreatic samples. 

Subject ID Age Gender BMI T2DM Applications 

1 66 M 37.4 No Staining 

2 70 M 21 No Staining 

3 67 F 24.8 No Staining 

5 41 M 28 No FACS, ELISA 


