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Generation of a selective senolytic platform 
using a micelle-encapsulated Sudan Black B 
conjugated analog
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The emerging field of senolytics is centered on eliminating senescent cells 
to block their contribution to the progression of age-related diseases, 
including cancer, and to facilitate healthy aging. Enhancing the selectivity 
of senolytic treatments toward senescent cells stands to reduce the 
adverse effects associated with existing senolytic interventions. Taking 
advantage of lipofuscin accumulation in senescent cells, we describe 
here the development of a highly efficient senolytic platform consisting 
of a lipofuscin-binding domain scaffold, which can be conjugated with 
a senolytic drug via an ester bond. As a proof of concept, we present the 
generation of GL392, a senolytic compound that carries a dasatinib senolytic 
moiety. Encapsulation of the GL392 compound in a micelle nanocarrier 
(termed mGL392) allows for both in vitro and in vivo (in mice) selective 
elimination of senescent cells via targeted release of the senolytic agent with 
minimal systemic toxicity. Our findings suggest that this platform could be 
used to enhance targeting of senotherapeutics toward senescent cells.

Cellular senescence is a stress response mechanism ensuring organismal 
homeostasis on a transient basis1. This cellular state is triggered upon 
a variety of stress stimuli (oncogenes, telomere shortening/dysfunc-
tion, irradiation, chemotherapy, viral infection and others), and indi-
vidual features depend on cell context and time, rendering senescence 
a highly variable, heterogeneous and dynamic process. Despite these, 
senescent cells are, by definition, characterized by four interrelated 
hallmarks: (1) cell cycle withdrawal, (2) deregulated metabolism, (3) mac-
romolecular damage and (4) a heterogeneous and context-dependent 
pro-inflammatory secretory profile that includes various mediators 
(cytokines, chemokines, proteases, growth factors and bioactive 
lipids), termed senescence-associated secretory phenotype (SASP)1,2. 

Senescent cells remain alive, having ceased cell division, and acquire 
resistance to apoptosis, although they harbor damage. On a transient 
basis, senescence contributes to the preservation of homeostasis, as 
damaged and/or dysfunctional cells are eliminated by immune cells. 
However, when senescent cells are not properly removed, they may 
accumulate in tissues and organs over time, perpetuating senescence in 
a paracrine manner via SASP and altering the tissue microenvironment, 
overall fostering aging and the development of a variety of age-related 
disorders, including cancer1,3. Interestingly, in the context of carcinogen-
esis, although beneficial at early stages as a tumor barrier, senescence 
(oncogene induced or therapy induced) may later on promote cancer 
progression4–6. This ‘dark’ side of senescence has been attributed to 
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Senolytics are principally approved anti-cancer drugs targeting 
apoptosis resistance, a key feature of senescent cells11–13. Stemming 
from such drug repurposing strategies, senolytic treatments are fre-
quently accompanied by systemic toxicities and adverse side and 
off-target effects11,14. Thus, bypassing these obstacles by implementing 
targeted senescent cell clearance emerges as a clinically important 

SASP but, in recent years, also to an alternative mechanism—the ‘escape 
from senescence’ phenomenon—that has been proposed to affect the 
clinical course of patients with cancer3,6–8. Taking into account the above, 
senescent cells have emerged as a therapeutic target to prevent a variety 
of diseases9. Toward this direction, the field of senolytics has rapidly 
expanded in the last decades10.
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Fig. 1 | The mGL392 compound constitutes a micellated dasatinib-conjugated 
LBD scaffold for effective targeting of senescent cells. a, Upper panel: the 
GL392 building platform consists of three regions: the LBD, the senolytic 
compound and an esteric linker connecting the LBD to the senolytic compound. 
In the case of GL392, dasatinib was selected as a potent senolytic drug. Lower 
panel: GL9 contains the LBD and is coupled with dasatinib (purple) through 
a succinic linker (green) to generate GL392. For more effective dasatinib 
delivery and specificity, GL392 is encapsulated in PEO-b-PCL micelles to create 
the senolytic mGL392 compound. b–h, Physicochemical characterization of 
mGL392. Structure and physicochemical properties of micelle-GL392 were 
verified using TEM (the yellow inset is magnified on the right frame) (b) and 
cryo-TEM (red arrow indicates the electron-lucent core of mGL392 where GL392 
is successfully incorporated) (c). Homogeneity of the micelle preparation was 

verified by evaluation of mGL392 particle distribution based on size (d) using DLS 
and number (e) using TEM. Efficient degradation of mGL392 at acidic pH (4.5) was 
determined by measuring the mean Dh of the particles during a 6-h timecourse 
using DLS (n = 3 independent chemical experiments) (f). Stability of the complex 
in cell culture relevant media was verified at 37 °C (n = 5 independent chemical 
experiments) (g) and during the course of a 180-h timeframe (n = 5 independent 
chemical experiments) (h) using DLS. i, Released GL392 or dasatinib was traced 
in lysates of senescent (+Dox) or non-senescent (−Dox) Li-Fraumeni-p21WAF1/Cip1 
Tet-ON cells with LC–MS, after incubation with mGL392 for the indicated time 
(n = 3 biological replicates). * P: 0.01–0.05, ** P: 0.001–0.01, **** P < 0.0001, two-
way ANOVA (i). Error bars indicate s.d. NS, non-significant. Data are presented as 
mean values ± s.d. from at least three independent biological replicates (f–i).
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perspective. Precise recognition of senescent cells is a prerequisite for 
their selective removal. Despite intense efforts in discovering robust 
senescence markers, the highly heterogeneous and dynamic nature of 
senescent cells renders this task truly challenging1. Within this context, 
the only common denominator of senescent cells is lipofuscin—the 
‘dark matter’ of senescence, an auto-fluorescent pigment. Lipofuscin 
accumulation is an established hallmark of these cells and reflects 
mainly two of their cardinal features: macromolecular damage and 
deregulated metabolism1,15.

Taking advantage of the above, we developed a platform serving 
as a nanocarrier for selective and precise senolysis. This platform 

consists of three main parts: (1) a lipofuscin-binding domain (LBD), 
(2) a linker and (3) a senolytic moiety. As a proof of concept, we 
chose the established senolytic drug dasatinib, which is currently 
undergoing clinical trials12,16, to provide the senolytic moiety. This 
senolytic compound named GL392 was subsequently enclosed in 
poly(ethylene-oxide)-block-poly(ε-caprolactone) (PEO-b-PCL) 
micelles for optimal and selective delivery to senescent cells 
(named mGL392). After physicochemical and functional charac-
terization of the senolytic compound, we extensively evaluated its 
efficacy in established senescence models. Specifically, we used the 
two-dimensional (2D) human bronchial epithelial cell (HBEC) CDC6 
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Fig. 2 | The mGL392 compound selectively accumulates within senescent cells. 
a, Proper internalization of mGL392 and specific binding of its cargo to lipofuscin 
was validated based on lipofuscin auto-fluorescence. During senescence, cells 
accumulate lipofuscin that emits auto-fluorescence. Upon binding to lipofuscin, 
mGL392 masks emitted auto-fluorescence signals. b, Representative images 
of senescent (+Dox) or non-senescent (−Dox) HBEC CDC6 Tet-ON, treated or 
not with cytochalasin D (an actin polymerization inhibitor) and mGL392/mGL9 
(10 nM) and evaluated for lipofuscin auto-fluorescence. c, Mean fluorescence 
intensity and percent area of lipofuscin auto-fluorescence in b were quantified 
using ImageJ (n = 8 biological replicates). d, Representative images of senescent 

(+Dox) or non-senescent (−Dox) Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells, treated or 
not with cytochalasin D (an actin polymerization inhibitor) and mGL392/mGL9 
(10 nM) and evaluated for lipofuscin auto-fluorescence. e, Mean fluorescence 
intensity and percent area of lipofuscin auto-fluorescence in d were quantified 
using ImageJ (n = 8 biological replicates). Objective: ×40. Scale bar, 25 μm.  
**** P < 0.0001, one-way ANOVA (statistical denotations represent comparisons  
to vehicle (PBS)). Error bars indicate s.d. NS, non-significant. Data are presented 
as mean values ± s.d. from eight independent biological replicates. L.A., 
lipofuscin autofluorescence.
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Tet-ON and the Li-Fraumeni-p21WAF1/Cip1 Tet-ON cellular systems17, 
three-dimensional (3D) patient-derived airway organoids (AOs)17,18 
and the palbociclib-induced senescence murine model19 to cover 
both in vitro (2D and 3D) and in vivo settings. Here we provide evi-
dence for its selective and efficient elimination of senescent cells 
with a negligible impact on normal cells.

The mGL392 compound constitutes a micellated 
dasatinib-conjugated LBD scaffold selectively 
released in senescent cells
Given that accumulation of lipofuscin is a universal manifestation 
of senescent cells, we hypothesized that it could serve as a target for 
selective elimination of senescent cells. We, therefore, designed an 
innovative platform serving as a nanocarrier for selective and pre-
cise senolysis (Fig. 1a, upper panel). This platform consists of three 
main parts: (1) an LBD scaffold, (2) a linker and (3) a senolytic moiety. 
The first part (LBD) is vital for the selective binding of the compound 
inside senescent cells by anchoring to lipofuscin. The linker is the 
second component and has a dual role: it not only connects through an 
ester bond the active drug and the LBD, but it also allows its desirable 

intracellular cleavage by endogenous esterases that are expressed 
in abundance20. The third region is the most versatile one, as it may 
consist of any appropriate drug (repurposed or novel) with senolytic 
activity. Based on the above rationale, we selected GL9 as the most 
potent LBD, because it was previously shown to exhibit high affinity 
and selectivity for lipofuscin21 (Fig. 1a, lower panel) and was previ-
ously exploited for the development of biotin-conjugated (GL13) and 
fluorophore-conjugated (GLF16) compounds able to successfully 
trace senescent cells in vitro and in vivo2,17,21. As a proof of concept, the 
established senolytic drug dasatinib, which is currently undergoing 
clinical trials12,16, was chosen to provide the senolytic moiety. Toward 
that direction, dasatinib was attached to GL9 via the ester linker, and 
the resulting compound was termed GL392 (Fig. 1a and Supplementary 
Note 1). Once GL392 is anchored on lipofuscin, cellular esterases can 
target this bond22, eventually releasing active dasatinib. However, 
GL392 is lipophilic; therefore, a carrier is required for intracellular 
administration. Thus, we developed PEO-b-PCL micelles and incor-
porated GL392 to increase its solubility via entrapment into micelles. 
This type of micelle was formulated to preferably degrade within the 
senescent cell’s acidic cytoplasm23, allowing for efficient and specific 
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in HBEC CDC6 Tet-ON (a) and Li-Fraumeni-p21WAF1/Cip1 Tet-ON (b) cells. In 
both cases, cells were treated with Dox for senescence entry and subsequently 
with incremental concentrations of mGL392 (0–400 nM) or free dasatinib 
(0–400 nM). IC50 confers 50% reduction of senescent cells (red line) (senolytic 
effect), whereas LC50 eliminates 50% of non-senescent cells (blue line) (cytotoxic 
effect). SI was calculated as the LC50/IC50 ratio. Data expressed are as percent 
mean ± s.e.m. of vehicle (PBS), n = 9 (biological replicates); blue and red stars 
represent statistical significance compared to respective (−) and (+) Dox vehicles, 
* P < 0.05 compared to vehicle, one-way ANOVA test. c,d, GL9 LBD does not exert 
senolytic or cytotoxic actions. GL9 was encapsulated in a micelle complex and 
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(d) cells. Cell viability was determined by MTT assay. Data are expressed as 

percent mean ± s.d. of total cells, n = 9 (biological replicates); NS, non-significant 
compared to respective vehicle (two-sided t-test). e,f, Validation of the senolytic 
properties of mGL392 in the HBEC CDC6 Tet-ON (e) and Li-Fraumeni-p21WAF1/Cip1 
Tet-ON (f) cellular systems. Senescent and non-senescent cells were treated with 
vehicle (PBS), mGL392 (10 nM in the case of HBEC CDC6 Tet-ON and 20 nM in case 
of Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells) or mGL392+quercetin (mGL392+Q, 10 nM 
or 20 nM and 10 μΜ, respectively). Free dasatinib (D, 10 nM and 20 nM for HBEC 
CDC6 Tet-ON and Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells, respectively), quercetin 
(Q, 10 μΜ) and free dasatinib+quercetin (D+Q) were used as reference. Cell 
viability was assessed by MTT assay, 4–6 d after treatment. Results are expressed 
as mean percent of vehicle ± s.d. Blue and red stars in each condition represent 
statistical significance compared to (−) and (+) Dox vehicles, respectively.  
** P: 0.001–0.01, **** P < 0.0001, two-way ANOVA test (e and f). Error bars indicate 
s.d. Data are presented as mean values ± s.d, n = 14 (biological replicates).
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release of its cargo23. Of note, PEO-b-PCL micelles are well known for 
their ‘stealth’ properties, evading immune recognition while circulat-
ing in the bloodstream24.

After synthesis of the micellar formulation (hereafter referred to as 
mGL392), we first characterized it physicochemically by measuring the 
mean hydrodynamic diameter (Dh, nm) and size polydispersity index 
(PDI) by dynamic light scattering (DLS) as well as its structural features 
using transmission electron microscopy (TEM) and cryo-TEM (Fig. 1b–e 
and Supplementary Note 2). Moreover, the stability of mGL392 was 
demonstrated at pH 7, corresponding to the pH of high-performance 
liquid chromatography (HPLC)-grade water used as the medium for 
preparing micelles incorporating GL392 as well as in biomimetic media 
recapitulating the plasma conditions (Fig. 1f–h and Supplementary 
Note 2). The stability of mGL392 was also addressed in conditions simu-
lating the acidic intracellular pH of senescent cells (Fig. 1f and Supple-
mentary Note 2). mGL392 remains intact for at least 7 d under standard 
storage conditions but disassembles within 4–6 h in an acidic environ-
ment (Fig. 1f–h and Supplementary Note 2). To gain deeper insight into 
the intracellular dynamics of mGL392, we evaluated the presence of 
free GL392 and dasatinib inside senescent and non-senescent cells 
treated with mGL392 using liquid chromatography–mass spectrometry 
(LC–MS). In agreement with the degradation data, released dasatinib 
was detected only in the cytoplasm of senescent cells within 6 h upon 
initiation of mGL392 treatment. Free dasatinib incrementally accumu-
lated within senescent cells over a 3-d period but could be detected in 
cell lysates up to 5 d after treatment (Fig. 1i, Extended Data Fig. 1 and 
Supplementary Note 3).

mGL392 selectively accumulates within senescent 
cells in vitro by anchoring to lipofuscin and 
triggering senolysis
Having certified the selective disassembly of the mGL392 complex 
within senescent cells, we subsequently tested its proper internaliza-
tion and binding to lipofuscin by evaluating its potential to quench 
lipofuscin auto-fluorescence (Fig. 2a–e). Indeed, the LBD domain of 
GL392 retained its strong affinity for lipofuscin (similarly to encap-
sulated GL9-mGL9 alone that served as positive control) and masked 
its auto-fluorescent signal (Fig. 2b–e). Internalization of the micelle 
complex is likely mediated by endocytosis as inhibition of actin polym-
erization impeded masking (Fig. 2b–e).

We subsequently investigated the potential cytotoxicity of 
mGL392 using dasatinib as reference (Fig. 3a,b). In this context, 
half maximal inhibitory concentration (IC50) was determined as 
the concentration of mGL392 or dasatinib that eliminated 50% of 
senescent cells, whereas lethal concentration 50 (LC50) eliminated 
50% of proliferating control cells. Although mGL392 and dasatinib 
displayed similar IC50 values, the LC50 of mGL392 was 2–8 times higher 
than dasatinib, leading to a substantially higher selectivity index 
for mGL392 (Fig. 3a,b). This finding implies that mGL392 may offer 
a considerably larger therapeutic window in the preclinical or clini-
cal settings. Of note, mGL9 alone did not affect cell viability; there-
fore, the senolytic properties of mGL392 may be solely attributed 
to released dasatinib (Fig. 3c,d). After determining the appropriate 
concentration range for mGL392, we thoroughly addressed the 
senolytic capacity of mGL392 in our two Tet-ON cellular systems. Free 
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bar, 25 μm. Blue, green and red stars in each condition represent statistical 
significance compared to respective (−) and (+) Dox vehicles. Insets represent 
digital magnifications of representative (indicated) cells within the presented 
frame. **** P < 0.0001, two-way ANOVA test. Error bars indicate s.d. Data are 
presented as mean values ± s.d. from three independent biological replicates. 
NS, non-significant.
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dasatinib (of equal molarity) or dasatinib combined with quercetin 
(commonly used together and known to act in a synergistic manner13) 
was used as reference. mGL392 substantially impeded viability of 
senescent cells either alone or when combined with quercetin in 
both cellular systems (Fig. 3e,f). Most importantly, mGL392 did not 
affect viability of non-senescent proliferating cells, an off-target 
effect that is evident in the case of free dasatinib, both alone or 
combined with quercetin (Fig. 3e,f). This observation was confirmed 
by concurrent visualization of senescent and apoptotic cells by 
immunofluorescence as well as apoptosis/necrosis evaluation by 
flow cytometry, where selective elimination of senescent cells was 
achieved upon treatment with mGL392 (alone or combined with 
quercetin) (Figs. 4a,b and 5a,b and Extended Data Figs. 2 and 3). 
Again, equal concentrations of free dasatinib severely compromised 
proliferating HBECs and Li-Fraumeni cells, whereas senescent cell 
elimination was less effective compared to mGL392 (Figs. 4a,b and 
5a,b and Extended Data Figs. 2 and 3).

The senolytic capacity of mGL392 was next challenged in ex 
vivo 3D organoid cultures generated from healthy lung specimens18 
(Fig. 6a–d and Extended Data Fig. 4). mGL392 was successfully deliv-
ered in the 3D setting and conferred a substantial reduction of senes-
cent cells, without affecting proliferating/non-senescent cells, as 
indicated by both organoid viability and immunofluorescence analy-
ses (Fig. 6a–d and Extended Data Fig. 4). Taken together, these data 
showcase a selective and highly potent senolytic profile of mGL392 in 
both 2D and 3D environments, at concentrations that its respective 
free counterpart (dasatinib) is accompanied by considerable off-target 
and deleterious effects.

mGL392 enables targeted senolysis in vivo
We subsequently sought to investigate the in vivo efficacy of our innova-
tive compound and challenged its senolytic capacity in the established 
senescence murine model of palbociclib (CDK4/6 inhibitor)-treated 
melanoma (Fig. 7a). mGL392 administration substantially eliminated 
senescent cells robustly induced in melanomas by palbociclib treat-
ment (Fig. 7b,c and Extended Data Fig. 5a,b), accompanied by elevated 
apoptosis (evaluated by cleaved (Cl.) Caspase-3 levels in tumor sec-
tions) (Fig. 7d,e). Given that mGL392 does not suppress proliferating 
B16 melanoma cells (Fig. 7f) nor tumors when senescence is absent 
(Fig. 7g), and a substantial reduction of tumor sizes was seen in mice 
treated with both palbociclib and mGL392 (Fig. 7h,i and Extended Data 
Fig. 5c), the observed anti-tumor effects of mGL392 may be attributed 
only to selective senolysis. On the contrary, free dasatinib administra-
tion resulted in reduced cell viability even in the absence of senescence 
(Fig. 7f). Of note, tumors formed in mGL392 (+palbociclib)-treated mice 
were considerably smaller than those treated with dasatinib (+palbo-
ciclib) or combined dasatinib and quercetin (+palbociclib) (Fig. 7h). 
Quercetin administration did not improve the efficacy of dasatinib or 
mGL392 (Fig. 7b–e,h). Apart from the substantially lower efficiency 
in tumor inhibition, dasatinib administration was accompanied by a 
deregulation of serum markers associated with liver function, such as 
alkaline phosphatase (ALP) and aspartate transaminase (AST)/alanine 
transaminase (ALT) ratio, as well as creatinine phosphokinase (CPK), a 
marker of muscle injury (Extended Data Fig. 5d), in line with previous 
studies25–27. In contrast, no signs of mGL392-mediated toxicity were 
found in mouse sera or upon histopathological evaluation (Extended 
Data Fig. 5d,e). Lastly, to verify the ‘stealth’ properties of mGL392 
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cells. b, Quantification of immunofluorescence in c. Blue, green and red stars 
in each condition represent statistical significance compared to respective (−) 
and (+) Dox vehicles. Results are expressed as percent positive (senescent or 
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optical fields per sample (n = 3 biological replicates). D, dasatinib; Q, quercetin. 
Objective: ×40. Scale bar, 25 μm. Blue, green and red stars in each condition 
represent statistical significance compared to respective (−) and (+) Dox vehicles. 
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Fig. 6 | mGL392 induces targeted senolysis in 3D patient-derived lung 
organoids. a, Overview of the experimental workflow. AOs were generated from 
surgically resected healthy lung tissue. Organoid cultures were treated with 
H2O2 for senescence induction or left untreated. In both cases, the organoid 
medium was supplemented with vehicle (PBS), mGL392 (500 nM), dasatinib 
(D, 500 nM), quercetin (Q, 10 μΜ), dasatinib and quercetin (D+Q) or mGL392 
and quercetin (mGL392+Q) for 4 d. Selective senolysis was evaluated by cell 
viability measurements and quantification of senescent and apoptotic cells 
by immunofluorescence. b, Organoid cell viability was determined using a 
proteasome activity assay. Results are presented as percent of vehicle. Blue and 
red stars in each condition represent statistical significance compared to (−) 
and (+) H2O2 vehicles, respectively (n = 3 biological replicates). c,d, Apoptosis 

(Cl. Caspase-3 immunoreactivity, red) and senescence (GLF16 staining, green) 
assessment was performed to verify the selective senolytic activity of mGL392. 
c, Representative images of confocal microscopy. Objective: ×20. Scale bar, 10 μm. 
d, Quantification of immunofluorescence analysis in c. Results are expressed 
as percent positive (senescent or apoptotic) cells counted against DAPI-stained 
nuclei inspected from at least 10 optical fields per sample (n = 3 biological 
replicates). Blue, red and green stars in each condition represent statistical 
significance compared to respective (−) and (+) H2O2 vehicles. * P: 0.001–0.05,  
** P: 0.001–0.01, **** P < 0.0001, two-way ANOVA test. Error bars indicate s.d.  
Data are presented as mean values ± s.d. from three independent biological 
replicates. NS, non-significant.
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are presented as mean values ± s.d. Objective: ×20. Scale bar, 10 μm. f,g, mGL392 
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mGL392 action. Palbo., palbociclib.
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in vivo, we assessed potential changes in the population of circulating 
monocytes in animals treated with mGL392 compared to controls. No 
onsiderable differences were found between the two groups (Extended 
Data Fig. 5f), indicating the absence of senolytic effects on phagocytes.

In conclusion, we present a delivery platform allowing targeted 
in vitro and in vivo selective senolysis, whose mode of action can be 
summarized as follows. Micelle encapsulation facilitates GL392 cel-
lular internalization and favors its selective release in senescent cells, 
as it preferably disintegrates upon exposure to the low cytosolic pH of 
senescent cells. The discharged GL392 accumulates inside senescent 
cells due to its high affinity for lipofuscin, and its ester linker is sub-
sequently hydrolyzed by intracellular esterases to effectively release 
dasatinib, overall promoting senolysis (Fig. 7j).

Discussion
We present a platform capable of extremely selective and precise 
senolysis, consisting of the following components: (1) an LBD, (2) a 
linker and (3) a senolytic moiety. By implementing GL9 and dasatinib 
as an LBD and senolytic drug, respectively, we generated the GL392 
compound. Subsequent encapsulation of GL392 inside a ‘senescent 
cell-sensitive’ nanocarrier led to formulation of the mGL392 complex, 
a cell-permeable and highly potent senolytic tool.

Our data render mGL392 an effective strategy for selective seno-
lysis, overcoming many of the challenges accompanying previously 
developed approaches. Those approaches relied heavily on lysosomal 
senescence-associated β-galactosidase (SA-β-gal) activity degrading 
a galacto-oligosaccharide-coated nanoparticle carrying a senolytic 
agent or activating via hydrolysis a β-galactosidase-targeted prod-
rug28. However, increased SA-β-gal activity is not specific for senes-
cence, and its use frequently results in false-positive or false-negative 
outcomes15,29. Moreover, low tissue penetration for these delivery 
systems has been reported30. Other approaches that have been tested 
for senolysis include (1) nanoparticles carrying a monoclonal antibody 
against the CD9 receptor and CD9-targeted PEGylated liposomes, both 
carrying the mTOR inhibitor rapamycin that reduces senescence; (2) 
molybdenum disulfide (MoS2) nanoparticles facilitating autophagy 
and suppressing senescence; (3) docetaxel–tannic acid self-assembly 
(DSA)-based nanoparticles delivering docetaxel, a TGFβR1/FOXO1/
p21WAF1/Cip1 axis inhibitor; (4) β2 microglobulin (B2M) nanoparticles 
loaded with dasatinib; (5) quercetin surface-functionalized mag-
netite nanoparticles (MNPQ); and (6) immune system-mediated 
strategies28,30. Again, these systems depend on non-specific to senes-
cence features, such as CD9, B2M, CD153 and urokinase-type plasmi-
nogen activator receptor (uPAR) surface expression, and are followed 
by severe drawbacks stemming from side effects, less biocompatible 
concentrations, defective drug encapsulation and nanocarrier absorp-
tion, interference with human metabolism, problematic distribution 
and low ligand conjugation efficacy28,30.

Although lipofuscin is known to accumulate in senescent cells, this 
may also happen with age in some tissues harboring post-mitotic cells, 
such as the neural tissue, heart and skeletal muscle31. In post-mitotic 
cells, lipofuscin accumulation may signify cellular senescence charac-
terized as post-mitotic senescence32,33. Under this prism, elimination of 
such cells from aged tissues with the mGL392 platform would turn out 
beneficial for the organism, as those dysfunctional cells produce a vari-
ety of factors (SASP) leading to age-related disease1. For instance, sys-
temic senolysis by genetic means in preclinical models was shown to be 
effective against sarcopenia12,34. However, even in the case where aged 
cells do accumulate some lipofuscin levels due to damage aggregation 
and decline in metabolic and other processes, the micelle would have 
to disintegrate within those cells, provided they are acidic, eventually 
releasing dasatinib, but it is unlikely that the drug would exert senolytic 
activity, as that would require targeting one or more anti-apoptotic 
pathways inherent to senescent cells (senescent cell anti-apoptotic 
pathways (SCAPs))12.

As far as compound pharmacokinetics is concerned, this primar-
ily relates to the plasma levels of active pharmaceutical ingredients 
(APIs). The pharmacokinetics of an API, which, in our case, is GL392, is 
strongly affected by the behavior of the micelles in the human plasma. 
Pharmacokinetics and tissue distribution of APIs encapsulated in 
PEO-b-PCL micelles have been described in the literature35,36. Accord-
ing to the findings, pinocytosis was the main mechanism of cellular 
absorption of the drug-loaded micelles, leading to a pharmacokinetic 
profile that was similar to commercially available pharmaceutical 
products incorporating the same API35,37. Furthermore, intratumor 
administration of PEO-b-PCL encapsulating cytostatic active sub-
stances resulted in low drug levels in animal serum while maintain-
ing high levels within the tumor38. Due to the stealth properties of 
the PEO-b-PCL micelle, the prepared micellar formulations remain 
intact after intravenous administration39,40. The latter ensures zero 
to low levels of GL392 in the serum while achieving considerable high 
drug levels in the acidic cytoplasm of senescent cells and senolysis, as 
also confirmed by our LC–MS analysis. For our study, we deduce that 
mGL392 bears a pharmacokinetic profile similar to what has been 
previously described, given that the carrier is already well character-
ized in such settings.

The rapidly developing field of senotherapeutics, and particu-
larly senolytics, comprises a promising approach to eliminate senes-
cent cells as a strategy to deal with aging and age-related diseases. 
Despite the importance of senescent cells in age-related and chronic 
diseases41–43 and the benefits from their clearance34, senotherapeutics 
still faces several unresolved issues. Consistent with the heterogeneity 
of senescent cells, the efficacy of senolytics varies in a cell-dependent 
and concentration-dependent manner44 and is accompanied by adverse 
(for example, thrombocytopenia and neutropenia45) or off-target 
effects. Even dasatinib, currently the most established senolytic, is 
associated with various adverse effects12,26, severely compromising 
the viability of non-senescent cells (Figs. 3a,b,e,f and 4–6 and Extended 
Data Figs. 2–4). Our platform successfully addresses all the above issues 
while exerting, at the same time, a broad spectrum of applicability 
to alleviate any type of senescence, irrespective of stimulus and cell 
context. Importantly, in the case of cancer treatment, although most of 
the proliferating cancer cells are eliminated by traditional anti-cancer 
therapeutics, a residual population that undergoes therapy-induced 
senescence may emerge46,47. This population needs to be eliminated by 
senolytic means as a complementary strategy to conventional cancer 
treatments, given that therapy-induced senescent cancer cells can 
‘escape’ and re-enter the cell cycle while acquiring more aggressive 
traits, overall fueling tumor relapse and poor clinical outcome6,48.

Conclusively, the presented platform comprises an innovative, 
clinically tolerant tool for the design and targeted delivery of senolytic 
compounds, thereby offering a viable approach for clinical manipula-
tion of senescence-associated diseases.

Methods
Chemical synthesis of the hybrid compound GL392
GL392 was synthesized as follows. First, the hydroxylated on the 
methyl group of the perimidine ring Sudan Black B (SBB) analog GL9 
(described in Evangelou et al.21) was treated with succinic anhydride, 
using 4-dimethylaminopyridine (DMAP) as a base, resulting in the 
SBB derivative GL353 that carries the succinic linker. The SBB-linker 
intermediate was subsequently coupled with dasatinib in the presence 
of N,N′-dicyclohexylcarbodiimide (DCC) leading to the GL392 deriva-
tive. Detailed synthesis and characterization of GL392 is provided in 
Supplementary Note 1.

Preparation of micelles
Polymeric micelles were prepared by the thin-film hydration method 
as previously described49. A detailed description regarding the prepa-
ration of PEO-b-PCL micelles is provided in Supplementary Note 2.
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Physiochemical characterization of mGL392
DLS. The physicochemical characteristics of the prepared nanosystems 
were evaluated by measuring their mean Dh (nm) and size distribution 
through DLS. A detailed description concerning the characterization 
of pure PEO-b-PCL and mGL392 is provided in Supplementary Note 2.

TEM. The morphological observation of the nanosystems was achieved 
through TEM analysis that also supported the successful incorporation 
of GL392 into polymeric carriers. The number and size distribution of 
the nanosystems was obtained also through TEM analysis. A detailed 
description concerning the characterization of pure PEO-b-PCL and 
mGL392 is provided in Supplementary Note 2. The morphology of the 
nanosystems was also feasible, applying cryo-TEM ( JEOL 2100Plus), 
operated at 200 keV and equipped with LaB6 filament. Cryo-samples 
were observed under low-dose conditions (30 e/Å2) using SerialEM 
software. A detailed description concerning the characterization of 
pure PEO-b-PCL and mGL392 is provided in Supplementary Note 2.

In vitro and ex vivo models
The following cellular models were employed:

	i.	 2D: The Li-Fraumeni-p21WAF1/Cip1 Tet-ON and HBEC CDC6 Tet-ON 
cellular systems developed by our team were used in all in vitro 
experiments. Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells were main-
tained in DMEM, 10% tetracycline-free FBS and 1% penicil-
lin–streptomycin solution, and HBEC CDC6 Tet-ON cells were 
maintained in keratinocyte serum-free medium (Invitrogen, 
17005–075) supplemented with 50 μg ml−1 bovine pituitary 
extract and 5 ng ml−1 hEGF (Invitrogen, 17005–075). Senescence 
entry was accomplished upon addition of doxycycline (Dox) 
(10 μg ml−1) (AppliChem) replenished every 2 d for 6 d (refs. 3,21).

	ii.	 B16 murine melanoma cells were purchased from the American 
Type Culture Collection and maintained in DMEM, 10% FBS sup-
plemented with 2 mM L-glutamine and 1% penicillin–streptomy-
cin solution.

	iii.	 3D: AOs were generated from lung tissue surgically resected 
from patients with non-small cell lung cancer and cultured as 
described previously18. In brief, collection of tissues for the 
generation of AOs was carried out according to European Net-
work of Research Ethics Committees guidelines and the local 
NKUA Medical School Bioethics Committee (protocol number: 
571). All organoid lines were generated from patients who 
signed informed consent forms, and their personal information 
remained anonymous.

Palbociclib-induced senescence murine melanoma model
C57BL/6 male and female mice (6–8 weeks old) were purchased from 
the Biomedical Sciences Research Center Alexander Fleming Institute 
and housed at the Animal Model Research Unit of Evangelismos Hospi-
tal under a 12-h light/dark cycle at 22.5 °C temperature and 55% humid-
ity, receiving food and water ad libitum. Animals were acclimatized for 
10 d before experiments. Mouse experiments were approved by the 
Veterinary Administration Bureau, Prefecture of Athens, Greece (deci-
sion number: 854066, 15/07/2023) under compliance with national 
laws and European Union directives. Sample size was determined 
upon power analysis using G*Power software50 (setting significance 
0.05, effect size f 0.89 and power 0.80). In brief, mice were sex and age 
matched, and melanoma tumors were generated upon subcutaneous 
injection of 5 × 105 cells per 100 μl of PBS in the right flank of 8–10-week 
old C57BL/6 syngeneic mice. Once tumors became palpable (8–9 d 
after tumor cell inoculation), mice were split by simple randomization 
into six groups receiving vehicle (normal saline), palbociclib (CDK4/6 
inhibitor, PD-0332991), palbociclib and mGL392, palbociclib and 
dasatinib, palbociclib and dasatininib and quercetin, palbociclib and 
mGL392 and quercetin. Quercetin was not found to affect tumor size 

in vehicle-treated or palbociclib-treated mice and was omitted from 
the experimental design. Palbociclib was administered at 2.5 mg per 
mouse and mGL392 at 0.015 mg per mouse. Dasatinib was adminis-
tered at 0.125 mg per mouse and quercetin at 1.25 mg per mouse. The 
mGL392 dosage was selected based on the reported administered 
dose of free dasatinib (5 mg kg−1 body weight) in senolytic studies12,51,52 
and its bioavailability (approximately 14%; ref. 53). Palbociclib and 
quercetin were administered by oral gavage and mGL392 and dasat-
inib intraperitoneally. Administration was performed daily for nine 
consecutive days. Tumors were monitored daily and measured every 
2–3 d using a caliper. Tumor sizes were calculated using the following 
formula: width2 × length / 2; and results were expressed in mm3. Mice 
were euthanized (humane endpoint was set for tumor volume below 
2 × 103 mm3 or any sign of distress) by sevoflurane overdose; blood was 
collected; and tumors, vital organs and hindlimb muscles were excised 
and fixed in formalin for subsequent analysis.

Cell viability assays
Li-Fraumeni-p21WAF1/Cip1 Tet-ON or HBEC CDC6 Tet-ON cells were seeded 
at 8 × 103 cells per well in 96-well plates. Senescence was induced by 
Dox treatment (0.01 mg ml−1) for 6 d (media refreshed every 2 d). One 
day before Dox induction, Li-Fraumeni-p21WAF1/Cip1 Tet-ON or HBEC 
CDC6 Tet-ON cells were prepared (at 10 × 103 cells per well) to serve 
as non-senescent counterparts. In both cases, the cell medium was 
subsequently removed, and cells were treated with vehicle, mGL392 
(10–20 nM), dasatinib (Merck, SML2589) (10–20 nM), quercetin (Merck, 
84906-978) (10 μΜ), dasatinib and quercetin or mGL392 and querce-
tin for 4 d (in the case of HBEC CDC6 Tet-ON) or 6 d (in the case of 
Li-Fraumeni-p21WAF1/Cip1 Tet-ON). Cell viability was determined by MTT 
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 
(Merck, M5655) applied at 0.5 mg ml−1 for 3 h.

In the case of B16 cells, they were seeded at 3 × 103 cells per well in 
96-well plates, and, 24 h later, the medium was removed and cells were 
treated with mGL392 (20–160 nM) or dasatinib (20–160 nM) for 4 d. 
Cell viability was assessed by MTT assay as mentioned above.

Organoids were treated (or not) with 150 μM hydrogen peroxide 
(H2O2) for 72 h (replaced daily) to induce senescence and then cultured 
for another 48 h in H2O2-free medium. Organoids were then filtered 
using 70-μm strainers (Corning) to avoid formation of necrotic cores 
and subsequently treated with vehicle, mGL392 (500 nM), dasatinib 
(500 nM), quercetin (10 μΜ), dasatinib and quercetin or mGL392 and 
quercetin for 4 d in 5% basement membrane extract (BME)/AO medium. 
Cell viability was evaluated with CellTiter-Fluor Cell Viability Assay rea-
gent (Promega, G6081), according to the manufacturer’s instructions.

Immunofluorescence
Li-Fraumeni-p21WAF1/Cip1 Tet-ON and HBEC CDC6 Tet-ON cell lines were 
seeded (2 × 104 cells per well) in 24-well plates over coverslips. Senes-
cence induction was achieved by a 6-d Dox treatment (10 μg ml−1). 
Senescent and respective non-senescent counterparts were treated 
as described above for 4–6 d. Cell culture medium was removed, and 
coverslips were washed and fixed using 4% PFA/PBS for 10 min at 4 °C. 
Cells were permeabilized by applying Triton X-100 0.3%/PBS for 15 min 
at room temperature.

In the case of organoids, they were initially retrieved from BME 
using appropriate medium (Cell Recovery Solution, Corning), washed 
with PBS, fixed for 20 min in 4% PFA and permeabilized using 0.2% 
Triton X-100 for 20 min.

In the case of tissue, we obtained 4-μm-thick sections and 
de-paraffinized and hydrated them. Antigen retrieval was performed 
by immerging the samples into a citric acid buffer (pH 6) for 18 min in 
a steamer. Tissue samples were cooled down and washed with PBS.

In all three cases, blocking of non-specific epitopes was performed 
using normal goat serum (Abcam, ab7481) in 1:40 dilution (in PBS) for 
1 h at room temperature. Cells, organoids or tissue specimens were 
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incubated with primary antibody (Cl. Caspase-3, 1:400; Cell Signaling 
Technology (CST), 9661) for 1 h, and positive cells were visualized using 
secondary goat anti-rabbit IgG H&L antibody (Alexa Fluor 488; 1:500; 
Abcam, ab150077, polyclonal) for 1 h. Upon staining with primary 
and secondary antibodies, cells, organoids and tissue sections were 
stained for lipofuscin using GLF16 for 10 min (60 μg ml−1) in the dark. 
Excess compound was removed by washing three times with the GLF16 
diluent (2.5% DMSO/2.5% Tween 20/PBS). Nuclei were finally visualized 
by DAPI staining. Cells, organoids or tissue samples were washed (30 s 
with dH2O), and coverslips were mounted onto slides for microscopy 
(Supplementary Figs. 4 and 5). Samples were imaged on a Leica TCS-SP8 
confocal microscope.

SA-β-gal staining
SA-β-gal was evaluated in Li-Fraumeni-p21WAF1/Cip1 Tet-ON and HBEC 
CDC6 Tet-ON cells seeded at a density of 2 × 104 cells per well in 24-well 
plates onto coverslips. Senescence was induced by a 6-d Dox treatment 
(10 μg ml−1). Senescent and respective non-senescent counterparts 
were treated as described above for 4–6 d. The supernatant was then 
removed, and cells were washed with PBS and fixed and stained using 
a Senescence β-Galactosidase Staining Kit (CST, 9860).

For SA-β-gal evaluation, freshly excised B16 tumors from all mouse 
groups were flash frozen and subsequently embedded in OCT and kept 
at −80 °C. Cryosections (10 μm) were fixed in 1% formaldehyde solu-
tion for 2 min, and tissue sections were incubated with X-gal staining 
solution (Senescence β-Galactosidase Staining Kit; CST, 9860) for 24 h 
and visualized on a Zeiss Axiolab 5 microscope.

Quenching of lipofuscin autofluorescence
HBEC CDC6 Tet-ON or Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells were seeded 
at 4 × 104 cells per well in 12-well plates. Senescence induction was 
achieved by a 6-d Dox treatment (10 μg ml−1). Senescent and respec-
tive non-senescent counterparts were cultured with vehicle (PBS) 
or cytochalasin D (Merck, C8273) (0.5 μΜ) (for actin polymerization 
inhibition) for 30 min, and, subsequently, 83 ng ml−1 mGL392 or mGL9 
was added and incubated overnight. Cell media were subsequently 
removed; cells were washed with PBS and fixed with 4% PFA for 15 min; 
and nuclei were visualized by DAPI. Lipofuscin autofluorescence was 
detected under the RFP EVOS cube (593/40 nm). Mean fluorescence 
intensity and percent area were determined by ImageJ.

Immunohistochemistry
Formalin-fixed B16 melanoma tumors were embedded in paraffin, 
and 4-μm sections were analyzed for the presence of apoptotic cells 
via Cl. Caspase-3 staining. In brief, sections were de-paraffinized and 
hydrated. Antigens were retrieved using pre-heated citric acid buffer 
(pH 6) for 18 min. Samples were cooled down into an ice bath for 
20 min, washed with TBS and treated with 3% H2O2 (cat. no. K5007) 
for blocking of endogenous peroxidase for 18 min at room tempera-
ture. Non-specific binding sites of the primary antibody were blocked 
by applying normal goat serum (1:40; Abcam, ab7481) for 1 h at room 
temperature. Tissue sections were washed with PBS and incubated with 
the primary anti-cleaved Caspase-3 (1:400; CST, 9661) antibody over-
night at 4 °C. Samples were washed with TBS, and the positive signal 
was achieved using a Dako REAL 140 EnVision Detection System (cat. 
no. K5007) according to the manufacturer’s instructions. Tissue speci-
mens were counterstained with hematoxylin. Samples were observed 
under a Zeiss Axiolab 5 microscope on the ×10 and ×20 objectives and 
evaluated by two independent experienced pathologists. Variability 
was minimal among blinded observers (P < 0.005).

For the assessment of organ histopathological features, muscle, 
lung, heart, spleen, liver and kidneys from all groups were fixed and 
embedded in paraffin, and 4-μm sections were stained by hematoxylin 
and eosin for visualization of organ microanatomy. Histopathological 
evaluation was performed by two independent experienced pathologists.

Annexin V/propidium iodide assay
mGL392-induced senolytic activity was evaluated via flow cytometry–
based apoptotic assessment upon staining with Annexin V/propidium 
iodide (PI). In brief, HBEC CDC6 Tet-ON or Li-Fraumeni-p21WAF1/Cip1 
Tet-ON cells were seeded at 2 × 105 cells per well in six-well plates and 
treated with Dox to induce senescence. Senescent and respective 
non-senescent counterparts were subsequently treated as described 
above for 4–6 d. The supernatant was removed, and cells were washed 
with PBS and stained with Annexin V-FITC and PI for evaluation of apop-
totic and dead cells, respectively, using the FITC Annexin V Apoptosis 
Detection Kit with PI (BioLegend, 640914) (Supplementary Fig. 6). Flow 
cytometry data were analyzed using FlowJo software version 10.8.1.

LC–MS
Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells were seeded in 10-cm culture 
plates up to 70% confluency. Senescence was induced by Dox treat-
ment (0.01 mg ml−1) for 6 d (media refreshed every 2 d). mGL392 
(20 nM) was subsequently added, and cells were incubated from 6 h 
to 5 d. Cells were washed twice with PBS (to remove mGL392) and lysed 
using 9 ml of acetonitrile/water (ACN:H2O) (3:2) cold solution. Then, 
200 μl of this solution was subsequently used for LC–MS analysis. 
Standard prepared solutions of dasatinib and GL392 were used, and 
lapatinib was also used as internal control. Results were quantified 
based on the standard curves and normalized to the total number 
of cells. Detailed information of the LC–MS analysis is presented in 
Supplementary Note 3.

Blood and sera analysis
Blood from mice bearing B16 melanomas treated with vehicle or 
mGL392 was collected and centrifuged at 1,000g for 15 min, and sera 
were obtained and sent to an external certified veterinary laboratory 
(Vet In Progress (https://vetinprogress.gr/en/)) for quantification of 
the following markers associated with vital organ damage: creatinine 
(CREA), albumin (ALB), total protein (TP), ALP, total bilirubin (TBIL), 
globulins, gamma-glutamyl transferase (γ-GT), AST, ALT, CPK and blood 
urea nitrogen (BUN).

Alternatively, the cell pellet was resuspended in Red Blood Cell 
lysis solution (BioLegend), and white blood cells were collected 
upon centrifugation at 400g for 10 min. Cells were stained with 
anti-CD45-APC-Cy7 (clone 30-F11, 103115), CD11b-FITC (101205, clone 
M1/70), F4/80-PerCP (123125, clone BM8) and Ly6C-PE (128007, clone 
HK1.4) at a 1:100 dilution (all from BioLegend), for quantification of 
circulating monocytes and macrophages, and samples were analyzed 
by flow cytometry (Supplementary Fig. 6).

Statistics and reproducibility
All data are presented as means ± s.d. or means ± s.e.m., as indicated. 
Differences between groups were evaluated using the parametric 
two-tailed Student’s t-test, two-way ANOVA or one-way ANOVA with 
Bonferroni’s post hoc test for multiple comparisons, as appropriate. 
P < 0.05 was considered significant. Graphs, calculations and statistical 
analyses were performed using GraphPad Prism version 10.0 (Graph-
Pad Software). All statistical tests included a check for normality of 
analyzed data. Data measurements and detailed statistical analysis 
for all reported results are provided in Supplementary Note 4. Sample 
size for animal experiments was determined by power analysis using 
G*Power software. In all other experiments performed, no statistical 
methods were used to pre-determine sample sizes, but our sample 
sizes are similar to those reported in previous publications3,6,8,17. No 
data were excluded from the analyses. No method of randomization 
was used, except for simple randomization applied for mice splitting in 
the murine melanoma models. Evaluation of microscopy analyses and 
animal experiments was performed by blinded evaluators. Reproduc-
ibility in all experiments was confirmed by performing at least three 
independent biological/chemical replicates.
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Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Any additional information required to reanalyze the data presented in 
this paper is available from the lead contact upon reasonable request.
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Extended Data Fig. 1 | mGL392 selectively delivers GL392 in senescent cells 
followed by Dasatinib release. (a) Schematic representation of the dynamic 
process of Dasatinib release. mGL392 preferably enters senescent cells delivering 
its GL392 cargo. Dasatinib release initiates 6 h upon mGL392 treatment and peaks 
3 days later. (b) Representative output of LC-MS analysis of senescent (+Dox) 

versus non- senescent (-Dox) Li-Fraumeni-p21WAF1/Cip1 Tet-ON cell lysates from cells 
treated with mGL392 for 3 days. Peaks depict relative abundance of the released 
GL392 and the released Dasatinib traced in the cell lysates. Peaks were identified 
based on prepared GL392 and Dasatinib stock solutions. Lapatinib served as an 
internal standard of the analysis.
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Extended Data Fig. 2 | Verification of mGL392-induced senolysis by SA-β-gal 
staining. HBEC CDC6 Tet-ON (a, b) and Li-Fraumeni-p21WAF1/Cip1 Tet-ON (c, d) 
cells entered senescence upon Doxycycline (Dox) treatment. Senescent and 
respective non-senescent counterparts were subsequently treated with Vehicle 
(PBS), mGL392 (10 nM in the case of HBEC CDC6 Tet-ON and 20 nM in the case 
of Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells) or mGL392+Quercetin (mGL392+Q, 10 
or 20 nM and 10 μΜ, respectively), free Dasatinib (D, 10 and 20 nM for HBEC 

CDC6 Tet-ON and Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells, respectively), Quercetin 
(Q, 10 μΜ) and free Dasatinib+Quercetin (D + Q) for 4-6 days and stained for 
SA-β-gal. (a, c) Representative images. Objective 20x. Scale bar: 10 μm. (b, d) 
Quantification of SA-β-gal(+) cells, n = 4 (biological replicates), **** p < 0.0001 
compared to respective vehicle, two-way ANOVA test. Error bars indicate SD. Data 
expressed are presented as mean values ± SEM.
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Extended Data Fig. 3 | Verification of mGL392-induced senolytic activity via 
flow cytometry-based apoptotic assessment. HBEC CDC6 Tet-ON (a, c) and 
Li-Fraumeni-p21WAF1/Cip1 Tet-ON (b, d) cells were treated with Doxycycline (Dox) to 
induce senescence. Senescent cells and their non-senescent counterparts were 
treated with Vehicle (PBS), mGL392 (10 nM in the case of HBEC CDC6 Tet-ON and 
20 nM in the case of Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells) or mGL392+Quercetin 
(mGL392+Q, 10 or 20 nM and 10 μΜ, respectively), free Dasatinib (D, 10 and 20 nM 
for HBEC CDC6 Tet-ON and Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells, respectively), 

Dasatinib+Quercetin (D + Q, 10 or 20 nM and 10 μΜ, respectively) and Quercetin 
(Q, 10 μΜ) for 4-6 days and subsequently stained with Annexin V-FITC and PI for 
evaluation of apoptotic and dead cells, respectively. (a, b) Representative density 
plots from flow cytometry analysis. (c, d) Quantification of flow cytometry results 
presented as mean ± SEM, n = 4 (biological replicates), **** p < 0.0001; n.s. non-
significant compared to respective vehicle by two-way ANOVA. Data expressed are 
presented as mean values ± SEM.
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Extended Data Fig. 4 | Lung organoid stainings directly comparing mGL392 
treatment with free agents. Individual staining panels of organoids from Fig. 
6c. From left to right, representative split-channel image overlays of DAPI (blue), 

GLF16 (green) and Cl. Caspase-3 (red) staining, and respective composites. 
Objective 20x. Scale bar: 10 μm. Data shown are presented as mean values ± SD 
from 3 independent biological replicates.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | In vivo administration of mGL392 effectively 
eliminates SA-β-gal(+) cells in the tumor without conferring cytotoxicity. 
(a) Representative pictures of excised mouse tumors stained for SA-β-gal 
and (b) quantification of SA-β-gal(+) cells in (a) (n = 4, biological replicates). 
(c) Representative tumors from Fig. 7i, Scale bar: 5 mm. (d) Sera of vehicle 
(normal saline), mGL392 and Dasatinib-treated mice were analyzed for 
common toxicology markers associated with vital organ damage. Results are 
expressed as mean ± SD (n = 9 biological replicates). CREA: Creatinine; ALB: 
Albumin; TP: Total Protein; TBIL: Total Bilirubin; ALP: Alkaline Phosphatase; 
γ-GT: γ-glutamyltransferase; ALT: Alanine Transaminase; AST: Aspartate 

Aminotransferase; BUN: Blood Urea Nitrogen; CPK: Creatine Phosphokinase.  
(e) Vital organs (lung, liver, kidney, heart, spleen) and hindlimb muscle samples  
of all mice were excised and stained with hematoxylin and eosin for histopatho
logical evaluation. (f) Monocyte populations in the blood of mice receiving 
vehicle (normal saline) or mGL392 were quantified using flow cytometry and 
found unaffected, n = 4 (biological replicates). Data are presented as mean values 
+/−SEM, *p < 0.05 compared to vehicle, #p < 0.05 compared to Palbociclib. n.s.; 
non-significant. Two-way ANOVA test (b), one-way ANOVA test (d), two-sided 
t-test (f) were used. Objectives 10x, 20x. Scale bars: 50 μm and 10 μm.
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