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Cell senescence is one of the hallmarks of aging known to negatively influence a healthy lifespan. Drugs able to kill senescent cells specifically
in cell culture, termed senolytics, can reduce the senescent cell burden in vivo and extend healthspan. Multiple classes of senolytics have

been identified to date including HSP90 inhibitors, Bcl-2 family inhibitors, piperlongumine, a FOXO4 inhibitory peptide and the combination

of Dasatinib/Quercetin. Detection of SA-B-Gal at an increased lysosomal pH is one of the best characterized markers for the detection of
senescent cells. Live cell measurements of senescence-associated 3-galactosidase (SA-B-Gal) activity using the fluorescent substrate C1,FDG
in combination with the determination of the total cell number using a DNA intercalating Hoechst dye opens the possibility to screen for
senotherapeutic drugs that either reduce overall SA-B-Gal activity by killing of senescent cells (senolytics) or by suppressing SA-3-Gal and other
phenotypes of senescent cells (senomorphics). Use of a high content fluorescent image acquisition and analysis platform allows for the rapid,
high throughput screening of drug libraries for effects on SA-B-Gal, cell morphology and cell number.

Introduction

Cellular senescence was described for the first time by Leonard Hayflick and Paul Moorhead, who showed that normal cells had a limited ability
to proliferate in culture”. Senescent cells fail to proliferate despite the presence of nutrients, growth factors and lack of contact inhibition, but
remain metabolically active®. This phenomenon is known as replicative senescence and was mainly attributed to the telomere shortening, at
least in human cells®. Further studies have shown that cells can also be induced to undergo senescence in response to other stimuli, such as
oncogenic stress (oncogene induced senescence, OIS), DNA damage, cytotoxic drugs, or irradiation (stress induced senescence, SIS)4'5’G. In
response to DNA damage, including telomere erosion, cells either senesce, start uncontrolled cell growth, or undergo apoptosis if the damage
cannot be repaired. In this case, cell senescence seems to be beneficial as it acts in a tumor suppressive manner”. In contrast, senescence

is increased with aging due to the accumulation of cellular damage including DNA damage. Since senescent cells can secrete cytokines,
metalloproteinases and growth factors, termed the senescence-associated secretory phenotype (SASP), this age-dependent increase in
cellular senescence and SASP contributes to decreased tissue homeostasis and subsequently aging. Also, this age-dependent increase

in the senescence burden is known to induce metabolic diseases, stress sensitivity, progeria syndromes, and impaired healing7'8 and is, in
part, responsible for the numerous age-related diseases, such as atherosclerosis, osteoarthritis, muscular degeneration, ulcer formation, and
Alzheimer's disease™ ™ ' 7. EIiminating senescent cells can help to prevent or delay tissue dysfunction and extend healthspan”. This has
been shown in transgenic mouse models 41516 a5 well as by using senolytic drugs and drug combinations that were discovered through both
drug screening efforts and bioinformatic analysis of pathways induced specifically in senescent cellg'"1819:20.21.22 Identifying more optimal
senotherapeutic drugs, able to more effectively reduce the senescent cell burden, is an important next step in the development of therapeutic
approaches for healthy aging.

Senescent cells show characteristic phenotypic and molecular features, both in culture and in vivo. These senescence markers could be

either the cause or the result of senescence induction or a byproduct of molecular changes in these cells. However, no single marker is

found specifically in senescent cells. Currently, senescence-associated B-galactosidase (SA-B-Gal) detection is one of the best-characterized
and established single-cell based methods to measure senescence in vitro and in vivo. SA-B-Gal is a lysosomal hydrolase with an optimal
enzymatic activity at pH 4. Measuring its activity at pH 6 is possible because senescent cells show increased lysosomal activity23'24. For living
cells, increased lysosomal pH is obtained by lysosomal alkalinization with the vacuolar H*-ATPase inhibitor Bafilomycin A1 or the endosomal
acidification inhibitor chloroquine25‘26. 5-Dodecanoylaminofluorescein Di-B-D-%aIactopyranoside (C12FDG) is used as substrate in living cells as
it retains the cleaved product in the cells due to its 12 carbon lipophilic moiety’ 5, Importantly, SA-B-Gal activity itself is not directly connected with
any pathway identified in senescent cells and is not necessary to induce senescence. With this assay, senescent cells can be identified even in
the heterogeneous cell populations and aging tissues, such as skin biopsies from older individuals. It also has been used to show a correlation
between cell senescence and aging23 as it is a reliable marker for senescent cell detection in several organisms and conditions®"?8%°%° Here,
a high throughput SA-B-Gal screening assay based on the fluorescent substrate C4,FDG using primary mouse embryonic fibroblasts (MEFs)
with robustly oxidative stress induced cell senescence is described and its advantages and disadvantages are discussed. Although this assay
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can be performed with different cell types, the use of Ercc1-deficient, DNA repair impaired MEFs allows for more rapid induction of senescence
under conditions of oxidative stress. In mice, reduced expression of the DNA repair endonuclease ERCC1-XPF causes impaired DNA repair,
accelerated accumulation of endogenous DNA damage, elevated ROS, mitochondrial dysfunction, increased senescent cell burden, loss

of stem cell function and premature aging, similar to natural aging3

132, Similarly, Ercc1-deficient MEFs undergo senescence more rapidly in

culture". An important feature of the senescent MEF assay is that each well has a mixture of senescent and non-senescent cells, allowing

fo

r the clear demonstration of senescent cell-specific effects. However, although we believe that the use of oxidative stress in primary cells to

induce senescence is more physiologic, this assay also can be used with cell lines where senescence is induced with DNA damaging agents like

et

oposide or irradiation.

Animal use was approved by the Scripps Florida Institutional Animal Care and Use Committee.

1. Generation of senescent murine embryonic fibroblast (MEF) — 12-15 days
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Isolate wild type and Ercc1”” MEFs from pregnant female mice at embryonic day 13 (E13) as described previouslyss.

NOTE: All following steps are carried out in a tissue culture hood under aseptic conditions and using sterile instruments.
Resect the embryo head above the eyes.

Remove the red tissue (heart and liver) and use them for genotyping if necessary.

Prepare 500 mL of a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham'’s F10 with 10% fetal bovine serum, 1x
nonessential amino acids, penicillin, and streptomycin as growth medium and warm it up to 37 °C for around 15 min before each use. Store
growth medium at 4 °C.

Incubate the rest of the embryo with 0.25% trypsin/EDTA for 10 min.

Mince the embryo into 1 mm pieces and pipette the tissue up and down several times.

Add 10 mL of growth medium and plate tissues of one embryo per 10 cm diameter cell culture plate (passage 0).

Cultivate cells at 37 °C, 3% O,, 5% CO,.

NOTE: Only MEF cells attach to non-coated tissue culture plates under these conditions.

Change medium every day in passage 0 to remove non-attached tissue and cell fragments.

NOTE: Depending on the size of the embryo and the quality of the isolation, cell usually reach confluency after 2 to 3 days.
Trypsinization

Carefully remove the growth medium and wash cells with 10 mL of 1x PBS two times.

Add 2 mL of a 0.025% trypsin/EDTA solution to cells in 10 cm diameter plates and incubate at 37 °C for 2-3 min.

Make sure that cells are detached from the surface by inspecting the cells under the microscope.

Terminate trypsin digestion by adding the same amount of growth medium.

Transfer the cells to a conical tube and centrifuge cells at 200 x g for 3 min and discard the supernatant.

Resuspend cells carefully in fresh growth medium, count cells and seed them in new plates at the projected cell density.

ook wn~

For non-senescent sub cultivation split confluent cells 1:4 and extend for another passage at 3% O,, 37 °C to yield more cells (passage 1).
NOTE: At this point the cells can either be maintained in culture or stored for later use in liquid nitrogen, in cryovials containing approximately
1 million cells each. This step also offers the possibility to generate a mixed batch of cells from different animals to reduce variability coming
from single animal analysis.

To induce cell senescence, seed split confluent cells from passage 1 at a ratio of 1:4 and incubate them at 20% O,, 37 °C, 5% CO, for 3
days; these culture conditions are atmospheric for oxygen.

NOTE: Cultivation of cells and blastocsysts under ambient oxygen concentrations can elevate markers of cellular senescence specifically
when DNA damage repair is impaired 43536

Repeat this procedure for 2 more passages.

To monitor cellular senescence, measure the gradual increase in cell diameter and cell volume during each trypsinization step using an
advanced Coulter cell counter system.

Assess the reduction in cell proliferation by determination of population doubling (PD) using the equation

PDT = (t,-11)/3.32 x (log n, — log ny)

NOTE: Population doubling time was only used for non-senescent cells.

. Use early passage wild-type or Ercc1” MEF cells that were kept at 3% O,, 37 °C, 5% CO, as non-senescent control cells.

2. Senescent associated B-Gal screening assay — 2-3 days

Prepare 10 mM stock solutions in DMSO of all drugs to be tested and store aliquots at -80 °C. Do not freeze-thaw stock solutions as this may
decrease the activity of drugs.

NOTE: Here, the HSP90 inhibitor 17DMAG was used as a senolytic drug capable of specifically killing senescent cells".

On the day of the experiment thaw the aliquot, dilute the drugs in fresh culture medium and add to the cells containing conditioned medium at
a 1:1 ratio to yield the final concentration in growth medium.

Use 96-well pre-dilution plates for serial dilutions and drug combinations.

NOTE: For MEF cells, it was empirically determined that DMSO concentrations should not exceed 2% and control cells treated with highest
DMSO concentrations used should be included in each run.

Seed 5 x 10° senescent cells or 3 x 10° non-senescent cells per well in 96 well plates at least 6 h prior to treatment in 100 pL of growth
medium and incubate at 20% O,, 37 °C, 5% CO.,.

NOTE: Cells should be about 80% confluent before treatment.

Use black wall/clear bottom tissue culture, treated 96 well plates to minimize fluorescent signal crosstalk and background.

NOTE: However, clear plates have also been tested successfully.
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Add drug dilutions to MEF cells and incubate for 24 h to 48 h under 20% O,, 37 °C, 5% CO, conditions.
Keep non-senescent cells under 3% O,, 37 °C, 5% CO, conditions.
For lysosomal alkalinization, prepare a 10 mM bafilomycin A1 solution, aliquot and keep frozen at -20 °C.
For fluorescence analysis of SA-B-Gal activity, prepare a 2 mM C,,FDG stock solution, store at -20 °C, and protect from light.
0. For the working solution, prepare 100 uM C4,FDG in growth medium on the day of experiment.
NOTE: All (incubation) steps involving C4,FDG should be performed in the dark.
11. Remove the drug solution and wash cells 1 time with 100 pL of 1x PBS.
12. Induce lysosomal alkalinization by pretreating cells with 90 pL of a 100 nM bafilomycin A1 solution prepared in fresh cell culture medium for 1
hour at 20% O,, 37 °C, 5% CO..
13. Add 10 pL of 100 uM C4,FDG working solution to the culture medium (final concentration 10 pM).
14. Incubate cells for 2 h.
15. Add 2 pL of a 100 pg/mL Hoechst 33342 dye (final concentration 2 pg/mL) to the culture and incubate for 20 min.
16. Remove media and add 100 pL of fresh growth medium.

0N

3. Quantitative high content fluorescent image analysis

1. Use a high content fluorescent image acquisition and analysis platform to acquire fluorescent images of the cells in the two channels
appropriate for the capture of Hoechst and C12FDG fluorescence (e.g., DAPI and FITC channel presets, respectively).
NOTE: Acquisition protocols require the definition of several variables that are specific to the assay. The purpose of an acquisition protocol is
to capture an adequate number of in-focus fluorescent images of sufficient numbers of cells for downstream quantitative analysis.

2. Develop an appropriate analysis protocol by selecting each channel and defining, by adjusting one or more selective criteria, what qualifies as
a feature of interest in each channel.

1. For the nucleus, use so segmentation pre-sets (e.g., nuclear segmentation, vesicle segmentation, cytoplasm segmentation) that will
allow the identification of cellular organelles on the basis of multiple criteria including morphology, size, and signal intensity. Adjust
these criteria to include nuclei while excluding nuclear fragments and debris which may have a signal, but which are, for example, too
large or too small to be nuclei.

2. Check the signal in the FITC channel which is fluorescence from cleaved C41,FDG and represents the amount of senescence-
associated 3-galactosidase activity in the cells.

NOTE: Senescent cells have a higher senescence-associated -galactosidase activity than non-senescent cells; however, C1,FDG
fluorescence will be non-discrete and continuous, necessitating the establishment of a threshold between what is considered a
C4,FDG-positive and a C1,FDG-negative cell.

3. Using commercially available analytical software, generate a count of instances in which a defined region surrounding the nucleus (a
presumptive cell) has overlapped at least once with an above-threshold C4,FDG.

NOTE: The analytical software automatically generates a count using target linking. This is the assay’s practical definition of a
senescent, C1,FDG-positive cell.

3. Analyze all samples in triplicate with 3-5 fields per well and mean values and standard deviations being calculated accordingly.
4. Calculate the percentage of senescent cells using the following formula:
no (senescent cells) « 100

Senescent cells (%) =
no (total cells)

4. Assay validation parameters

1. For all samples intra- and inter-assay coefficient of variations (%CVs) were calculated using the following formula:

Intra-assay CV (n = 10 repeats measured in one experiment) = % x 100 (%)

average

Inter-assay CV (n = 5 independent experiments) = x 100 (%)

2. For screening purposes, determine the Z’ value, a statistical parameter to evaluate the quality of an assay, from cells treated with 200 nM
rapamycin for 24 h at 20% O,, 37 °C, 5% CO, (a positive control for senotherapeutic drugs) and untreated senescent cells (negative control).
NOTE: The Z’ value was calculated according to Zhang et al.¥’. 7’ values between 0.5 and 1 indicate that an assay can be used for drug
screening.

Representative Results

SA-B-Gal activity can be detected in cells that are induced to senesce by various ways from replicative exhaustion, genotoxic and oxidative
stress, to oncogene activation?2>3_ |n the current model using Ercc1-deficient mouse embryonic fibroblast cells, normoxic growth conditions
(20% O,) were sufficient to induce cell senescence after cultivating them for a few passages. Wild type MEFs also undergo senescence but
require additional passages at 20% O,. Figure 1 shows the workflow of the screening assay starting with the isolation of primary MEF cells from
Ercc1-deficient mouse embryos, to the induction of cell senescence by oxidative stress, and finally to the analysis of microscopic data obtained
with a high content fluorescent microscope. Figure 2 shows representative images of MEF cell cultures containing non-senescent (young) cells
(Figure 2, left), about 50% senescent cells in passage 5 (Figure 2, center), and senescent cells treated with a senolytic drug (Figure 2, right).
Figure 3A shows representative images for automatic, software generated quantitative analyses of senescent cells. Figure 3B demonstrates the
elimination of background B-galactosidase activity by bafilomycin-A. Figure 4 shows possible outcomes of senescent cell cultures treated with
drugs including senescent cell killing (senolytic) and senescence modulating (senomorphic) drugs as described in Fuhrmann-Stroissnigget alV.
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Figure 1. Schematic overview of screening assay and timeline. MEF cells are isolated from pregnant mice and put on cell culture treated
plastic plates for a few days to expand. Early passage cells can be frozen in liquid nitrogen and can be used for screening at a later time
point. Cell senescence is induced by oxidative stress by passage at 20% O, and cells are exposed to drugs once they have reached a robust
senescent state. Data analysis including the amount total and remaining senescent cells is performed. The timeline, in days, indicates the
duration of one experiment. Please click here to view a larger version of this figure.

non-senescent cells senescent cells senescent cells + senolytic

Figure 2. Representative Images of non-senescent, senescent and senescent cells treated with 100 nM of the senolytic drug 17DMAG.
Blue fluorescence indicates DNA staining with Hoechst 33324 whereas green fluorescence indicates SA-B-Gal staining with C4,FDG. Bright
green staining represents SA-B-Gal positive senescent cells whereas dim staining represents SA-B-Gal low or negative, non-senescent cells.
Please note that senescent cells usually have bigger cell size and are flattened. Please click here to view a larger version of this figure.

A

(=) Bafilomygin A

( + ) Bafilomycin A

Figure 3. Representative Images of a senescent MEF cell culture analyzed with commercial software. (A) SA-B3-Gal positive cells (SA-
B-Gal") cells are outlined in green (green arrows), SA-B-Gal negative (SA-B-Gal’) are outlined in red (red arrows). Left and right panels show
nuclear (Hoechst) and C1,FDG (FITC) signal, respectively. Only areas that stain positive for Hoechst (contain a nuclei) are considered as cells.
(B) A comparison of Bafilomycin-A treated and untreated cells. Residual ®-galactosidase activity present in all cells is reduced by lysosomal
acidification Please click here to view a larger version of this figure.
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Figure 4. Scheme of possible outcomes of drug treatment. Drugs can have different effects on senescent and non-senescent cells including
kill senescent cells (senolytics) or suppress the SA-B-Gal senescent phenotype (senomorphics). Together these two classes are termed
senotherapeutics. This figure has been modified from Fuhrmann-Stroissnigget al. *. Please click here to view a larger version of this figure.

SA-B-Gal is a well-defined biomarker for cellular senescence originallg discovered by Dimri et al. (1995) showing that senescent human
fibroblasts have increased activity of SA-B-Gal when assayed at pH 6 3 compared to proliferating cells. Meanwhile, in vitro and in vivo assay for
SA-B-Gal have been established for different cell types and tissues?®>°4%_ The fluorescence based single-cell method to measure SA-B-Gal in
live cells described in this protocol is an excellent primary screening tool for drugs influencing cell senescence'’. However, although SA-B-Gal is
considered as one of the most convenient markers for senescent cell detection, additional markers for cellular senescence like the detection of
cell cycle regulators p16Ink4A and p2141, senescence associated secretory phenotype (SASP) proteins like IL-6, TNFa, HMGB1and NF-kB*2, DNA
damage repair markers like YH2Ax and telomere associated DNA damage foci (TAFs)43’44, senescence associated heterochromatin foci (SAHF)

or basic morphological markers like cell size and granularity need to be in place as confirmatory assays to ensure the senotherapeutic potential
of drugs4°. Since the transition from a normal cell into a senescent cell is a slow process, the critical step in this method is to find the threshold
that distinguishes between C4,FDG positive (senescent) and negative (normal) cells. This has to be determined empirically for each cell type and
C42FDG positive and negative controls have to be included in each experiment.

In addition to oxidative-stressed Ercc1” MEFs, this method can be modified for other adherent cell types. Oxidative-stressed Ercc1-deficient
mesenchymal stem cells (MSCs) and etoposide-treated human IMR90 cells were already successfully tested in the assay and can be used to
screen for drugs”. However, times to induce senescence as well as drug treatment times and concentrations might vary.

The major limitation of this technique is that SA-P-GaI activity has shown to increase under certain senescent-independent conditions such

cell contact inhibition or high cellular confluence 847 Areas containing "cell heaps" and cell cultures with over confluent cells can easily be
determined and should be excluded from the analyses. In addition, background staining from green auto fluorescent lipofuscin vesicles increased
in senescent cells can occur. In senescent MEF cells cultures they are negligible due to the brightness of C1,FDG but should be examined for
each cell type46. Hoechst staining of DNA usually does not lead to background staining. Some phenol ring containing drugs, however, might

be fluorescent in UV light. Increase of the exclusion size of the UV positive fluorescence signal up to the size of actual cell nuclei might help to
prevent unwanted detection of these drugs.

The most significant feature of the described assay is the fact that senescent as well as non-senescent cells are found in the same environment,
allowing for assessment of drug effects on senescent and non-senescent cells simultaneously. The detection of the total cell number by counting
cell nuclei gives a first indication about the cell killing potential of a drug. A decline in cell numbers and cell senescence usually hints to senolytic
drugs whereas a constant cell number with a reduced number of senescent cells usually indicates senomorphic drugs. Due to the short drug
incubation time, effects like simultaneous proliferation of non-senescent cells and cell death of senescent cells leading to constant cell number
(e.g., senolytic effect with senomorphic result) cannot be ruled out but are considered highly unlikely.

Future applications of this technique include the possibility to integrate additional live cell markers (e.g., apoptosis marker like AnnexinV and
7AAD40) or markers for different intracellular compartments like mitochondria or lysosomes into the assay system. Concomitant monitoring of SA-
B-Gal and other cellular markers during drug treatment can help to elucidate underlying cellular mechanism.

The authors have nothing to disclose.
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