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In brief

Magkouta et al. describe a marker for

senescence detection (GLF16) that

surpasses limitations of previously

established markers (SA-b-Gal and

GL13). Apart from in vitro analyses,

GLF16 is particularly suitable for in vivo

identification, isolation, and downstream

characterization of senescent cell

populations at the single-cell level in

various biological materials.
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SUMMARY
Cellular senescence is a stress-response mechanism implicated in various physiological processes, dis-
eases, and aging. Current detection approaches have partially addressed the issue of senescent cell identi-
fication in clinical specimens. Effectivemethodologies enabling precise isolation or live tracking of senescent
cells are still lacking. In-depth analysis of truly senescent cells is, therefore, an extremely challenging task.
We report (1) the synthesis and validation of a fluorophore-conjugated, Sudan Black-B analog (GLF16), suit-
able for in vivo and in vitro analysis of senescence by fluorescencemicroscopy and flow cytometry and (2) the
development and application of a GLF16-carrying micelle vector facilitating GLF16 uptake by living senes-
cent cells in vivo and in vitro. The compound and the applied methodology render isolation of senescent cells
an easy, rapid, and precise process. Straightforward nanocarrier-mediated GLF16 delivery in live senescent
cells comprises a unique tool for characterization of senescence at an unprecedented depth.
INTRODUCTION occur in both pathological (i.e., cancer, diabetes)2–6 and non-
Cellular senescence is a complex stress-response cellular pro-

cess and a guardian of cell homeostasis.1 Senescence may
3558 Molecular Cell 83, 3558–3573, October 5, 2023 ª 2023 Elsevier
pathological settings (i.e., tissue repair) and aging.7–9 Of note,

senescence has been recently established as a hallmark of can-

cer.10 Given that almost all cell types may undergo senescence
Inc.
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Figure 1. GLF16 enables rapid visualization of senescence in cells and tissues

(A) Identification of senescent cells by applying the lipophilic biotinylated SBB analog GL13 is a three-step process: the GL13-lipofuscin interaction is followed by

binding of a primary (anti-biotin ab) and subsequently a secondary antibody that is fluorescently labeled.

(B) GLF16 is already conjugated with a fluorescent moiety and allows visualization of senescent cells in a single step.
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accompanied by either beneficial or detrimental outcomes, iden-

tification and deep characterization of senescent cells is of para-

mount importance.

Although cardinal characteristics of senescent cells such as

cell cycle arrest, deregulatedmetabolism,macromolecular dam-

age and the SASP (Senescence-Associated Secretory Pheno-

type) have been established, the senescent phenotype is largely

heterogeneous. Therefore, identification and visualization of se-

nescent cells can be highly challenging, mainly due to the

absence of selective and universal markers. Toward this direc-

tion we have previously developed a lipophilic, biotin-linked

Sudan Black-B (SBB) analog, GL13 (SenTraGor), which allows

for precise identification of senescent cells in any biological ma-

terial (cell cultures, fresh samples, or archival material) based on

the detection of lipofuscin accumulating in all senescent cell

types.9,10 Of note, lipofuscin staining usingGL13 has been adop-

ted as the first step in the guidelinemulti-marker algorithm for ac-

curate detection of senescent cells recently proposed by the

senescence community.1,5,11

Nevertheless, GL13 needs to be diluted in ethanol, and thus,

the corresponding staining method encompasses consecutive

de- and re-hydration steps, a process which is suboptimal for

applications such as flow cytometry-based quantification or

isolation of senescent cells.11 This limitation renders the assay

less compatible with several types of downstream analysis of

distinct cell populations that would enable a substantially deeper
characterization of senescent cells, including genetic, epigenetic

(e.g., Chromatin Conformation Capture, 3C techniques) and

transcriptomic (e.g., single cell or bulk RNAseq) analyses.11

Additionally, although GL13 is suitable for immunofluorescence,

staining with GL13 is a two-step process that requires a conju-

gated secondary antibody, and the several washing steps may

result in loss of material, especially in low-attachment cell lines.

Design
To overcome these caveats, we herein present the development

of an optimized SBB analog conjugated with a fluorophore moi-

ety. The presence of the fluorophore group in the structure of the

synthesized compound termed GLF16 renders the compound

suitable for fluorescence microscopy and flow cytometric anal-

ysis of senescent cells in material from both cell cultures and tis-

sues, while combining the following advantages. (1) The incorpo-

ration of a polar side chain between the SBB core and the

fluorophore moiety offers GLF16 enhanced aqueous solubility

compared toGL13, overcoming thus the aforementioned imped-

iments related to ethanol and enabling its application in bio-

imaging.12 (2) It exhibits strong chemical affinity with lipofuscin.

(3) It displays a long excitation wavelength (>500 nm, near

infrared-NIR) that is less harmful for biological samples and limits

background emission from autofluorescent molecules such as

lipofuscin. (4) NIR wavelengths diminish light scattering in tissue,

yielding higher penetration of the excitation light. (5) It can be
Molecular Cell 83, 3558–3573, October 5, 2023 3559
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used at low concentrations minimizing toxicity but with easier

detection as it produces high-intensity output. We validated

the specificity and properties of GLF16 in established for senes-

cence cellular systems previously developed by our group13,14

as well as in tissues previously shown to harbor (positive con-

trols) or to be devoid (negative controls) of senescent cells.11,15

Importantly, a major advantage of the GLF16 compound that

is anticipated to revolutionize the senescence field stems from

the fact that following its encapsulation in a suitable nanocarrier,

efficient introduction and release into living cells was achieved

allowing its interaction with lipofuscin and eventually, for the first

time, tracing live senescent cells.

RESULTS

Design, synthesis, and characterization of hydrophilic
SBB analogs
Using GL13 as the template molecule, we synthesized a number

of non-biotinylated, SBB analogs carrying different fluorescent

moieties in order to achieve high-intensity output (Figure S1A,

Methods S1). We subsequently tested the chemical affinity of

the analogs with lipofuscin using cells with high lipofuscin

levels.15 GLF16 was selected as the most effective analog, as

it masked lipofuscin autofluorescence and simultaneously dis-

played the strongest signal at NIR wavelengths, assessed by

fluorescence microscopy (Figures 1 and S1B).

GLF16 is an SBB analog conjugated with a fluorophore moiety

(cyanine heptamethine group, blue) through a succinic linker

(green) and a polar 1,4-diaminobutane group (red) (Figures 2A–

2C). The main steps of GLF16 synthesis were the following

(see Methods S1 for details): 1,8-diaminonapthalene (1) was

converted to the bis-diazenyl analog (5) through a three-step

synthetic procedure, described previously by our group,15 which

yielded the succinic ester (6), upon treatment with succinic anhy-

dride (Figure 2A). In parallel, for the production of the fluorescent

molecule, 2,3,3-trimethyl-3H-indole (7) was used as the starting

material and was converted to a cyanine chlorointermediate (11)

through a three-step synthetic procedure.16 Treatment of the

latter with 1,4-diaminobutane led to the aminosubstituted

cyanine derivative (12) (Figure 2B). Finally, a coupling reaction

of the cyanine derivative (12) with the succinic SBB analog (6) re-

sulted in the target fluorophore-conjugated compound GLF16

(Figure 2C).

Three additional analogs with similar structure were synthe-

sized, namely GLF7, GLF19 and GLF21, where the 1,4-diamino-

butane group was replaced with the polar piperazine moiety or

the less polar 4-hydroxyphelylamino and 4-aminophenoxy

groups, respectively (Figure S1A). Among the several reported

fluorophore groups that could be used for incorporation into

the currently described derivatives, such as the xanthine-based
Figure 2. Chemical synthesis procedure and physical properties of GL

(A–C) Synthetic procedure for GLF16. 1,8-diaminonapthalene (1) was converted

succinic group was inserted in (5) to serve as a coupling site for the fluorophore, re

was synthesized (12) and subsequent coupling of the latter to GL353, through an

conditions of all chemical reactions is provided in Methods S1.

(D) Absorbance and emission Spectra of GLF16 solution in aqueous PBS buffer

measurements was 2 mM for absorbance and 13.3 mM for fluorescence, respect
fluorophores (fluorescein, rhodamines, and eosins) or the

BODIPY (boron dipyrromethene difluoride) derivatives, we chose

the cyanine heptamethine moiety since it displays an excitation

wavelength of >600 nm in the near-infrared region (NIR). NIR

wavelengths require lower energy for excitation, are less harmful

for biological samples,12 and diminish light scattering in tissue,

yielding higher penetration and limiting background emission

from autofluorescent molecules, such as lipofuscin. GLF16,

GLF7, GLF19, and GLF21 were characterized by 1H and 13C

NMR spectroscopy and by high resolution mass spectroscopy

(HRMS) (Methods S1).

GLF16 was generated to be hydrophilic via (1) the addition of

the basic polar 1,4-diaminobutane side chain, which can easily

be ionized at pH < 8, and (2) the presence of the charged nitrogen

atom of the cyanine group. When dissolved in a PBS buffer solu-

tion containingminimum amounts of DMSO (2.5%) and Tween 20

(2.5%), GLF16 exhibits strong absorbance with a maximum at

629 nm as well as fluorescence with an emission maximum at

743 nm (Figure 2D). Consequently, GLF16 demonstrated a large

Stokes shift (114 nm), which is a favorable characteristic for fluo-

rescent derivatives with potential biomedical applications.17

GLF16 successfully identifies senescent cells in
senescence model systems
In order to examine the ability of GLF16 to accurately stain se-

nescent cells, we used several in vitro and in vivomodel systems

established to study senescence, as well as clinical material with

previously characterized senescence status. Particularly, we im-

plemented previously described cellular systems, animal

models, young versus aged tissues, as well as tissues subjected

to various senescence-inducing treatments against their corre-

sponding non-senescent controls11,13–15 (Figure S2).

Abundant positive GLF16 staining was observed in the doxy-

cycline-induced cell lines (Li-Fraumeni-p21WAF1/Cip1 Tet-ON

and HBEC-CDC6 Tet-ON cellular systems), while it was almost

absent in untreated cells (Figures 3A, 3D, 3E, 3H, S1B, S3A,

and S3B). Importantly, GLF16 staining was clearly similar to

the one obtained with GL13 (Figures 3A, 3E, and S3C–S3F).

To further evaluate the specificity of the compound and

following the algorithm for precise assessment of senescent

cells1,11 we co-stained GLF16 and p16INK4A, p21WAF1/Cip1

(Figures 3B, 3D, 3F, 3H, S4A, and S4B), or Ki67 (Figures 3C,

3D, 3G, 3H, S4A, and S4B). As expected, GLF16 overlapped

with p21WAF1/Cip1 and p16INK4A staining but exhibited a mutually

exclusive pattern with Ki67. In addition, we tested the compati-

bility of GLF16 co-staining with the EdU ClickIT method to

assess senescent events coupled with cell cycle profiling

through high-content microscopy, based on the quantitative

image-based cytometry (QIBC), as previously described.18

Oncogene overexpression (CDC6 activation) abolished DNA
F16

to the bis-diazenyl analog (5) through a three-step synthetic process (2–4). A

sulting in the SBB analog GL353 (6). The fluorescent cyanine derivative GLF15

amide bond eventually led to the GLF16 product. Detailed description of the

(95% PBS, 2.5% DMSO, 2.5% Tween 20). Concentration of GLF16 used for

ively.

Molecular Cell 83, 3558–3573, October 5, 2023 3561
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replication, while GLF16 intensity appeared heavily augmented

(Figure 3I), supporting the employment of GLF16 to detect se-

nescent cells with high-content microscopy for the very first

time. Finally, following treatment with a combination of senolytic

drugs (Dasatinib and Quercetin) (Figures 3J, S4C, and S4D), high

levels of apoptosis were observed, as indicated by cleaved cas-

pase 3 staining, whereas the percentage of GLF16-positive cells

became negligible, further verifying the specificity of GLF16 in

identifying senescent cell populations (Figures 3K, 3L, and S4E).

We next evaluated the efficacy of GLF16 in tissue samples

harboring variable lipofuscin levels. GL13 staining in serial sec-

tions from human seminal vesicles and aged liver served as pos-

itive control, and importantly, GLF16 detected the same lipofus-

cin-positive cells in those sections (Figure S3E). Of note, GLF16

staining conferred a stronger signal intensity compared to GL13,

but comparable staining indices (Figures S3E and S3F).

We then stained various clinical and pre-clinical (mouse) bio-

specimens previously shown to harbor senescent cells11,15

against GLF16. Positive (senescent) cells, even when present

at low numbers, were identified in human tissues from irradiated

head and neck carcinomas, chemotherapy-treated breast and

aged liver (Figures 4A–4C and S4F), as well as in mouse lesions

from K-rasV12-induced mouse lung adenomas, palbociclib-

treated melanoma xenografts, and bleomycin-induced lung

fibrosis (Figures 4D–4F and S4F). In contrast, in corresponding

negative control tissues, no staining was evident, further high-

lighting the sensitivity and specificity of the compound. Finally,

GLF16 specificity was also evaluated in the same settings by

GLF16 co-staining with p16INK4A and p21WAF1/Cip1 or Ki67

(Figures 4G–4I and S4G). Overall, these results render GLF16

staining an effective approach for accurate detection of senes-

cent cells in cell culture and tissue material, while importantly,

following a simple, one-step, straight-forward experimental

procedure.

GLF16 enables efficient isolation of senescent cells by
flow cytometry
A major conundrum in the senescence field relates to the isola-

tion of pure senescent cell populations. Flow cytometric analysis

of senescent cells using SA-b-gal or cell surfacemarkers such as
Figure 3. Detection of senescent cells by GLF16

(A–D) Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells treated or not with Doxycycline for 6

resulted in an intense cytoplasmic signal (corresponding to lipofuscin aggregate

(B) GLF16 specificity was subsequently evaluated by co-staining with anti-p16IN

(C) Specificity of GLF16 was further evaluated by co-staining with the proliferatio

depicted.

(D) Quantification of the percentage of positive cells after staining with the indicate

were acquired using a confocal microscope equipped with a digital camera and

(E–H) Similar experimental approach as in (A)–(D) was followed using the HBEC

(I) Results from quantitative image-based cytometry (QIBC) in HBEC CDC6 Tet-O

EdU incorporation and DAPI levels (a.u., arbitrary unit). GLF16 mean intensity pe

(J) Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells treated or not with Doxycycline for 6–

vehicle. Cell viability was assessed by MTT assay. Results are expressed as me

(K) Cells from (J) treated with vehicle or Dasatinib and Quercetin (D + Q) were

identification of senescent cells.

(L) D +Q-treated doxycycline-induced cells show decreased levels of GLF16 and i

An inverse relationship between GLF16 and Cl.Caspase-3 positivity is depicted.

Doxycycline. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001 compared to respe

10 mm (A–C) and 25 mm (E–G, K).
urokinase-type plasminogen activator receptor (uPAR) and di-

peptidylpeptidase 4 (DPP4) have been reported.19–21 However,

those methodologies can only be performed in fresh samples

or samples of specific cancer types and frequently yield false

positive or false negative results.11 In addition, the use of ethanol

in GL13 solutions may substantially modify protein epitopes and

can lead to a significant loss of cells due to the high number of

washing steps required.11 The optimized properties of GLF16

eliminate the requirement for consecutive ethanol de-hydration

and subsequent re-hydration steps.

We tested GLF16 efficacy in flow cytometry (detailed condi-

tions are available in the corresponding STARMethods sections)

in the Li-Fraumeni-p21WAF1/Cip1 (Figures 5A–5C and S5A) and

HBEC CDC6 Tet-ON (Figures S5B and S5C) cellular systems.

GLF16 was able to discriminate senescent against non-senes-

cent cells in both naive and induced (Doxycycline-treated) cells

(Figures 5B and S5B). GLF16 (+) populations were found

p16INK4A-positive and Ki67-negative, while GLF16 (�) popula-

tions displayed the exact opposite staining pattern [Ki67

(+)/p16INK4A (�)] (Figures 5B, 5C, S5B, and S5C). We then

used GLF16 in primary T cell cultures that were treated with

cisplatin, an agent conferring DNA damage (Figures S5D and

S5E). Cisplatin-treated T cell populations exerted a GLF16

(+)/p16INK4A (+) staining pattern while naive T cells were dou-

ble-negative (Figure S5D). Taken together, our findings support

the implementation of GLF16 for rapid multimarker analysis of

senescent cells as well as senescent cell sorting using fluores-

cence-activated cell sorting (FACS). Most importantly, GLF16

was found to successfully discriminate senescent against non-

senescent cells as verified by subsequent RNAseq analysis of

sorted GLF16 (+) versus GLF16 (�) cells. Senescence-associ-

ated genes1 were found to be highly expressed in GLF16 (+) cells

compared to GLF16 (�) ones (Figure 5D). These results were

also complemented by a ChIP-seq analysis using the active tran-

scription H3K27ac histone marker (Figure 5E), demonstrating a

significant overlap between H3K27ac-enriched enhancers and

upregulated gene transcripts as identified in our RNA-seq anal-

ysis (Figures S5F and S5G). In contrast, repressed H3K27ac

peaks significantly overlapped with downregulated transcripts

(Figures S5F and S5G). Thus, GLF16 allows for sorting of
–8 days were fixed, permeabilized, and stained with GLF16 (A). GLF16 staining

s) abundant in senescent cells and entirely absent in untreated ones.
K4A, a marker commonly linked with senescence.

n marker Ki67. An inverse relationship between GLF16 and Ki67 positivity was

d markers depicted asmeans ± SD from six independent experiments. Images

positive cells were evaluated by two independent readers.

CDC6 Tet-ON cellular system.

N cells at the indicated timepoints, depicting cell cycle distribution based on

r cell is indicated by color coding.

8 days and then for 3 days with Dasatinib (0–20 mM) and Quercetin (15 mM) or

ans ± SD, percentage of vehicle, n = 3.

fixed and co-stained for the apoptosis marker Cl.Caspase-3 and GLF16 for

ncreased levels of Cl.Caspase-3, opposite to vehicle-treated cells (Cl, cleaved).

Bar graphs show Cl: Capase-3 or GLF16 mean intensity per cell alone. Dox,

ctive controls based on Kruskal Wallis Test. Objectives 203, 40x. Scale bars,
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GLF16

DAPI

p21WAF1/Cip1

Merged

GLF16

DAPI

p16INK4A

MergedMerged

GLF16

DAPI

Ki67

GLF16

DAPI

GLF16

DAPI

GLF16

DAPI

Merged

GLF16

DAPI

MergedMergedMerged

GLF16

DAPI

GLF16

DAPI

GLF16

DAPIDAPI

GLF16

Merged Merged Merged Merged

GLF16

DAPI

GLF16

DAPI

MergedMerged

GLF16

DAPI

Merged

GLF16

DAPI

Merged

Human Laryngeal Tissue

Non Irradiated Irradiated

Human Breast Tissue

Control Chemotherapy

Human Liver

Young Aged

Mouse model conditionally expressing
K-rasV12 in the lung

AdenoCa Adenoma

Control Xenograft (-) Bleomycin (+) Bleomycin

Palbociclib- induced Melanoma senescence mouse model Bleomycin-induced lung fibrosis mouse model

Double staining

Bleomycin-induced lung 
fibrosis mouse model

Human  Irradiated
Laryngeal Tissue

st
ai

ni
ng

G
LF

16

G
LF

16
K

i6
7

-

G
LF

16
p1

6IN
K

4A
-

G
LF

16
p2

1W
A

F1
/C

ip
1

-

A

C

B

E

D

F

HG IPalbociclib- induced Melanoma
senescence mouse model

(legend on next page)

ll
Technology

3564 Molecular Cell 83, 3558–3573, October 5, 2023



ll
Technology
senescent cells and subsequent state-of-the-art transcriptomic

and epigenetic analyses, enabling the gain of substantially

deeper insights into the biology and functions of senescent cells

of any type.

Development of a micelle-embedded GLF16 for live cell
delivery and isolation
Although structurally optimized with the presence of the fluores-

cent cyanine group and the polar 1,4-diaminobutane side chain,

the GLF16 reagent still exerts considerable lipophilicity (hydro-

phobic properties), which is imperative for its interaction with lip-

ofuscin but, on the other hand, requires a minimum amount of

DMSO and Tween 20 additives to be fully dissolved in aqueous

media. This was a major issue to be addressed in order to

employ this derivative for in vivo experiments and potential

biomedical applications.

To bypass this challenge, we generated a PEO-b-PCL copol-

ymer (micelle) carrying GLF16, (from now on termed m-GLF16)

(Figures 6A–6C). The PEO-b-PCL copolymer was selected

based on its well-known biocompatibility and biodegradability

properties, rendering it the material of choice for the encapsula-

tion of hydrophobic compounds. Initially, efficient incorporation

of GLF16 into the PCL core was tested by preparing in parallel

pure PEO-b-PCL micelles and comparing them with the corre-

sponding m-GLF16 ones. Indeed, while the size (Dh) of pure

PEO-b-PCL micelles was estimated at 95 nm, addition of the

GLF16 led to increase of the Dh at 110 nm, indicating successful

incorporation (Methods S3). Next, m-GLF16 was administered in

living Li-Fraumeni-p21WAF1/Cip1 Tet-ON senescent cells and their

non-senescent counterparts, in order to investigate whether

GLF16 can be successfully delivered into live cells, eventually in-

teractingwith lipofuscin (Figures 6D, 6E, S6B, and S6C). A strong

GLF16 cytoplasmic signal that coincided with p16INK4A immuno-

positivity and lack of Ki67 expression, was evident within doxy-

cycline-treated cells, while it was totally absent in the untreated

counterparts (Figures 6E-bottom panel, S6B, and S6C). Notably,

application of pure PEO-b-PCL copolymer in these cells resulted

in absence of any fluorescent signal (Figure S6A). Flow cytome-

try analysis in living cells of the same cellular system, sorted the

cells based on GLF16 fluorescence (Figure 6E-upper panel).

Subsequent RNA-seq and H3K27ac ChIP-seq analysis of the

cells that incorporated m-GLF16 revealed a strong fingerprint

of the senescence gene signature1 (Gorgoulis et al., 2019)

compared to GLF16 (�) ones (Figures 6F–6I). These findings

demonstrate successful delivery of the GLF16 reagent, via

m-GLF16 incorporation and subsequent release in living cells.

Moreover, given that GLF16 strongly interacts with lipofuscin ag-
Figure 4. In situ detection of senescent cells by applying GLF16

Representative images of GLF16 staining in human clinical settings andmurine sy

negative controls (devoid of senescent cells) are depicted.

(A–F) Irradiated human laryngeal tissues, (B) chemotherapy-treated breast tissues

cells, whereas in respective controls, these positive cells were totally absent. Sim

lung adenomas, (E) palbociclib-treated human melanoma xenografts, and (F) ble

(G–I) GLF16 specificity and sensitivity was subsequently evaluated by concurrent

p21WAF1/Cip1 and p16INK4A. GLF16 staining coincided with p16INKA4 or p21WAF1/C

treated lungs are also evident (H), as previously demonstrated in Evangelou et al.,

Scale bars, 50 mm (A-F), 10 mm (G), and 25 mm (H-I).
gregates, senescent cells may be faithfully identified versus their

non-senescent counterparts.22 Taken together, the synthesis

and implementation of the m-GLF16 micelle may allow for accu-

rate isolation and subsequent culturing and tracking of live

senescent cells.

In order to further validate the efficiency of our m-GLF16

compound in labeling senescent cells in a 3D cellular system,

m-GLF16 was additionally delivered in airway organoids we

generated directly from healthy lung tissues23 (Figure 7A).

Patient-derived organoid (PDO) cultures are able to recapitulate

tissue architecture and function more faithfully than any other

in vitro system developed so far.24,25 Given that until now it has

been impossible to monitor cellular senescence directly in hu-

man patients, incorporation of m-GLF16 into live PDOs may

offer a unique opportunity to overcome the existing limitations.

To that end, we induced hydrogen peroxide (H2O2)-mediated

senescence26 in our airway organoids, applied subsequently

m-GLF16, and monitored senescence via immunofluorescence.

As expected, compared to control cultures, H2O2-treated orga-

noids exhibited increased senescence as indicated by a rela-

tively enlarged cell size, increased p21WAF1/Cip1 and decreased

Ki67 expression (Figures 7B and 7C). Importantly, GLF16 (+)

cells were detected only upon H2O2 treatment, overlapping

with p21WAF1/Cip1 staining (Figures 7B and 7C), validating the

successful delivery of m-GLF16 in airway PDOs. As expected,

GLF16 and p21WAF1/Cip1 positivity did not coincide with Ki67

positivity (Figures 7B and 7C). This finding is of high importance,

as implementation of m-GLF16 may enable the study of senes-

cence in human patients at a personalized level.

Having successfully detected senescent cells in 2D and 3D

cell cultures, we subsequently examined the potential of m-

GLF16 in tracing senescent cells in living organisms. We there-

fore proceeded to live imaging in two well-established murine

senescence models, particularly the palbociclib-treated murine

melanomas27 and the bleomycin-induced lung fibrosis models28

(Figure S6D). In both, a robust fluorescence signal was detected

24 h following m-GLF16 administration in the senescent regions

(Figures 7D and 7E). Similarly, a strong signal was observed

when palbociclib-treated tumors and bleomycin-treated lungs

were imaged ex vivo (Figures 7F and 7G). The fluorescence

signal observed in the liver in both animal models stems from

the fact that this organ is the site of metabolic processing of

exogenous substrates. GLF16 immunofluorescence confirmed

high numbers of senescent cells within the tumors and fibrotic

lungs and absence of senescent cells in the rest of the organs,

further verifying the specificity of the signal (Figures 7H, 7I, and

S6E). Importantly, no histopathological alterations in vital organs
stems, known to harbor an increased burden of senescent cells, and respective

and (C) liver specimens from aged individuals were abundant in GLF16-positive

ilar results were obtained in the following murine models: (D) K-rasV12-induced

omycin-induced lung fibrosis.

staining with the proliferation marker Ki67 or senescence-associated markers
ip1 but not with Ki67. Lipofuscin (GLF16) positive macrophages in bleomycin-

2017.15 Objectives 103, 20x, 40x, 63x. Corresponding scale bars are depicted.
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of the animals that received an overdose of m-GLF16 (Fig-

ure S6F) and no differences in total or differential white blood

cell counts were observed, suggesting a low toxicity profile

(Figure S6G).

DISCUSSION

In this report, we demonstrate that our fluorescently labeled

GLF16 compound enables robust characterization (by fluores-

cence microscopy) and efficient senescent cell isolation (by

flow cytometry) from a variety of biological samples by applying

a fast and accurate one-stepmethodology on fixed and permea-

bilized cells. The development of a live cell delivery platform that

would substantially increase the solubility and ameliorate the ab-

sorption, metabolism, distribution, excretion, and toxicology

[ADME(T)] profile29 of GLF16 was the second goal of this study.

The selected PEO-b-PCL nano-carrier can facilitate GLF16

delivery, allowing isolation (via FACS), culturing, tracking (via

fluorescence), and high-throughput downstream analysis (inte-

grated multi-omics) of living senescent cells in in vitro and in vivo

settings. This constitutes a major advance over previous broadly

used reagents and assays, such as SA-b-Gal, whose use is

accompanied by frequent false positive/negative outcomes, or

even our recently established lipofuscin-identifying lipophilic re-

agent GL13, which requires dilution in ethanol.11

GLF16 displays high sensitivity due to its strong affinity with

lipofuscin. Therefore, GLF16 is not only potent in identifying cells

artificially induced to undergo senescence where the signal is

naturally stronger, but it can be additionally used to sort sponta-

neously and/or rare-to-find senescing cells in cell cultures or tis-

sues. This is an important property of GLF16, as spontaneously

senescent cells have been found in several contexts, including

untreated normal and cancer cell lines and tissues.30,31 Interest-

ingly, GLF16 is anticipated to address the issue of in-depth char-

acterization of such populations, unfeasible until now due to the

lack of appropriate and efficient methodologies.

Senescent cells have been shown to create an immunosup-

pressive tissue microenvironment32 and contribute to cancer

cell progression in vitro and in vivo.33 A question that remains

poorly addressed, partly due to the absence of suitable senes-

cence biomarkers, is whether immune cells may display senes-

cence as a consequence of their interaction with cancer cells

and what the underlying mechanisms of immune cell senes-

cence are. Given that immune cell (sub)population sorting has

traditionally relied on flow cytometry-based approaches, the

use of an optimized compound such asGLF16would, for the first

time, unlock the possibility to faithfully distinguish senescent
Figure 5. GLF16 enables efficient identification, quantification, and mu

(A) Experimental workflow implemented.

(B and C) Flow cytometry analysis of Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells with o

APC, and anti-Ki67-Pacific blue. Gating of GLF16 (+) and GLF16 (�) cells sub

positivity and absence of Ki67) in the senescent population (induced cells), wherea

mean ± SD from three independent experiments. ***p < 0.001 compared to (�) d

(D) Left panel: heatmap depicting the differentially expressed genes (DEGs) of so

displaying the most significant senescence signature genes (DEGs cut-off: Log2

(E) Left panel: Pie charts showing the genomic distribution of the accessible reg

heatmaps of the differentially accessible regions of sorted GLF16 (+) against GLF

with distance 2.5 kb downstream and upstream of the peaks.
from non-senescent immune cell populations. Transcriptional

and chromatin conformation analyses of sorted immune cells

would yield invaluable information on the senescent programs

in place.

The polymeric m-GLF16 system we developed is suitable for

endocytosis due to its nanoscale size. The co-polymer that

was utilized, is well-known for its biocompatibility and biode-

gradability properties, being ideal for biomedical applica-

tions.34–36 Its degradation within the acidic environment of the

cytoplasm leads to release of the compound from the core of

the micelle, eventually permitting its interaction with lipofuscin

aggregates and labeling of live senescent cells in vitro.37,38

Interestingly, m-GLF16 enables tracking, isolation and

culturing of living senescent cells for various downstream appli-

cations. Along these lines, we show that m-GLF16 successfully

tracks senescent cells in human airway organoids. The impor-

tance of this finding lies in the fact that organoids are highly com-

plex 3D culture systems (consisting of various cell types grown in

ECM), thereby closely recapitulating histological and functional

features of the organ they originate from,23 and constitute a vital

tool for personalized disease-modeling.25 A tool such as m-

GLF16 for monitoring senescence directly at the patient level

was so far missing from the field, posing considerable limitations

in the translation of senescence-related research. Apart from the

multiple aforementioned applications of m-GLF16 in ex vivo

settings, we additionally demonstrate that m-GLF16 can be

successfully delivered within senescent cells in living organisms,

allowing their real-time monitoring and isolation. Importantly,

intravenous injection of the carrier is well tolerated by animals,

and therefore, multiple real-time and long–term measurements

are feasible without having to terminate the experimental

processes (compatible with the 3Rs principle [replacement,

reduction, and refinement] in animal testing). Taking into account

all the above, m-GLF16 emerges as a pioneering tool for

investigations in humans, paving the way for imaging and in-

depth analysis of senescence in a wide spectrum of human

pathologies.

Besides SASP, senescent cells may exhibit detrimental proper-

ties by escaping from senescence under certain circum-

stances.13,18 Thus, the field of senotherapeutics, aiming to deal

with those adverse effects, is anticipated to drastically benefit

fromsuch interventions. In this context, linkingGLF16with a seno-

lytic drug that ‘‘kills’’ senescent cells through construction of a

micellar [m-GLF16-senolytic] system emerges as an attractive

strategy for senescent cell selective removal. It is clear that similar

in vivo approaches are now closer than ever and are expected not

only to significantly improve our understanding of the role of
ltimarker analysis of senescent cells by flow cytometry

r without Doxycycline treatment. Cells were stained with GLF16, anti-p16INK4A-

sequently verified co-detection of GLF16 and senescence markers (p16INK4A

s the opposite pattern was observed in the non-treated ones. Data presented as

oxycycline by two-tailed Student’s t test.

rted GLF16 (+) against GLF16 (�) cells. Right panel: part of the DEGs heatmap

fold change 0.5, p value < 0.05).

ions of induced and repressed H3K27ac ChIP-seq peaks. Right panel: density

16 (�) cells. The reference point for the plotting is the center of the peaks (CoP),
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Figure 6. Live cell delivery of m-GLF16 enables isolation of living senescent cells

(A and B) Development of micelle-based GLF16. GLF16 was successfully embedded in a PEO-b-PCL copolymer, where PEO is the hydrophilic and PCL the

hydrophobic part of this micelle, forming a delivery platform.

(legend continued on next page)
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cellular senescence in living organisms, but importantly, to

develop effective strategies to precisely eliminate its adverse ef-

fects. Toward this direction, extremely valuable properties of the

m-GLF16 delivery system affecting its degradation process,

release andcirculation timecanbeoccasionallymanipulated inor-

der for GLF16 to reach its targets within tissues and organs in

future in vivo applications. Thus, further m-GLF16 optimization is

among our perspectives, by adjusting crucial parameters such

as the length of PEO, the external hydrophilic layer of micelles

that makes the nanoparticulate delivery system unperceivable to

phagocytic cells, avoiding the aggregation with albumin and other

serum proteins, thus increasing the circulation time in the

plasma.39
Limitations of the study
Regardless of the nature of the available material (FFPE,

fixed, non-fixed/live cells) the only limitation of GLF16 is

related to the fact that a fluorescence microscope with appro-

priate filter (infrared) and camera is required. Furthermore, it

should be mentioned that m-GLF16 should be used within a

short period of time post preparation to ensure maximum

efficiency.

Taken together, the pioneering properties of GLF16 render it a

valuable tool in the senescence field, unlocking key experimental

approaches that are anticipated to further boost our knowledge

on various aspects of cellular senescence and particularly its role

in human diseases, which have been so far deemed unfeasible.
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Antibodies

Mouse monoclonal anti-p21WAF1/Cip1 Santa Cruz Cat# sc-6246; RRID:AB_628073

Rabbit monoclonal anti-p21WAF1/Cip1 Abcam Cat# ab188224; RRID:AB_2734729

Rabbit polyclonal anti-p16INK4A Abcam Cat# ab54210; RRID:

Rabbit monoclonal anti-Ki-67 Abcam Cat# ab16667, RRID:AB_302459

Goat anti-biotin Biotium Cat# 20055-1, RRID:AB_10853439

Alexa Fluor 488 goat anti-rabbit Abcam Cat# ab150077, RRID:AB_2630356

Alexa Fluor 568 goat anti-mouse Abcam Cat# ab175473, RRID:AB_2895153

Rat monoclonal anti-Ki-67 Biolegend Cat# 151206, RRID:AB_2566801

Alexa Fluor 647 rabbit anti- p16INK4A Cell Signaling Cat# 43161, RRID:AB_2799237

Rabbit monoclonal anti- p16INK4A Abcam Cat# ab211542, RRID:AB_2891084

Rabbit polyclonal anti-Histone H3

(acetyl K27)

Abcam Cat# ab4729, RRID:AB_2118291

Anti-CD3 (SP162 clone) Abcam Cat# ab135372, RRID:AB_2884903

Rabbit polyclonal anti- Cleaved Caspase-3 Cell Signaling Cat# 9661,

RRID:AB_2341188

APC anti-CD4 Biolegend Cat#116013, RRID:AB_2563024

Biological samples

Human Irradiated Head and Neck

carcinomas

Evangelou et al. 201715 N/A

Human Chemotherapy treated breast

carcinomas

Evangelou et al. 201715 N/A

Human liver tissue from young and aged

patients

Evangelou et al. 201715 N/A

Human seminal vesicles Evangelou et al. 201715 N/A

Mouse model conditionally expressing

K-rasV12

Evangelou et al. 201715 N/A

Mouse model of bleomycin induced lung

fibrosis

Evangelou et al. 201715 N/A

Palbociclib treatedmouse tumormelanoma Evangelou et al. 201715 N/A

Chemicals, peptides, and recombinant proteins

Doxycycline Applichem A2951; CAS: 24390-14-5

Keratinocyte-Serum Free medium Invitrogen 17005–075

Dulbecco’s Modified Eagle

Medium (DMEM)

Thermo Fisher Scientific 11965092

Advanced DMEM/F-12 Thermo Fisher Scientific 12634010

Phosphate Buffer Saline (PBS) 1X Biowest L0615-500

Fetal Bovine Serum (FBS) Thermo Fisher Scientific 10270–106

Bovine Serum Albumin (BSA) Applichem A1391; CAS: 9048-46-8

Tetracycline-free Fetal Bovine Serum Biosera FB-1001T/500

Paraformaldehyde (PFA) Merck 104005; CAS: 30525-89-4

SenTraGor� Lab Supplies Scientific N/A

HPLC-grade water Sigma-Aldrich 270733; CAS: 7732-18-5

Hydrogen peroxide solution Sigma-Aldrich H1009; CAS: 7722-84-1

Cultrex Basement Membrane Extract,

PathClear

R&D Systems 3432-010-01

Cell Recovery Solution Corning 354253
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Dasatinib Tocris 6793; CAS: 302962-49-8

Quercetin Sigma-Aldrich 1592409; CAS: 6151-25-3

Bleomycin (sulfate) cayman 13877.5MG

Palbociclib MedChemExpress HY-50767

Thiazolyl Blue Tetrazolium Bromide Sigma-Aldrich M5655; CAS: 298-93-1

Mojosort Streptavidin-conjugated

nanobeads

Biolegend 480016

Cisplatin Sigma-Aldrich 232120

Diamidino-2-phenylindole (DAPI) Thermo Fisher Scientific 62248

Chloroform Sigma-Aldrich 02487; CAS: 67-66-3

Tween 20 Sigma-Aldrich P1379; CAS: 9005-64-5

Glycine Applichem A1067; CAS 56-40-6

Triton X-100 Acros Organics 327372500

Sheep serum Merck S22-100ML

Proteinase K Thermo Fisher Scientific AM2548

Ampure XP purification beads Beckman Coulter 20088800

Acetone Sigma-Aldrich 179124; CAS: 67-64-1

Critical commercial assays

TrueVIEW Autofluorescence Quenching Kit Vector Laboratories SP-8400-15

NucleoSpin totalRNA FFPE kit Macherey-Nagel 740982.50

NucleoSpin RNA, Mini kit Macherey-Nagel 740955.50

NEBNext� Ultra� II Directional RNA

Library Prep with Sample

Purification Beads

New England Biolabs E7765L

Deposited data

Raw data This paper PRJNA925077

Raw data This paper PRJNA998465

Experimental models: Cell lines

HBEC-CDC6 Tet-ON Ramirez et al., 2003;

Komseli et al., 201814
Supplied by Liloglou T. (parental cells

known as HBEC-3KT)

Constructed by our group

Li-Fraumeni-p21WAF1/Cip1 Tet-ON Galanos P. et al. 201613;

Galanos P. et al. 201840
Generated by our group

Airway organoids This paper Generated by our group

Primary murine splenocytes This paper Generated by our group

Experimental models: Organisms/strains

Mouse: C57BL/6 BSRC Al. Fleming (Vari, Greece) N/A

Software and algorithms

FlowJo – –

ScanR – –

TIBCO – –

Kuant – –

Bowtie2 (v2.3.4.1) Langmead and Salzberg, 201241 https://sourceforge.net/projects/bowtie-

bio/files/bowtie2/2.3.4.1/

STAR aligner (v 2.7.6a) Dobin et al., 201342 https://github.com/alexdobin/STAR

SAMtools (v1.7) Li et al., 200943 http://samtools.sourceforge.net/

HTseq count (v0.5.4p3.) Anders et al., 201544 https://htseq.readthedocs.io/en/master/

history.html

RUVseq (v1.0.0) Risso et al., 201445 https://rdrr.io/bioc/RUVSeq/man/

RUVr.html

(Continued on next page)

ll
Technology

Molecular Cell 83, 3558–3573.e1–e7, October 5, 2023 e2

https://sourceforge.net/projects/bowtie-bio/files/bowtie2/2.3.4.1/
https://sourceforge.net/projects/bowtie-bio/files/bowtie2/2.3.4.1/
https://github.com/alexdobin/STAR
http://samtools.sourceforge.net/
https://htseq.readthedocs.io/en/master/history.html
https://htseq.readthedocs.io/en/master/history.html
https://rdrr.io/bioc/RUVSeq/man/RUVr.html
https://rdrr.io/bioc/RUVSeq/man/RUVr.html


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DESeq2 Love et al., 201446 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

MACS2 (v2.1.2) Zhang et al., 200847 https://pypi.org/project/MACS2/

Shiny(R package) Chang et al., 202348 https://cran.r-project.org/web/packages/

shiny/index.html

BEDTools (v2.26.0) Quinlan et al., 201049 https://bedtools.readthedocs.io/en/latest/

DeepTools (v3.5.2) Ramirez et al., 201450 https://github.com/deeptools/deepTools

edgeR Robinson et al., 201551 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

Other

Coverslips Knittel Glass 302974

6-well plates Greiner 657185
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Dr. Vassilis

Gorgoulis (vgorg@med.uoa.gr).

Materials availability
The compounds generated in this study and their protocol applications are available upon request from the lead contact, Dr. Vassilis

Gorgoulis (vgorg@med.uoa.gr).

Data and code availability
d All RNA-seq and ChIP-seq data generated in this study have been deposited at the Database: Sequence Read Archive (SRA -

https://www.ncbi.nlm.nih.gov/sra) with the accession numbers PRJNA925077 and PRJNA998465, respectively, and are pub-

licly available as of the date of publication.

d No new code was generated in this study.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Models
A variety of biological materials that exhibit high levels of senescent cells were used as positive controls for validating the efficacy of

the described analog to identify senescent cells.15 We selected established in vitro and in vivo models as well as various clinical

samples, that are known to exhibit robust cellular senescence, in response to stressful conditions (Stress Induced Senescence,

SIPS), including oncogenic ones (Oncogene Induced Senescence, OIS).9,30,40,52–56 GLF-16 was evaluated in the following models.

In vitro models
i) 2D: All in vitro experiments were conducted using the Li-Fraumeni-p21WAF1/Cip1 Tet-ON and HBEC CDC6 Tet-ON cellular sys-

tems developed by our team, where senescence entry occurs upon Doxycycline induction.13 Cells were maintained in DMEM

(10% tetracycline free FBS) and induction of senescence was accomplished upon addition of Doxycycline (Applichem, Darm-

stadt, Germany) for 6 days as described previously.13,18

ii) Airway organoids (AO) were generated from surgically resected healthy lung tissue from NSCLC patients, and maintained in

culture as previously described.23
In vivo models
Several human clinical samples and murine models known to demonstrate cellular senescence versus control tissues were used for

GLF16 validation. The following models were analyzed as previously described15: i) Head and Neck tumor tissues (irradiated versus

non irradiated), ii) Breast tissues (irradiated versus non irradiated), iii) Human liver tissue from young and aged patients, iv) Human

seminal vesicles, v) Mouse model conditionally expressing K-rasV12, vi) Mouse model of bleomycin induced pneumopathy and vii)

palbociclib treated mouse tumor melanoma xenograft. Protocols for animal tissues and clinical sample collection, and their
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experimental use were approved by the Bio-Ethics Committee of theMedical School of Athens, in accordancewith the Declaration of

Helsinki and local laws and regulations, following also written consent from the patients in the case of clinical samples.

METHOD DETAILS

GLF16 chemical synthesis
Synthesis of GLF16 and its structural analogues

In brief, the previously reported SBB lipophilic GL9 analogue (a non-biotinylated form of GL13) was used as lead compound and con-

verted to the corresponding succinic ester GL353. GL353 was subsequently coupled with the synthesized cyanine heptamethine

derivatives GLF6, GLF15, GLF18 and GLF20, leading eventually to the target derivatives GLF7, GLF16, GLF19 and GLF21, respec-

tively. Detailed description concerning the synthetic procedures and the characterization of all these target derivatives is provided in

Methods S1.

Poly(ethylene oxide)-block-poly(ε-caprolactone) (PEO-b-PCL) amphiphilic block copolymer preparation

The poly(ethylene oxide)-block-poly(ε-caprolactone) (PEO-b-PCL) amphiphilic block copolymer was prepared by ring opening poly-

merization of ε-caprolactonemonomer using amonohydroxy terminated PEG (Sigma-Aldrich Chemical Co.) (Mn = 5,000) as themac-

roinitiator and stannous octanoate as the catalyst. The copolymer was characterized by size exclusion chromatography (SEC) and

nuclear magnetic resonance (1H-NMR) and it was found to have the following molecular characteristics:Mw = 10,600, 53 wt % PCL

(hydrophobic component).37 All formulations were prepared in HPLC-grade water, which was purchased from Sigma–Aldrich Chem-

ical Co. Chloroform and acetone were of analytical grade and purchased from Sigma–Aldrich Chemical Co.

GLF16 solution preparation
4 mg of GLF16 were diluted in 500mL of DMSO (solution 1). Then 25 mL of solution 1 were mixed with an equal volume of Tween 20,

and subsequently 950 mL of PBS were added to prepare a stock solution of 200 mg/ml (solution 2). Working solution for in situ fluo-

rescence and flow cytometry experiments, was 70 mg/mL and 4–50 mg/mL (in 2.5% DMSO/2.5%/TWEEN 20/PBS), respectively.

Immunofluorescence analysis
Inducible Li Fraumeni-p21WAF1/Cip1 Tet-ON and HBEC CDC6 Tet-ON cell lines were seeded (2x105 cells/well) on coverslips (12-mm

diameter) and were subsequently triggered to senescence induction upon treatment with Doxycycline. Coverslips were removed,

cells were fixed (4%PFA/PBS, 10min, 4�C) and permeabilized (Triton 0.3%/PBS 15min). Blocking of non-specific epitopes was per-

formed using sheep serum (S22, Merck Millipore). Cells were subsequently stained with primary antibodies for 1h, and positive cells

were visualized using secondary antibodies for 1h. Upon staining with primary and secondary antibodies, cells were stained for lip-

ofuscin usingGLF16 for 10min (70 mg/ml) avoiding light exposure. Excess compoundwas removed bywashing thrice with theGLF16

diluent. Nuclei were finally visualized by DAPI staining. Cells were washed (30s with dH2O) and coverslips were mounted onto slides

for microscopy.

Formalin fixed paraffin embedded (FFPE) tissue sections (4mm) were de-parafinized, and rehydrated. Sections were immersed in

citrate buffer (pH = 6) and antigenic epitopes retrieval was performed in a steamer for 15 min. Blocking of non-specific epitopes was

performed using sheep serum (S22,MerckMillipore). GLF16was applied for 10min (100 mg/ml) avoiding light exposure. Sectionwere

washed 3 times for 10 min each with GLF16 dilutant. For double immunofluorescence staining, sections were incubated with primary

antibodies were for 1h following GLF16 application and secondary antibodies were applied for 1h. Tissue autofluorescence was

diminished using the TrueVIEW Autofluorescence Quenching Kit (Vector Laboratories Inc., CA, USA). SenTraGor staining was per-

formed as previously described.15 Sections were counterstained with DAPI and mounted. Sections were visualized using the Leica

TCS-SP8 confocal microscope at 20x, 40x and 63x objectives. Evaluation of the staining outcome was carried out as previously

described (Zampetidis et al.2021).

Flow cytometry
GLF16 was first validated using the Li-Fraumeni-p21WAF1/Cip1 Tet-ON and HBEC CDC6 Tet-ON cellular systems. Cells were plated

onto 10-cm cell culture dishes and treated with or without Doxycycline for cellular senescence induction. Cells were subsequently

collected (centrifuged at 280 g), fixed with 4% paraformaldehyde solution for 15 min, washed with 1 mL PBS and subsequently per-

meabilized with 0.25% Triton X- for 15 min. Cells were washed again and stained for lipofuscin using 4–50 mg/mL GLF16 for 8 min.

Excess compound was removed by washing twice with GLF16 solvent solution. Cells were subsequently stained with anti-p16INK4A-

APC (Cell Signaling Technology, Danvers, MA) and anti-Ki67-Pacific blue (Biolegend, San Diego, CA) antibodies.

To evaluate senescence in primary cultures, T cells were isolated from fresh murine spleens using anti-CD3 biotinylated antibody

and streptavidin-conjugatedmagnetic beads (Mojosort kit, Biolegend, San Diego, CA). T cells were subsequently treatedwith vehicle

(PBS) or cisplatin (50mM) overnight and cells were collected, washed and stained for lipofuscin as described above, and subse-

quently stained with anti-p16INK4A (Abcam, Cambridge, UK) primary antibody for 30 min, followed by addition of Dylight 488 second-

ary antibody (Biolegend, San Diego, CA). In all cases cells were analyzed in a BD FACSCantoII flow cytometer and analyzed by

FlowJo Software (LLC, Ashland, OR, USA). Gating strategy is displayed in Figure S5A.
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QIBC analysis
Quantitative image-based cytometry (QIBC) analysis (Figure S2) was performed essentially as previously described.18 In brief, im-

ages were taken with a ScanR inverted microscope High-content Screening Station (Olympus) for Life Science that was equipped

with wide-field optics, 20x dry objectives were used, fast excitation and emission filter-wheel devices for 6 different spectral wave-

length areas, anMT20 illumination system, and a digital monochrome scientific CMOS camerawith sensor chip FL-400. Imageswere

obtained in an automated fashion with the ScanR acquisition software (Olympus, 3.2.0). For each condition, 100 images were ac-

quired containing at least 10,000 cells per condition. Acquisition times for the different channels were adjusted for nonsaturated con-

ditions, and same settings were applied to all the samples within one experiment. Images were processed and analyzed with the

corresponding ScanR analysis software. In brief, the DAPI signal was used for the generation of an intensity-threshold-based

mask to identify individual nuclei as main objects. This mask was then applied to analyze pixel intensities in different channels for

each individual nucleus. For analysis of GLF16, additional masks were generated by defining a ‘ring’ surrounding the mask (nuclei)

and an automated detection of single nuclei with intensity-based or spot-detector modules provide by the software. The ‘ring’ was

defined as sub-object, and the generated mask was used for quantification of pixel mean intensities in foci. Based on the distin-

guished objects and sub-objects, the desired parameters (mean and total intensities, area, foci count, and foci intensities) for the

each nuclei or foci were quantified, as well as derived parameters (sum of mean intensity per nucleus-representing each cell). These

values were then exported as.txt files and analyzed with TIBCO Software (version 10.10.0). This software was used to quantify ab-

solute, median, and average values in cell populations and to generate all color-coded scatterplots. Within one experiment, similar

cell numbers were compared for the different conditions.

Treatment with senolytics
Dasatinib (cat. No.6793, Tocris Bioscience, UK) andQuercetin (cat. No. 1592409, Sigma, USA) solutions were prepared as previously

described.57 Li-Fraumeni-p21WAF1/Cip1 Tet-ON were treated with escalating concentrations of Dasatinib (0-20mM) and 15mM Quer-

cetin (D + Q) for 3 subsequent days. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay (Thiazolyl

Blue Tetrazolium Bromide, M5655, Sigma-Aldrich, Darmstadt, Germany) was applied for the estimation of cell viability after D + Q

treatment as previously described.58,59

Nano-delivery system
Preparation of micelles

Polymeric micelles were prepared by the thin-film hydration method as previously described.60 Detailed description regarding to the

preparation of micelles PEO-b-PCL micelles is provided in Methods S3.

Physiochemical characterization

The physicochemical characteristics of the prepared nanosystems were evaluated by measuring their mean hydrodynamic diameter

(Dh, nm) and polydispersity index (PDI) through Dynamic Light Scattering (DLS) and by morphological observation via Transmission

Electron Microscopy (TEM). Detailed description concerning the characterization of pure PEO-b-PCL and m-GLF16 is provided in

Methods S3.

m-GLF16 administration for fluorescence microscopy and flow cytometry

Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells were treated with 0.0125 mg/mL (Immunofluorescence) and 0.0166 mg/mL (Flow Cytometry)

m-GLF16 for 3h (37�C, 5% CO2) as the most effective, following testing at various concentrations and incubation time. Medium was

subsequently removed, cells were washed twice with PBS and cells were either fixed with 4% PFA (10 min, 4�C), washed, stained

with DAPI and observed via confocal microscopy, or collected and analyzed by flow cytometry.

Tracking of living senescent cells in human airway organoids using m-GLF16
For senescence induction, AO cultures were supplemented with 150 mM hydrogen peroxide (H2O2) for 72 h. At 24 and 48 h of treat-

ment, the AO medium was removed and replaced by freshly H2O2-supplemented AO medium. Upon completion of treatment, orga-

noids were left to grow in H2O2-free AO medium for 48 h. Next, H2O2-treated and control AO cultures were incubated with

0.125 mg/mLm-GLF16 for 3 h. For wholemount staining, AOswere removed fromBasementMembrane Extract (BME; R&D systems)

using Cell Recovery Solution (Corning), washed once with PBS and fixed for 20 min in 4% paraformaldehyde, permeabilized for

20 min in 0.2% Triton X-100 (Sigma), and blocked for 45 min in 1% BSA. AOs were incubated with primary antibody (p21WAF1/Cip1;

Cell Signaling) at 4�Covernight, washedwith PBS three times, incubatedwith secondary antibody (Alexa Fluor 488) for 1h at RT, DAPI

(1:1000; Biotium) was applied for 5 min, washed two times with PBS and mounted in anti-fade mounting medium. Samples were

imaged on the Leica TCS-SP8 confocal microscope.

Visualization of senescent cells in vivo

C57BL/6 mice were purchased from BSRC Al. Fleming (Vari, Greece) and housed at the Animal Model Research Unit of Evangelis-

mos Hospital. Mice received food and water ad libitum. Experiments were approved by the Veterinary Administration Bureau, Pre-

fecture of Athens, Greece (Decision No: 548032, 08/05/2023) under compliance to the national law and the EU Directives. The po-

tential ofm-GLF16 to identify and visualize senescent cells in vivowas challenged in the palbociclib-treated mouse melanoma27 and

bleomycin-induced fibrosis61 models known to exhibit robust senescence. Briefly, murine melanoma cells were subcutaneously
e5 Molecular Cell 83, 3558–3573.e1–e7, October 5, 2023



ll
Technology
injected in the right flank of C57BL/6 mice and once tumors became palpable (6–8 days upon tumor cell inoculation), mice were

administered 100 mg/kg of body weight of the CDK4/6 inhibitor (PD-0332991, palbociclib) by oral gavage for 7 consecutive days.

In case of the bleomycin-induced pneumonopathy, C57BL6 mice were intra-tracheally administered with 2 units/kg of body weight

to develop lung fibrosis. Senescence peaks from day 14–21.61

To monitor senescence in vivo, mice were intravenously injected with 1mg of m-GLF16 micellar dispersion under ketamine/xyla-

zine anesthesia. Images were taken either using the small animal live optical-imaging 4-eye (Bioemtech, Athens, Greece) or Newton

7.0 Vilber Lourmat imager (Vilber, France) 24h uponm-GLF16 administration. For ex vivo validation of senescence, mice were eutha-

nized and tumors (where applicable), heart, liver, lungs, spleen and kidneys were harvested and visualized immediately. Analysis of

images was carried out using the Kuant software (Vilber, France). Fluorescence was measured in photons per second per square

centimeter per steradian (ph/sec/cm2/sr) upon a selection of a region of interest area (ROI).

To additionally evaluate the toxicity of the compound, naive mice were administered with 1mg of m-GLF16 micellar dispersion

intravenously, thrice every 2 h (in order to receive a high quantity of the micelle), and seven days later mice were euthanised, and

blood and vital organs were collected. Total and differential WBC counts were determined using the Countess cell counter (Invitro-

gen) and blood smears were also evaluated upon May-Gruwald/Giemsa staining. Tissue sections of vital organs were stained for

hematoxylin/eosin and assessed for histopathological alterations.

RNA and ChIP-sequencing analysis of fixed or live FACS-sorted cells
Cell preparation

Li-Fraumeni-p21WAF1/Cip1 Tet-ON cells were seeded onto 10-cm cell culture plates and once they reached 70%confluency theywere

treated with 10 mg/mL Doxycycline for 6–8 days so that cells become senescent. Untreated cells were also cultured to serve as nega-

tive and unstained controls during the sorting analysis.

Cells were either fixed and stained with GLF16, or inoculated withm-GLF16 for 3h as described above. In both cases, GLF16+ cells

were sorted against GLF16- using FACSAria II and collected in 5mL sterile, RNAse-free tubes.

RNA-seq analysis

Total mRNA from sorted cells was extracted using theNucleoSpin totalRNA FFPE kit (Macherey-Nagel, Germany) (in the case of fixed

cells) or the NucleoSpin RNA mini kit (Macherey-Nagel, Germany) in the case of live cells. RNASEq libraries were prepared with the

NEBNext ultra II directional RNASeq kit (Reverse strand specificity) and single-end sequenced at 101 bp length with the Illumina

NovaSeq 6000 platform, in the Greek Genome Center of BRFAA.

Li-Fraumeni-p21WAF1/Cip1 Tet-ON RNA-seq raw data were mapped to the human genome (version GRCh38/hg38) using STAR42

aligner. Samtools43 were used for data filtering and file format conversion, while the HT-seq count algorithm44 was used to assign

aligned reads to exons using the following command line ‘‘htseq-count –s no –m intersection –nonempty’’. Normalization of reads

and removal of unwanted variation was performed with RUVseq.45 Differentially expressed genes were identified using the

DESeq2 R package46 and genes with log2 fold change cut-off of 0.5 and p value less than 0.05 were considered to be significant.

Gene ontology and pathway analysis was performed using the Database for Annotation, Visualization and Integrated Discovery

(DAVID).62 Only pathways and biological processes with p value less than 0.05 were considered to be significantly enriched. Heat-

maps representing the significant differentially expressed genes and themost significant genes that constitute senescence signature

were constructed with R package Shiny,48 where hierarchical clustering was performed, with linkage method ‘average’.

ChIP-seq analysis

For ChIP-seq analysis, samples were prepared using a previously published protocol63 with certain modifications. Briefly, approx-

imately 1 million cells per sample were fixed with 1% formaldehyde for 30 min at room temperature and quenched with 0.125M

glycine for 5 min. After cell and nuclei lysis, chromatin was sonicated using a Covaris S220 instrument. In the immunoprecipitation

step chromatin was incubated overnight with 3 mL (2 mg) of anti-H3K27ac antibody (Abcam, ab4729). Following immobilization on

protein G beads and washing steps, samples were treated with proteinase K, crosslinks were reversed overnight at 65�C and the

DNA was purified with Ampure XP purification beads (Macherey Nagel). Libraries were prepared using the NEBNext Ultra II DNA Li-

brary Prep Kit for Illumina following the kit instructions. To measure DNA concetration, a Qubit fluorometer was used and library sizes

were assessed using the Agilent 2100 Bioanalyzer instrument. Samples were sequenced at the Greek Genome Center situated at

BRFAA. H3K27ac ChIP-seq reads (single-end 100 bp reads and paired-end 65 bp reads) were generated with NovaSeq 6000.

H3K27ac GLF16 (�) (three replicates) and H3K27ac GLF16 (+) (three replicates), H3K27ac m-GLF16 (�) (two replicates) and m-

H3K27ac GLF16 (+) (two replicates) in Li-Fraumeni-p21WAF1/CiP1 Tet-ON cells, with their corresponding inputs were aligned to the

human genome (version GCCh38/hg38) with Bowtie2 algorithm41 and «–verysensitive » parameter. Samtools64 were used for

data filtering and file format conversion. Duplicate reads, blacklist regions and chromosome M were removed before peak calling.

TheMACS247 algorithm with default q-value 0.01 was used for ChIP-seq peak identification. Accessible and non-accessible regions

were identified from the narrowpeaks in two steps. First, the peak lists aremerged to obtain consensus peakswith subcommands cat

and mergeBed from BEDTools.49 Second, with intersectBed and parameters –wa –u -v, we identify the new intersected peaks in or-

der to identify the open and closed chromatin regions. The reads that belong to these consensus peaks are counted and a statistical

model based on edgeR51 is used for identifying the differential peaks. For the common peaks between two conditions, an extra anal-

ysis is done, with DESeq2,46 which uses the Negative Binomial distribution to compute a p value and a fold change for each estimated

peak. Peaks that are highly enriched in comparison with the rest are also considered as accessible regions.
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Annotation of peaks to genes (100 kb upstream and 25 kb downstream of the TSS) and genomic distribution of accessible regions

identified by MACS2 was performed using BEDTools and the -closestBed and -intersectBed subcommands, respectively. All bam

files were converted to bedgraphs with genomeCoverageBed subcommand and using the -scale option. Density heatmaps were

generated with the ComputeMatrix function from package DeepTools65 and using a reference point with the parameters –referen-

cePoint center -b 2500 -a 2500 -R <bed files> -S < bigwig files>. The function plotHeatmap from the same package was used for

displaying the average profiles heatmaps. To check the statistical significance of the overlap between the assigned genes frompeaks

and the deregulated genes from RNA-seq, hypergeometric test was performed.

QUANTIFICATION AND STATISTICAL ANALYSIS

In each experiment, values are presented as means ± standard deviation. Differences between groups were evaluated using the

parametric 2-tailed Student’s t test, the non-parametric Mann Whitney or 1-way ANOVA with Bonferroni’s post hoc test for multiple

comparisons, as appropriate. p < 0.05 were considered significant. Statistical analysis was performed using the Statistical Package

for the Social Sciences v.13.0.0 (IMB).

ADDITIONAL RESOURCES

For additional resources and information see supplemental information file and Methods S1, S2, and S3.
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