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1. Introduction

1.1 Aging and cellular senescence
1.1.1 The hallmarks of aging
In multicellular organisms, aging is characterized by a gradual and progressive decline at
molecular, cellular, tissue, and organismal levels, serving as the primary risk factor for
various chronic diseases (Niccoli and Partridge 2012), including cancer (Falandry et al.
2014), cardiovascular diseases (North and Sinclair 2012), and neurodegenerative
disorders (Guo et al. 2022, Kritsilis et al. 2018). In mammals, this age-related
degeneration gives rise to well-recognized pathologies, such as sarcopenia (Doherty 2003,
McCormick and Vasilaki 2018), atherosclerosis (Tyrrell and Goldstein 2021), heart failure
(Triposkiadis et al. 2019), osteoporosis (Jakob et al. 2014), diabetes (Longo et al. 2019),
pulmonary diseases (Cho and Stout-Delgado 2020), renal failure (O’Sullivan et al. 2017),
and neurodegeneration such as Alzheimer's disease (AD) and Parkinson's disease (Hou
et al. 2019). Although the biological causes of aging and underlying mechanisms remain
largely unknown, a multitude of studies over the last several years have identified common
cellular and molecular signatures associated with aging and age-related diseases (Lopez-
Otin et al. 2023, Mc Auley et al. 2017, Titorenko 2019). Collectively, the aging process is
characterized by twelve candidate hallmarks comprising genomic instability, telomere
attrition, epigenetic alterations, deregulated nutrient-sensing, mitochondrial dysfunction,
stem cell exhaustion, altered intercellular communication, loss of proteostasis, chronic
inflammation, dysbiosis, disabled macroautophagy, and cellular senescence (CS) (L6pez-
Otin et al. 2023). These hallmarks are highly and intricately interdependent. For instance,
genomic instability is linked to mitochondrial dysfunction and CS, while epigenetic
alterations crosstalk to genomic instability. It remains a challenge to dissect their relative
and individual contributions to aging. Accordingly, each hallmark offers a potential avenue
for investigating the aging process and developing strategies to target aging and age-

related pathologies. In this thesis, we focus on one of these hallmarks: CS.

1.1.2 Cellular senescence
CS is an evolutionarily conserved state of permanent cell cycle arrest accompanied by

substantial macromolecular changes (Hayflick and Moorhead 1961, Kuilman et al. 2010).
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Primary senescence can be initiated by a wide range of intrinsic and extrinsic cellular
stressors, including DNA damage, hypoxia, mitochondrial dysfunction, oncogene
activation, and nutrient deprivation. Furthermore, secondary senescence can be triggered
by various extracellular mediators of inflammation and fibrosis (Admasu et al. 2021,
Kuilman et al. 2010). The accumulation of damage stimulates the activities of cyclin-
dependent kinase inhibitors pl6Iink4a and/or p53/p21CPYWail " which antagonize cyclin-
dependent kinases to block cell cycle progression (Hernandez-Segura et al. 2018, Purvis
et al. 2012, Sherr et al. 2016). An additional notable trait exhibited by senescent cells is
the senescence-associated secretory phenotype (SASP), encompassing the secretion
into the extracellular space of a broad spectrum of proteins, such as chemokines, growth
factors, inflammatory cytokines, and matrix metalloproteases (Coppé et al. 2010,
Tchkonia et al. 2013). The SASP can be both beneficial and detrimental. Transient SASP
favors tissue remodeling during embryonic development and promotes the clearance of
senescent cells by driving macrophage infiltration (Demaria et al. 2014, Mufioz-Espin et
al. 2013, Storer et al. 2013). In contrast, persistent SASP has pro-inflammatory effects on
the microenvironment, adversely affecting neighboring cells and contributing to marked
tissue dysfunction (Childs et al. 2015).

CS exerts a range of effects on both physiological and pathological processes (Mufioz-
Espin and Serrano 2014). Physiologically, CS contributes to tissue repair, where
senescent cells induce localized fibrosis and attract immune cells to remove damaged
cells, thus aiding in wound healing. In this scenario, senescence acts as a temporally
beneficial compensatory response to damage. In addition, CS also serves as a tumor
suppressor mechanism (He and Sharpless 2017). Pathologically, the accumulation of
senescent cells is implicated in multiple age-related pathologies and phenotypes, such as
cancer formation, osteoarthritis, impaired metabolic function, fibrosis, cardiac dysfunction,
neurodegeneration, and infection (Childs et al. 2015, He and Sharpless 2017).
Senescence can be triggered by various stimuli, resulting in different types: telomere-
dependent replicative senescence (RS), oncogene-induced senescence (OIS), and
stress-induced premature senescence (SIPS), the latter arising from oxidative stress,
genotoxic stress, proteotoxic stress, and others (Mohamad Kamal et al. 2020). While CS
predominantly affects fibroblasts, endothelial cells, and immune cells (Gabai et al. 2023,

Xu et al. 2022), post-mitotic or slowly proliferative cells, including brain cells (Sah et al.
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2021) and heart cells (Anderson et al. 2019), can also undergo senescence in response
to stressors. Notably, senescent cells exhibit significant heterogeneity and dynamism,
influenced predominantly by their microenvironmental contexts (Casella et al. 2019,

Hernandez-Segura et al. 2017).

1.1.3 The role of cellular senescence in aging

The excessive accumulation of senescent cells has been reported in tissues of aged
humans (Dimri et al. 1995, Tchkonia et al. 2013), nonhuman primates (Herbig et al. 2006,
Jeyapalan et al. 2007), and rodents (Baker et al. 2016, Wang et al. 2009). Of note, in
humans, senescent cells accumulate in various tissues at different rates, ranging from a
2- to 20-fold increase when comparing healthy individuals younger than 35 years to those
older than 65 years (Tuttle et al. 2020). This accumulation of senescent cells may be due
to an increased rate of senescent cell generation and/or a decreased rate of clearance,
potentially resulting from the compromised immune system (Song et al. 2020).

Several transgenic mouse models have been developed to explore the role of CS in aging.
One notable model is the INK/ATTAC model, in which a suicide gene is inserted into the
promoter of the p16'™*a gene, enabling the elimination of p16-positive cells (Baker et al.
2011). An extension of lifespan as well as improvements in the age-related deterioration
of several organs, including the brain, kidney, and heart, have been achieved by clearance
of senescent cells using this mouse model (Baker et al. 2011), which strongly
substantiated that CS can drive aging-associated changes in vivo and facilitate the
development of a range of aging-related disorders. However, genetic tools used in mouse
models are not translatable to humans.

Since senescent cells are resistant to intrinsic and extrinsic apoptosis, an emerging
strategy to remove senescent cells potentially applicable to human treatments is based
on senolytics. These drugs specifically target senescent cells by inducing apoptosis of
senescent cells (Zhang et al. 2023). These senolytics mainly target the senescent cell
anti-apoptotic pathways (SCAPSs), including B-cell lymphoma 2 (Bcl-2) family proteins,
heat shock protein 90, p53, and the phosphatidylinositol 3-kinase (PI13K)/protein Kinase B
(Akt)/ mammalian target of rapamycin (mTOR) pathway (Chaib et al. 2022, Kirkland and
Tchkonia 2017). Another pharmaceutical approach that counters the effects of senescent

cells is based on senomorphics, which suppress the SASPs, such as inhibitors of 1kB
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kinase (IKK) and nuclear factor kappa B (NF-kB), scavengers of free radicals, and Janus
kinase (JAK) pathway inhibitors (Zhang et al. 2023). In preclinical experiments, senolytic
drugs have shown potential in mitigating several aging-associated health outcomes, such
as atherosclerosis (Roos et al. 2016), pulmonary dysfunction (Schafer et al. 2017),
osteoarthritis (Jeon et al. 2017), cancers (Baker et al. 2016), and cognitive decline (Zhang
et al. 2019). In human clinical trials, senolytics have been demonstrated to improve
physical dysfunction in patients with idiopathic pulmonary fibrosis (Justice et al. 2019).
These findings underscore that senescent cells may represent a promising target for the
development of new therapeutics and/or preventatives for age-related diseases. However,
the pharmacological approaches outlined above are not specific to senescent cells and
are, hence, associated with off-target effects, which limits their translational potential
(Chaib et al. 2022).

1.2 Potential of immunotherapies based on senescent cell elimination
1.2.1 Antibody-based immunotherapies
To minimize the off-target effects of senotherapeutics, a promising alternative lies in
immunotherapy-based targeting of senescence-specific surface antigens (senoantigens).
For instance, a humanized antibody against dipeptidyl-peptidase 4 (DPP4) (Kim et al.
2017) and an antibody-drug conjugate (ADC) directed at beta-2-microglobulin (B2MG)
(Poblocka et al. 2021) have been demonstrated in vitro to eliminate senescent cells
expressing these antigens. Moreover, a vaccine designed against glycoprotein
nonmetastatic melanoma protein B (GPNMB), another senescence-associated protein,
was reported to improve age-related pathological changes in progeroid mice through the

clearance of senescent cells (Suda et al. 2021).

1.2.2 Chimeric antigen receptor (CAR)-T cell therapy
In addition to these antibody-based immunotherapies, increasing evidence underscores
the role of immune cells, including cytotoxic T cells, in the immunological surveillance of
senescent cells in the context of cancer (Ovadya et al. 2018, Sagiv and Krizhanovsky
2013). Owing to their cytotoxic potency, effective migratory capacity, self-expansion, and
memory abilities, T cells genetically engineered to express artificial receptors that target

specific antigens on cancer cells, called CAR-T cells, have received FDA approval for the
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treatment of various hematological malignancies, including lymphomas, certain leukemias,
and multiple myeloma (Baker et al. 2023). The success of CAR-T cell therapy lies in the
coupling of the intrinsic specificity of an antibody within a CAR and the efficient
endogenous cytotoxicity potency of T cells. With these advantages that are unrivalled by
current small-molecule approaches, CAR-T cell therapy is showing promise to treat other
diseases beyond cancer, including autoimmune and inflammatory conditions such as
systemic lupus erythematosus, chronic infections, and cardiac fibrosis (Baker et al. 2023).
Strikingly, recent advances have demonstrated that CAR-T cells could also target
senescent cells. The initial senolytic CAR target, urokinase plasminogen activator receptor
(UPAR), was identified by RNA-sequencing analyses of three senescence models:
chemotherapy-induced senescence in mouse lung adenocarcinoma cells, OIS in mouse
hepatocytes, and RS in mouse hepatic stellate cells. Adoptive transferring of uPAR CAR-
T cells not only prolonged survival in a mouse model of lung adenocarcinoma undergoing
oncotherapy-induced senescence, but also mitigated liver fibrosis triggered by chemical
or dietary factors (Amor et al. 2020). This observation provides the first proof-of-principle
basis for the application of CAR-T cell immunotherapy in managing senescence-

associated diseases.

1.3 Senescence surface markers as potential targets for immune-based
senotherapy
Although CAR-T cells exhibit potential senolytic activity, the effectiveness of senolytic
CAR-T cell therapy mainly depends on accurately detecting and identifying senescent
cells in tissues based on unique and senescence-specific cell surface markers, thereby
promising to offer heightened precision for in vivo senescent cell elimination while

plausibly limiting the side effects on the normal, non-senescent cells.

1.3.1 Classic markers of cellular senescence
Senescent cells display a distinct enlarged and flattened morphology, linked to the
expansion of the endoplasmic reticulum and the unfolded protein response (Druelle et al.
2016). At the molecular level, senescent cells are routinely characterized by the
expression of several biomarkers. The most commonly used markers are upregulated

negative cell cycle regulators, including pl6 and/or p21/p53, which inhibit cyclin-
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dependent kinase CDK4/6 or CDK2, simultaneously preventing retinoblastoma (RB)
phosphorylation and thereby impeding the progression of the cell cycle from G1 to S
phase (Gonzalez-Gualda et al. 2021, Mijit et al. 2020, Sherr et al. 2016).

Increased activity of lysosome [-galactosidase (B—Gal), recognized as senescence
associated-B-galactosidase (SA-B-gal), which is encoded by the gene Galactosidase beta
1 (GLB1) and detectable by staining at PH 6 in senescent cells, distinguishes senescent
from healthy cells (Lee et al. 2006). Another senescence marker related to lysosomal
dysfunction is the accumulation of lipofuscin in lysosomes, which is correlated with Bcl-2
stimulation (Georgakopoulou et al. 2013, Gonzéalez-Gualda et al. 2021).

A hallmark of DNA damage in senescent cells is the y-H2AX, formed by the
phosphorylation of histone protein H2AX at Ser139, playing a role in recruiting DNA repair
molecules (Rodier et al. 2011). Additionally, CS is associated with alterations in chromatin
features, such as chromatin condensation and the formation of senescence-associated
heterochromatin foci (SAHFs) (Zhang et al. 2007). The secretion of components, such as
pro-inflammatory cytokines Interleukin 18 (IL-1pB), IL-6, and tumor necrosis factor-alpha
(TNF-a), has been robustly observed in various senescent cell models, contributing to

local and systemic aging-related dysfunctions and diseases (Coppé et al. 2010).

1.3.2 Novel markers of cellular senescence
Recent advances in unbiased RNA-sequencing-based transcriptome analyses (Casella
et al. 2019, Hernandez-Segura et al. 2017) and mass spectrometry (MS)-based proteome
analyses (Althubiti et al. 2014, Basisty et al. 2020) have substantially expanded our
understanding of CS expression profiles. Single-cell transcriptome analyses of mouse
embryonic fibroblasts (MEFs) revealed six subpopulations, each displaying unique
senescence features, reflecting distinct cellular fates within senescent MEFs. Network
analysis further highlighted Homeobox D8 (HOXDS8) as a potential novel regulator of
MEFs senescence (Chen et al. 2020). Additionally, using RS-induced human fibroblasts
(HCA2) and single senescent cell sequencing, heterogeneity was demonstrated to occur
in senescent cells induced by telomere erosion (Tang et al. 2019). To identify robust,
shared markers of senescence, RNA-sequencing analyses were performed across eight
diverse models of senescence triggered in human diploid fibroblasts (WI-38, IMR-90) and

endothelial cells by replicative exhaustion, ionizing radiation, doxorubicin treatment, or
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Harvey rat sarcoma virus (HRAS) oncogene expression. The intersection of the altered
transcriptomes identified 50 RNAs consistently elevated and 18 RNAs consistently
reduced across all senescence models (Casella et al. 2019). Furthermore, analysis of
individual cells has revealed cell-to-cell variability following senescence induction and
suggested that single markers are inadequate to identify senescent cells in vivo (Wiley et
al. 2017).

Proteomics analyses across different types of senescence have uncovered 107 novel
protein markers of CS with ten validated (DEP1, NTAL, EBP50, STX4, VAMP3, ARMX3,
B2MG, LANCL1, VPS26A and PLD3) (Althubiti et al. 2014). This study suggested that a
combination of these proteins could be used to specifically recognize senescent cells in
culture. Moreover, with focus on CS surface markers, several molecules, including
intercellular adhesion molecule-1 (ICAM1), DPP4, and secretory carrier membrane
protein 4 (SCAMP4), were identified through screening of cell surface-associated proteins
preferentially expressed in human RS fibroblasts (Kim et al. 2018, 2017, Mrazkova et al.
2018).

1.3.3 NKG2D receptor and ligands
In this thesis, we propose a class of well-characterized surface molecules differentially
expressed in senescent cells, Natural killer group 2D (NKG2D) ligands (NKG2DLs), as a
general hallmark of senescence. NKG2D is a type Il transmembrane receptor expressed
by NK cells and some subsets of T cells (Prajapati et al. 2018). The expression of its
ligands is increased in several tumor cell types and virus-infected cells in response to
cellular stressors while being generally absent in healthy cells (Gonzélez et al. 2008).
Notably, a consistent increase in NKG2DLs has been observed in a variety of senescence
models originating from diverse cell types and inducers (Kim et al. 2008, Krizhanovsky et
al. 2008, Sagiv et al. 2016, Soriani et al. 2009, Yang et al. 2023). These models include
replicative senescent human fibroblasts (Krizhanovsky et al. 2008, Sagiv et al. 2016) and
human umbilical vein endothelial cells (HUVECSs) (Kim et al. 2008), oncogene-induced
senescent human fibroblasts (Sagiv et al. 2016), chemotherapy-induced senescent
human and mouse fibroblasts (Kim et al. 2017, Krizhanovsky et al. 2008, Yang et al. 2023),
ultraviolet irradiation-triggered senescent mouse fibroblasts (Yang et al. 2023), and

chemotherapy-induced senescent human hepatic stellate cells (Krizhanovsky et al. 2008,
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Sagiv et al. 2016). Moreover, in elderly human individuals in vivo, senescent dermal
fibroblasts exhibit high expression levels of NKG2DLs (Hasegawa et al. 2023). Notably,
these ligands have been reported to be implicated in the immune surveillance by NK cells

expressing the NKG2D receptor (Sagiv et al. 2016).

1.3.4 Challenges in the identification of senescent cells with current cellular

senescence markers
Despite these critical advancements in the field of senescence biomarkers, translating
these findings into effective senotherapeutic strategies remains challenging. The
heterogeneity and dynamic nature of CS indicate that the utility of individual markers for
their conclusive identification of senescent cells is limited (Casella et al. 2019, Hernandez-
Segura et al. 2017). Additionally, most current senescence markers are not cell surface
molecules, restricting their accessibility from the external environment. The
comprehensive identification of surface proteins associated with CS is further constrained
by the low solubility and abundance of cell membrane proteins. Moreover, the current
repertoire of senescence surface markers established from models with limited cellular
origins (e.g., primary fibroblasts), types of senescence-inducing stimuli, and species

complicates the generalization of these markers across different contexts.

1.4 Aims of the study
Leveraging literature-supported senescence surface markers, the primary aim of this
thesis was to develop an in vitro NKG2D-CAR T cell system and validate its targeting
efficacy against senescent cells. Our approach was to genetically engineer mouse primary
T cells to express NKG2D-CAR and construct genotoxic stress- and oxidative stress-
induced senescence models using mouse forebrain astrocytes (AST) and MEFs. The
expression of NKG2DLs on the surface of aforementioned senescent cells was confirmed,
and the cytotoxicity of NKG2D-CAR T cells against these NKG2DLs-expressing
senescent cells was subsequently carried out by co-culture experiments at different
effector-to-target (E: T) ratios in vitro. With this investigation, we aimed to propose a novel
targeted senolytic approach-CAR-T cell-based immunotherapy to address aging and age-

associated diseases driven by CS.
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The secondary aim of this thesis was to characterize the senescence-specific cell surface
proteome, or “surfaceome”, in multiple models of senescence. Our approach was to enrich
cell surface proteins via a cell-surface biotinylation method and conduct label-free
guantitative MS-based proteomics analysis on normal human lung fibroblasts (NHLFs),
HUVECs, MEFs, and mouse AST subjected to genotoxic, oxidative or proteasome stress.
With this investigation, we sought to identify potential cell surface candidates for
senotherapy. The enrichment of identified candidates was further validated in various
tissues of naturally aged mice and in the brain of an AD mouse model. This study provides
foundational work for potential future applications aimed at detecting and targeting

senescent cells during natural aging and age-related diseases in vivo.
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2. Materials and Methods

2.1 Materials

2.1.1 Instruments

Tab. 1: List of instruments used in the experiments and analysis of this thesis.

Instrument Manufacturer Specifications

Blolc_)glcal Safety Thermo Fisher Scientific | Safe 2020

Cabinet

Cell Counter Thermo Fisher Scientific Countess Il FL Automated Cell
Counter

Centrifuge Thermo Fisher Scientific | Heraeus Fresco 21

ChemiDoc Imaging Bio-Rad ChemiDoc MP Imaging System

System

CO2 incubator Memmert IC0O240

Confocal Microscope Carl Zeiss LSM800

Fluorescence

Activated Cell Sorting | Becton Dickinson FACSAria lll

(FACS) sorter

Flow cytometry (FCM) | Becton Dickinson Celesta

Fluorescence

tandem Mass
Spectrometry (LC-
MS/MS)

Thermo Fisher Scientific

Microscope Carl Zeiss Epi-Scopel-Apotome
IncuCyte platform Sartorius IncuCyte S3

Liquid Dionex Ultimate 3000 Rapid
chromatography- Separation Liquid

Chromatography (RSLC)
nanosystem and Orbitrap Exploris
480 MS

Quantitative real-time
PCR (qPCR)

Thermo Fisher Scientific

QuantStudio6 Real-Time PCR
System

Spectrophotometer

Thermo Fisher Scientific

NanoDrop 2000c

TECAN reader

TECAN

Infinite M Plex

Thermomixer

Eppendorf

Thermomixer comfort

Ultrasonic cleaner bath

VWR

VWR@USC Ultrasonic Cleaner




2.1.2 Reagents and consumables

Tab. 2: List of reagents and consumables used in the experiments of this thesis.

Reagent Manufacturer Catalog no.
1X insulin-transferrin-selenium (ITS) Merck 13146

1X RBC Lysis Buffer eBioscience 00-4333-57
2-Propanol, min. 99,8 % Carl Roth 6752.2
gi;()zergi?r:g)eqtﬁgrll}giullfonic acid (HEPES) Carl Roth HN78.1
4',6-diamidino-2-phenylindole (DAPI) Carl Roth 6843.2
Acetic acid, optima™ LC/MS grade Thermo Fisher Scientific | A113-50
Pierce Acetonitrile (ACN), LC-MS Grade Thermo Fisher Scientific | 51101
Ammonium bicarbonate Merck A6141-5009g
Ammonium persulfate (APS) Merck A3678-25¢g
Ilsﬁggr;ﬁirr?;k(e_ltggg(f-carboxyethyl) Thermo Fisher Scientific | 77720
Bovine serum albumin (BSA) Merck A9418-100g
Bradford Dye Reagent Concentrate Bio-Rad 5000006
Calcein-AM Merck 56496
Calcium chloride (CaCl2) Carl Roth HNO04.2
CD90.2 microbeads Miltenyi Biotec 130-121-278
Concanavalin A Bio-Techne C2010
Dithiothreitol (DTT) Thermo Fisher Scientific | RO862
DNase | Roche 10104159001
Ethanol, min. 99,8 % Carl Roth 9065.2
Ethylenediamine tetraacetic acid (EDTA) Applichem A11030500
EZ-Link™ Sulfo-NHS-SS-Biotin Thermo Fisher Scientific | 21331
Formic acid (FA, modifier), LC/MS grade Thermo Fisher Scientific | 15655840
G418 Omnilab 1198774
Glycine Carl Roth 3790.3
Flj'%hl:g?w;rtrgfnce liquid chromatography Thermo Fisher Scientific | 51140
lodoacetic acid (IAA) Thermo Fisher Scientific | 35603
Lipofectamine 3000 Thermo Fisher Scientific | L3000001
Magnesium chloride (MgCl2) Thermo Fisher Scientific | AM9530G
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Milk powder Carl Roth T145.3
?ﬂﬁﬂ?rz(l:ﬁi/c'wj:ﬁ(m with 0.1 % (V) Thermo Fisher Scientific | LS121-1, 1L
Optima LC/MS ACN with 0.1 % (v/v) FA Thermo Fisher Scientific | LS120-1, 1L
Optima LC/MS water with 0.1 % (v/v) FA Thermo Fisher Scientific | LS118-1, 1 L
?riﬁg?rz_;%g\tf;’:ﬁer with 0.1 % (vIv) Thermo Fisher Scientific | LS119-1, 1L
PageRuler Plus Prestained Protein Ladder | Thermo Fisher Scientific | 26619

4 % Paraformaldehyde (4 % PFA) Santa Cruz Sc-281692
zii?]rictzglrecitsease and phosphatase inhibitor Thermo Fisher Scientific | A32961
Pierce trypsin protease MS grade Thermo Fisher Scientific | 90058
Polybrene Merck TR-1003-G
Polyethylene glycol BIOZOL LV825A-1
Potassium chloride (KCI) Carl Roth 6781.3
PowerUP SYBR Green Master Mix Thermo Fisher Scientific | A25778
Recombinant human IL-2 (rhIL-2) Bio-Techne 202-1L-010
Restriction enzymes New England BioLabs /

Retronectin TaKaRa T100A
RNase Inhibitor (2000 U) Thermo Fisher Scientific | N8080119
Sodium Chloride (NaCl) Carl Roth 3957.2
Sodium dodecyl sulfate (SDS) Carl Roth 2326.2-500g
Sodium hydroxide (NaOH) Carl Roth 9356.1
Streptavidin magnetic beads Thermo Fisher Scientific | 65601

T4 DNA Ligase New England BioLabs M0202L
Tetramethylethylenediamine (TEMED) Carl Roth 2367.3

TRI Reagent Merck -ZI-(?SI%/ILlL
Trichloromethane/Chloroform Carl Roth 3313.2
Trifluoroacetic Acid (TFA), LC/MS grade Thermo Fisher Scientific | 10723857
TRIS Hydrochloride (Tris-HCI) Thermo Fisher Scientific | 15568025
Triton X-100 Merck X100-500
Trypsin-EDTA (0.05 %) Thermo Fisher Scientific | 25300096
Urea (Harnstoff) Applichem A1360,1000
VECTASHIELD Antifade Mounting Medium | Bio-Techne 13273694
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Viobility 405/452 Fixable Dye Miltenyi Biotec 130-109-816
\é\{Jet;s;ter;rleBg%r;n&r;ﬁmllumlnescence Biozyme 541010
B-mercaptoethanol Thermo Fisher Scientific | 21985023
Dimethyl sulfoxide (DMSO) AppliChem A3672,0050
Consumable Manufacturer Catalog no.
Acclaim PepMap C18 Thermo Fisher Scientific | 160454

Cell culture plates and flasks Sarstedt /

Cell Strainer 40 pm Sarstedt 83.3945.040
Cell Strainer 70 um Sarstedt 83.3945.070
E. coli DH5a cell Thermo Fisher Scientific | 18265017
Eppendorf™ protein LoBind Thermo Fisher Scientific | 10708704
GeneJET Plasmid Miniprep Kit Thermo Fisher Scientific | 10242490
Eiitgh-Capacity cDNA Reverse Transcription Thermo Eisher Scientific | 639537

LC MS autosampler vials (100 pack) Waters 186000384C
Lentiviral pHAGE construct Addgene 114007
E:/I;%rrfrgig-activated cell sorting (MACS) LS Miltenyi Biotec 130-042-401
MicroAmp Optical 384-Well Reaction Plate | Thermo Fisher Scientific | 4309849
Microfuge Tube Polypropylene Beckman Coulter 357448
Nitrocellulose Blotting Membrane (0.1 um) | Merck GE10600000
pCL-Eco construct Addgene 12371
pCMV-dR8.2 dvpr construct Addgene 8455
pCMV-VSV-G construct Addgene 8454

Pierce C18 tips, 100 ul bed 96 tips Thermo Fisher Scientific | 87784
E(')%gii? transposase expression System Biosciences PB210PA-1
QuadroMACS Separator Miltenyi Biotec 130-090-976
Retroviral pFB construct Addgene 69767
RNeasy Mini Kit Qiagen 74104
Senescence B-Galactosidase Staining Kit _CI_Jg(I:IhSniglr(l)zl)i/ng 9860
SilverQuest Silver Staining Kit Thermo Fisher Scientific | LC6070
SuperFrost microscope slides LI-COR Biosciences 12372098
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Tab. 3: List of antibodies used in the experiments of this thesis.

Western blot

Antibody (Host, antigen) Manufacture Catalog no. Dilution
Rabbit anti-FLAG Cell Signaling Technology | 14793 1:1 000
Rabbit anti- )
CDKN2A/p16INK4a Abcam ab211542 1:1 000
Rat anti-CDKN2A/p19ARF Abcam ab26696 1:1 000
Rabbit anti-p53 (D2H90) Cell Signaling Technology | 32532S 1:1 000
Rabbit anti-p21 Wafl/Cipl Cell Signaling Technology | 64016S 1:1 000
Mouse anti-actin MP Biomedicals SKU 0869100 | 1:5 000
Mouse anti-GAPDH Abcam ab8245 1:3 000
Goat anti-rabbit HRP-
conjugated secondary Promega w4011 1:3 000
antibodies
Goat anti-mouse HRP- 110
conjugated secondary Agilent Technologies P044701-2 ObO
antibodies
Goat anti-rat HRP-conjugated Cell Signaling Technology | 7077S 1:2 000
secondary antibodies
Immunofluorescence
Antibody (Host, antigen) Manufacture Catalog no. Dilution
Rat anti-GFAP Thermo Fisher Scientific | 13-0300 1:200
Rat anti-mouse :
NKG2D/CD314 R&D Systems MAB1547-100 | 1:500
ABN-
Rabbit anti-CD3 zeta BIOZOL HO0000919- 1:250
DO1P
fgg‘t anti-rat1gG Alexa Fluor | 1014 Fisher Scientific | A-11006 1:500
Donkey anti-rat IgG Alexa Thermo Fisher Scientific | A-21209 1:500
Fluor 594
Goat anti-rabbit IgG Alexa Thermo Fisher Scientific | A-21245 1:500
Fluor 647
Flow cytometry
APC-conjugated rat anti- . ] ) _
mNKG2D antibody eBioscience 17-5882-82 1:100
APC-conjugated-rat IgG1 eBioscience 17-4301-82 | 1:100
isotype control
;'gg';onjugated human anti- | \uienvi Biotec 130-119-798 | 1:50
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APC-conjugated human anti- | \ o i Biotec 130-116-487 | 1:50
mCD4

VioBlue-conjugated human | \ o i Biotec 130-102-431 | 1:50
anti-mCD8a

Eqi'gg”‘“gated human anti- |\ ey Biotec 130-108-820 | 1:50
PE-conjugated human anti- | o0t Biotec 130-111-283 | 1:50
mRae-1 Pan

PE-conjugated rat anti-mMultl | R&D systems FAB2588P 1:1 00

CDKN2A, cyclin-dependent kinase inhibitor 2A; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HRP, Horseradish peroxidase; GFAP, glial fibrillary acidic protein; APC,
Allophycocyanin; PE, Phycoerythrin; FITC, Fluorescein isothiocyanate.

2.1.4 Software

Tab. 4: List of software used in the analysis of this thesis.

Software Specifications

Fiji (imageJd), v. 2.0.0.-RC-67/1.52¢c Wayne Rasband (NIH)

ZEN 3.1 (blue edition) Carl Zeiss

Proteome Discoverer™, v. 2.5.0.400 Thermo Fisher Scientific

GraphPad Prism, v. 9.3.1 GraphPad Software, Inc

Adobe lllustrator, v. 26.0 Adobe

R software, v. 4.3.1 R Foundation

FlowJo, v.10 Becton Dickinson

Microsoft ware (Office, Excel) Microsoft

Zotero, v. 6.0.28 GMU and CHNM

Chiplot https://www.chiplot.online/

Metascape Database https://metascape.org/gp/index.html

Cytoscape https://cytoscape.org/

InteractiVenn http://www.interactivenn.net/

Biorender https://www.biorender.com/

String protein-protein interaction https://string-db.org

Biological DataBase network (bioDBnet) https://b.iodbnet-
abcc.ncifcrf.gov/db/db2db.php

Protter https://wlab.ethz.ch/protter/start/

ChatGPT v.4 To improve language and readability
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2.2. Methods

2.2.1 Mice
The study in this thesis employed C57BL/6J and APP/PS1 (B6.Cg-Tg
(APPswe,PSEN1dE9)85Dbo/Mmjax) mice from the Jackson Laboratory (strains #000664
and #034832, respectively), maintained in pathogen-free conditions with a 12:12 h
photoperiod at 22 °C and 55 % humidity. Mice had ad libitum access to food and water.
Procedures complied with the German Animal Welfare Act and were approved by the
‘Landesamt fur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen”
(Recklinghausen, Germany). Following CO2 suffocation, mice tissues were harvested,

snap-frozen in liquid nitrogen, and stored at -80 °C.

2.2.2 Cell culture

Cells were incubated at 37 °C in a humidified environment containing 5 % CO2. Cell
medium and supplements used are listed in Tab. 5. HUVECs (Lonza, #C2517A) were
cultured in EBM-2 with EGM-2 SingleQuots supplements, and NHLFs (Lonza, #CC-2512)
were cultivated in FBM with the addition of FGM-2 SingleQuot supplements and growth
factors. As previously described (Schildge et al. 2013), astrocytes were extracted from the
forebrains of P2-P4 C57BL/6J mice. After the removal of the meninges, brains were
washed with HBSS, followed by a 10-min treatment with trypsin and DNase | at 37 °C.
After seeding in DMEM with 10 % FBS and 1 % penicillin-streptomycin to confluency (7-
10 days), microglia were removed by shaking at 180 rpm for 30 min at 37 °C, followed by
the detachment of oligodendrocyte precursor cells at 240 rpm for 6 h at 37 °C and manual
flask tapping for 1 min. Astrocytes were subsequently maintained in fresh medium. GFAP
staining was used to validate the extracted astrocytes (Fig. 1). As previously described
(Jain et al. 2014), MEFs were extracted from E13.5 wild-type C57BL/6J embryos.
Following the removal of visceral organs, embryos were separated and finely chopped.
The resultant cells underwent enzymatic dissociation using trypsin and were then grown
in DMEM supplemented with 10 % FBS and 1 % penicillin-streptomycin. Human
embryonic kidney 293T (HEK293T) cells and B16F10 murine melanoma cells (LGC
Standards, Middlesex, UK, #ATCC-CRL-6475) were cultured in DMEM supplemented
with 10 % FBS and 1 % penicillin-streptomycin.
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Tab. 5: List of cell culture media and supplements.

Cell Culture Media and Supplements Manufacturer Catalog no.

Dulbecco’s modified Eagle’s medium
(DMEM), high glucose, GlutaMAX Thermo Fisher Scientific | 31966047
Supplement

Dulbecco's Phosphate Buffered Saline . S
Thermo Fisher Scientific | 14190250

(DPBS)

EBM-2 Basal Medium Lonza CC-3156
EGM-2 SingleQuots supplements Lonza CC-4176
FBM Fibroblast Growth Basal Medium Lonza CC-3131
Fetal bovine serum (FBS) Thermo Fisher Scientific | 10500064
Hanks' Balanced Salt Solution (HBSS) Thermo Fisher Scientific | 14175095
Penicillin-Streptomycin Thermo Fisher Scientific | 15140122

RPMI 1640 Medium, GlutaMAX Supplement | Thermo Fisher Scientific | 61870044

GFAP DAPI Merge

Fig. 1: Validation of extracted mouse astrocytes by GFAP immunostaining.
Astrocytes isolated from the forebrain of mice at early passages (P1-P2) were subjected
to immunostaining analysis. The cells were stained using an anti-GFAP antibody (green)
and were co-stained for nuclear visualization with DAPI (red). Scale bar = 50 ym. GFAP,
glial fibrillary acidic protein; DAPI, 4’,6-diamidino-2-phenylindole.

2.2.3 Construction of NKG2D-CAR and PiggyBac NKG2DLs vectors
The construction of the murine NKG2D-CAR was performed by fusing the CD3( chain's
cytoplasmic region's coding sequence (CD3(-CYP) with the full-length coding sequence
of the murine NKG2D receptor (NKz-CAR), as previously described (Driouk et al. 2020,
Zhang et al. 2005). The NKG2D-CAR cDNA was synthesized and cloned into the pUC57
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vector by Genscript (www.genscript.com). NKz-CAR was amplified by polymerase chain
reaction (PCR). Primers used are listed in Tab. 6. To create the retroviral vector for NKz-
CAR, we utilized the pFB-internal ribosomal entry site (IRES)-Neo (neomycin resistance)
vector backbone, integrating an mCherry/GFP sequence connected by a Thosea asigna
virus 2A (T2A) peptide sequence. The amplified NKz-CAR was then subcloned into pFB-
T2A-mCherry/GFP-IRES-Neo vector. For the lentiviral NKz-CAR construct, the pHage-
elongation factor 1-alpha (EF1a)-MHC class | chain-related proteins A (MICA)-IRES-
Zoanthus sp. green fluorescent protein (ZsGreen) vector backbone was modified by
replacing MICA with NKz-CAR via restriction enzyme cloning, inducing the expression of
NKz-CAR.

To construct PiggyBac vectors encoding mouse NKG2DLs, custom-designed PiggyBac
backbone vectors, containing 5' and 3' inverted terminal repeats (ITRs), were obtained
from VectorBuilder (vectorbuilder.com) and engineered to insert the EF1a promoter, a
Neo sequence, and a simian virus 40 PolyA (SV40 PolyA) termination sequence through
T2A linkage. The murine NKG2DLs' coding sequences were PCR-amplified using
pCMV6-Ampicillin-IRES-GFP vectors encoding histocompatibility antigen 60a (H60a),
retinoic acid early transcript 18 (Rae1B), or murine UL16-binding-protein-like transcript 1
(Multl), obtained from Genscript. Details on the primers are provided in Tab. 6. These
PCR fragments were cloned into the PiggyBac transposon expression vector PB-EF1a-
T2A-Neo-PolyA, vyielding the PiggyBac-based PB-EF1a-NKG2DL-T2A-Neo-PolyA
constructs for expression of individual mouse NKG2DLs. Enzymatic digestion of the
plasmids was performed at 37 °C for 1 h followed by ligation with T4 DNA Ligase. Plasmids
were then transformed into E. coli DH5a cells for propagation, and DNA was purified using
the GeneJET Plasmid Miniprep Kit. Sequence validation was carried out by Eurofins
Genomics (eurofinsgenomics.eu).

Tab. 6: List of PCR primer sequences used for vector construction.

Primer Name Forward Reverse
ATAGTCGACACCATGAG | ATAGCGGCCGCTCGAGTCCGG

mNKz-CAR AGCAAAATTCAGCAGGA | ACACCGCCCTTTTCATGCAGAT
GTGCAG GTACGTGTTTAG

ATTTGCGGCCGCATGAG | CTAGCTAGCTTACTTGTCATCAT
MNKz-CAR-FLAG | AGCAAAATTCAGCAGGA | CGTCCTTGTAGTCCACCGCCCT
GTG TTTCATGCAGATGTAC
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TGATAGCGGCCGCATGG
. TAAGACGCGTTAGCTGGTAATG
PiggyBac_H60a | CAAAGGGAGCCACCAGC | s o a2l A0 TS|
AAGAG
TAATAGCGGCCGCATGG
PiggyBac_Rae1f | CCAAGGCAGCAGTGACC | SACGACGCGICATCGCAAATGC
— e AAATGCAAATAATAAAG
ggybac_ AAGGTC AATATCGTCTGAAGTCAACAGC
TGTAAGAATTCAGTTTGG | GTAACTAAGCTTACCGGTTCTA
PiggyBac_EF1a | ACTAGTCGTGAGGCTCC | GAGCGGCCGCTTCACGACACCT
GG GAAATGGAAG
AATATCTAGAGACGTCA
CGCGTGAGGGCAGAGG
PiggyBac_T2A- | AAGTCTTCTAACATGCG | o)\ oA AGCTTTAAGATACATTGA
Neo-SV40 Polya | CTGACGTGGAGGAGAAT | 1 ) s TTTGGACAAAC
YA | cccGGCCCTGCTAGCAT
GATTGAACAAGATGGAT
TGCACGCAGGTTCTCC

Restriction sites are underlined. mNK, murine Natural killer group 2D.

2.2.4 Cell transfection and establishment of stable cell lines
Using Lipofectamine 3000, HEK293T cells were transiently transfected with the lentiviral
NKz-CAR plasmid following the protocol provided by the manufacturer. Expression of both
NKG2D-CAR and FLAG-tag was assessed 48 h after transfection. To generate the stable
B16F10 cell lines that express individual mouse NKG2DLs, B16F10 cells were first co-
transfected with the PB-EF1a-NKG2DL-T2A-Neo-PolyA PiggyBac transposon plasmid
and the PiggyBac transposase expression vector. Post-transfection, we selected the cells
with 2 mg/ml of G418, and picked the single clones. These clones were then expanded

and subsequently evaluated for their expression of the individual mouse NKG2DL.

2.2.5 Mouse T cell isolation and transduction
Spleens were extracted from 8-12-week-old wild-type C57BL/6J mice and dissected to
isolate primary T cells. After lysis of red blood cells using 1X RBC Lysis Buffer, mouse
Pan T cells were enriched using CD90.2 microbeads employing a MACS system
according to the manufacturer’s protocol. Purified T cells were then maintained in a culture
medium consisting of RPMI-1640 supplemented with 10 % FBS, 1 % penicillin-
streptomycin, 1XITS, 55 uM B-mercaptoethanol, and 80 IU/mL of recombinant rhiL-2. For
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activation, T cells were treated with 5 pg/ml of concanavalin A. For cell plating, a 12-well
plate was precoated with 15 pug/ml of Retronectin at 4 °C overnight, followed by a 30-min
room temperature coating with 2 % BSA. Within 24 h of activation, T cells were
resuspended at a concentration of 1.5 x 108 cells/ml in RPMI-1640 with 10 % FBS and 80
IU/mL of rhiIL-2 for subsequent transduction.

Retroviral supernatants, used for transduction, were collected from “Platinum-E” (Holzel
Diagnostika, #RV-101) packaging cells transfected with NKz-CAR retroviral plasmid and
pCL-Eco helper plasmid using Lipofectamine 3000, 48 h post-transfection. Similarly,
lentiviral particles were collected from “Platinum-A” (Holzel Diagnostika, #RV-102)
packaging cells transfected with NKz-CAR lentiviral plasmid and the helper plasmids
pCMV-dR8.2 dvpr and pCMV-VSV-G. The lentiviral supernatants were concentrated
using polyethylene glycol. All viral supernatants were filtered through 0.45 um filters. For
retrovirus-based transduction, a mixture of activated mouse T cells and retroviral
supernatants containing 4 pg/ml polybrene was plated in the Retronectin-coated wells and
centrifuged at 2 000 x g at 30 °C for 1 h. A second transduction followed 24 h later using
freshly collected retroviral supernatants under the same conditions. For lentiviral
transduction, concentrated virus was added at a multiplicity of infection of 50. Post-
transduction, T cells were cultured in fresh medium supplemented with rhiL-2, with
medium changes every other day. Cell counts were monitored daily to maintain a density
of 1-2 x 10° cells/ml. The transduced T cells were then assessed for expression and

functionality three to four days post-transduction.

2.2.6 Senescence induction
The drugs used to induce senescence in this thesis are listed in Tab. 7. To construct
genotoxic stress-related senescence models, P1-P3 NHLFs and MEFs were treated with
ETO at concentrations of 5 uM and 10 pM respectively for 48 h, followed by three washes
with DPBS and harvest 5 days later. P1-P2 mouse astrocytes were incubated with 5 uM
ETO for 24 h and harvested 2 days post-wash. To generate oxidative stress-induced
senescence models, P1-P3 HUVECs and NHLFs were treated with 100 uM H202 for 5
days, then cultured 2 more days post-wash. P1-P2 mouse astrocytes and MEFs were
incubated with 200 uM H202 for 2 h, followed by extended culturing in complete medium

for 7 and 3 more days, respectively. To construct proteasome stress-associated
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senescence models, P1-P2 mouse astrocytes was induced with 5 nM EPO for 6 days. P1-
P3 proliferating cells treated with 0.1 % DMSO served as controls, all maintained at 60 %
confluency before treatments.

Tab. 7: List of drugs treated to the cells.

Drugs Manufacture Catalog no.
Epoxomicin Holzel Diagnostika HY-13821
Etoposide Merck E1383
Hydrogen peroxide (H202) | Merck H1009

2.2.7 SA-B-gal staining
The activity of SA-B-gal was evaluated using a commercial Senescence -Galactosidase
Staining Kit. Briefly, 1x10° cells per cell condition were plated in 24-well plates for 24 h.
Staining for SA-B-gal was then carried out following the manufacturer’s protocol.
Subsequently, cells were co-stained with DAPI and examined using an Epi-Scopel-
Apotome fluorescence microscope with a 10x objective. The percentage of SA-B-gal
positive cells, identified by their blue coloration, was quantified from the total cell count

using Fiji software.

2.2.8 RNA extraction, reverse transcription and gPCR
Total RNA was extracted using the RNeasy Mini Kit, following the procedures outlined by
the manufacturer. 1 000 ng RNA was then reverse-transcribed to cDNA using the High-
Capacity cDNA Reverse Transcription Kit. gPCR analyses were conducted using
PowerUP SYBR Green Master Mix on a QuantStudio6 Real-Time PCR System. For
guantification, the cycle threshold (CT) values of the target genes were normalized against
the CT values of $-actin. Primers used are listed in Tab. 8.

Tab. 8: List of primer sequences used for real-time quantitative PCR analyses.

Gene Name Forward Reverse
CDKN2A/P16INK4A GGGTCGGGTAGAGGAG | GCTGCCCATCATCATGA
(Homo sapiens) GTG CCT

CDKN1A (Homo sapiens) ﬁggg;GTCACTGTCTTGT ggg;rg(?gAGTGGTAGAA

CCTGAGGTTGGCTCTGA | CTTCTTTGGCTGGGGAG

TP53 (Homo sapiens) CTG AGG
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ACTB (Homo sapiens) AACCGCGAGAAGATGAC | GGATAGCACAGCCTGGA
CCA TAGCA
cdkn2a/pl6ink4a (Mus CCCAACGCCCCGAACT GCAGAAGAGCTGCTACG
musculus) TGAA
cdkn2a/pl19arf (Mus CTCTGGCTTTCGTGAAC | TCGAATCTGCACCGTAG
musculus) ATG TTG
CAGATCCACAGCGATAT | AGAGACAACGGCACACT
cdknla (Mus musculus) CCAG TG
ATGTTCCGGGAGCTGAA | CCCCACTTTCTTGACCA
trp53 (Mus musculus) TG TG
AACCATTGCCTGATTCT | TGGGACAAATCAGCACA
h60a (Mus musculus) GAGC CATC
TCAGAAGGGATGAGGAA | GTTGATGGCCCAGAATC
h60b (Mus musculus) CCAG CAC
GCTGCCTCAACAAATCG | ATCAACCCATCAAAGGG
h60c (Mus musculus) TCG GCT
GGGAGACAGCAAATGC | AGGAATTTGGCCCTGGC
rae1a (Mus musculus) CACT T
GCAAATGCCACTGAAGT | CCATTGGTCTTGTGAGT
rae1B (Mus musculus) GAAG GTCC
TCCTACCCCAGCAGATG | TTCAGTGGCATTTGCTG
rae16 (Mus musculus) AAGT TCTC
TCCTACCTCAGCAGACC | TCCTGGCACAAATCGTT
rae1e (Mus musculus) TTCC CAGA
TTGACAGTGCCTGAGAC | TCGTCTGAAGTCAACAG
multl (Mus musculus) GTG CACA
plxnal (Mus musculus) CTGGAAGGCCGAGTCAA | AAAAGGCACTCGTACCC
CAT TCG
plxna3 (Mus musculus) TAACACATGCCAGGGCA | ACCCACCAGCACCATAA
AGAA CAG
otk? (Mus musculus) ACTCTGCTCAGAGCCCT | CCTCCACTTCACAACGG
GCTTCT AGCA
GGGATCCAGCCGGTTAC | GGAACCTCCTGGTGTTG
cyb5rl (Mus musculus) TCT 1GG
CCCTGAAGTACCCCATT | CCATGTCGTCCCAGTTG
actb (Mus musculus) GAAC GTAA

CDKN1A, cyclin-dependent kinase inhibitor 1A; TP53, tumor protein p53; ACTB, actin
beta; trp53, transformation-related protein 53. plxnal, plexin Al; plxna3, plexin A3; ptk7,
protein tyrosine kinase 7; cyb5rl, cytochrome b5 reductase 1.

2.2.9 Western blot
Cell lysates were prepared in Tris-Buffered Saline (TBS, pH 7.6) with 2 % SDS and a
cocktail of protease and phosphatase inhibitors. Protein samples ranging from 30 to 50
mg were electrophoresed on 10-15 % Sodium dodecyl-sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) gels and subsequently transferred to nitrocellulose
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membranes. The membranes were then blocked using 10 % skim milk in PBS for 1 h at
room temperature and incubated with primary antibodies at 4 °C overnight. Following a
wash with PBS containing 0.1 % Tween20, membranes were incubated with HRP-
conjugated secondary antibodies for 1.5 h at room temperature. Immunoblots were
captured on a ChemiDoc Imaging System, and band intensities were analyzed using Fiji

software.

2.2.10 Immunofluorescence

Cells were fixed in 4 % PFA for 10 min and subsequently rinsed three times with ice-cold
PBS. Following permeabilization with PBS containing 0.1 % Triton X-100 (PBST) for 10
min, cells were washed and blocked for 30 min at room temperature using 3 % BSA in
PBST. The primary antibodies were prepared in the blocking solution and applied to the
cells for an overnight incubation at 4 °C. Cells were then washed three times in PBS and
treated with Alexa Fluor-tagged secondary antibodies in 1 % BSA in PBS for 1 h at room
temperature. After three washes in PBS, cells were mounted on microscope slides using
VECTASHIELD Antifade Mounting Medium containing DAPI. Imaging was performed on
an LSM800 confocal microscope using a 63x oil immersion lens or on an Epi-Scopel-
Apotome fluorescence microscope with a 20x objective. Images were processed and
analyzed using Fiji and Zeiss ZEN software.

2.2.11 Flow cytometry
Fluorescence-Activated Cell Sorting (FACS) was utilized to evaluate T cell viability,
transduction efficiency, NKG2D surface expression on T cells, T cell subsets, and
NKG2DLs surface expression on B16F10 cells and primary mouse cells. A total of 1x10°
cells per sample were collected, washed with ice-cold PBS, and then resuspended in 100
ul of ice-cold PBS supplemented with 2 % BSA. For the T cell viability assay, cells were
first stained with Viobility 405/452 Fixable Dye for viability. Subsequently, the cells were
incubated with antibodies for 20-30 min at 4 °C in the dark, according to the manufacturer’s
instructions. Post-staining, cells were washed with ice-cold PBS and analyzed using a
FACS instrument (Becton Dickinson, Celesta). Cell sorting was performed using a FACS

sorter (Becton Dickinson, FACSAria lll). FlowJo software was employed for data analysis.
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2.2.12 Cytotoxicity assay
To assess the cytotoxic efficacy of NKG2D-CAR T cells against B16F10 cells expressing
NKG2DLs and against mouse senescent cells, a real-time cytotoxicity assay was
performed. Target cells were plated at densities of 3 000 to 5 000 cells per well in six
replicates on 96-well black plates with clear bottoms. After 24 h, the medium was
discarded, and cells were incubated with 5 ug/ml Calcein-AM in RPMI for 30 min at 37°C
in a5 % CO2 atmosphere. After labeling with Calcein-AM, target cells were washed and
then incubated with 100 ul of effector cell suspension (either untransduced (UN) T cells
or NKG2D-CAR T cells in RPMI complete medium) at different E: T ratios. The plate was
then centrifuged at 200 x g for 2 min and placed in an IncuCyte S3 system at 37°C with
5 % CO2 for 4 h for B16F10 cells, and 8 h for mouse primary cells. Live imaging was
performed every 2 h using a 4x objective, capturing the whole-well to capture changes in
the green fluorescence indicative of Calcein-AM positive viable target cells. Viable cell

counts were analyzed using Fiji software.

2.2.13 Mass spectrometry analysis of cell surface proteins

2.2.13.1 Cell surface protein extraction

Human and mouse primary cells grown on plates (~2x107 cells) were washed three times
with ice-cold DPBS buffer supplemented with 1 mM CaClz and 0.5 mM MgCl. (pH= 8) and
then incubated with 0.5 mg/ml Sulfo-NHS-SS-Biotin for 30 min at 4 °C, with gentle shaking.
Following biotinylation, the cells were rinsed three times with ice-cold DPBS (pH= 8).
Residual, unreacted N-Hydroxysuccinimide ester, was quenched by incubation with 0.1
M glycine for 30 min at 4 °C. In subsequent steps, cells were first washed three times
with DPBS (pH= 8), then lysed in a lysis buffer (50 mM HEPES (pH= 7.4), 150 mM NacCl,
1 mM EDTA, and 1.5 % SDS), prior to overnight incubation of lysates with streptavidin
magnetic beads at 4 °C. Elution of streptavidin-bound proteins was aided by four washes
with lysis buffer, followed by boiling in an elution buffer (2 % SDS, 100 mM Tris-HCI (pH=
7.5), and 0.1 M DTT) for 5 min.

2.2.13.2 Peptides preparation for Mass Spectrometry analysis
Extracted cell surface proteins were heated at 95 °C for 5 min, then quickly cooled on ice.
2.5 % total protein extracts and BSA standards were run on a 12 % SDS-PAGE, followed
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by Silver staining to estimate total protein amounts. The SDS-PAGE gel was first run for
15 min at 100 V, to allow total proteins to migrate through the stacking gel and later for 75
min at 150 V, for separation on the separating gel. The SilverQuest Silver Staining kit was
employed for estimation of total protein amounts, after image analysis, as suggested by
the manufacturer.

Tryptic peptides for LC-MS/MS analysis were generated based on a previously described
modified Filter-aided-Sample-preparation (FASP) protocol (Scifo et al. 2015).
Approximately, 20 ug cell surface proteins were first reduced by incubation with 10 mM
DTT and 2 mM TCEP in Tris (pH= 8) at 60 °C for 15 min, then alkylated with addition of
50 mM IAA and incubation for 30 min the dark. Filter columns (MWCO 10 kDa) were
primed for the FASP protocol with two washes of HPLC water, two washes with 0.1 M
NaOH, another three washes with HPLC water and one with 8 M urea buffer (UB), prior
to sample loading. Samples were mixed with 300 ul UB, transferred to filter columns and
subjected to buffer exchange by centrifugation at room temperature, for 40 min.
Detergents in the samples were depleted by repeating the washes 6 times with 300 pl UB,
followed by centrifugation at 17,000 x g for 20 min. Samples were then digested with
trypsin (1:20; in 50 mM ammonium bicarbonate) directly on the filter columns for 1 h at
37 °C, followed by overnight incubation at 30 °C with shaking. Residual detergents were
removed from the peptides by precipitation with an equal volume of 2 M KCI, incubation
for 30 min at room temperature and centrifugation at 17,000 x g for 20 min to collect the
supernatant. Subsequently, the peptides were cleaned and desalted using C18 Stage tips,

then resuspended in 20 pl 1 % FA for MS analysis or stored at 4 °C till use.

2.2.13.3 LC-MS/MS analysis
Peptide separation and quantification on a Dionex Ultimate 3000 RSLC nanosystem
coupled to an Orbitrap Exploris 480 MS instrument, as well as database searching, were
performed by Dr. Enzo Scifo (Translational Biogerontology Lab, AG Ehninger, DZNE e.V.
Bonn). MS analyses were performed with three biological replicates, for each cell
condition. Peptides were separated using a binary solvent system comprising of 95 %
eluent A (0.1 % FA in water) and 5 % eluent B (0.1 % FA in 80 % ACN), at a flow rate of
300 nL/min. A trap column cartridge (Acclaim PepMap C18) was used for peptide
concentration, prior to separation by reversed-phase chromatography on an Acclaim
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PepMap C18, 100 A, 75 pm X 25 cm column. The following gradients were employed: 5 %
to 31 % eluent B in 75 min followed by 31 % to 50 % eluent B in 20 min. Peptides eluting
from the LC column were transferred to a stainless steel emitter (Thermo Scientific) for
electrospray ionisation using a Nanospray Flex ion source, applying a spray voltage of 1.9
kV and an ion transfer tube temperature of 300 °C. Mass spectrometric data were acquired
in data-dependent positive ion mode. Measurement parameters were set as follows: mass
range of m/z 375-1550; resolution of 120,000 at m/z 400; target value of 300 % (3x%10°)
ions; maximum injection time of 25 ms, charge state of 2-7, dynamic exclusion of 60 sec
with exclusion after 1 time and a mass tolerance of 10 ppm, for MS survey scans. A top
speed method with a 2 sec cycle time was used for selection of precursor ions for
fragmentation. Acquisition of MS2 spectra was based on a decision tree with priority one
assigned to those precursor signal intensity thresholds of 3x10° or greater and priority two
comprising of spectra with an intensity range of 1x10% - 3x10°. Data-dependent MS2
scans were based on the following settings: an isolation window of 2 m/z, normalized
collision energy of 30 % High-energy Collision Dissociation, 7.5 K and 15 K resolution,
AGC target value of 100 % (1x10°), maximum ion injection times of 20 and 50 ms, for
scan priority one and two, respectively. MS survey scans and MS2 data were acquired in
profile and centroid modes, respectively.

Raw MS data was analyzed using Proteome Discoverer™ (PD. Version 2.5) software
(Thermo Fisher Scientific). MS2 spectra were searched using the SEQUEST® HT search
engine against the Swiss-Prot® Mus musculus (v2021-06-20) and Homo sapiens (v2021-
06-20) databases. Peptide identifications were based on specifying trypsin as the
proteolytic enzyme, allowing for 2 missed cleavages as well as setting the minima and
maxima peptide length to 7 and 30 amino acids, respectively. Precursor and fragment
mass tolerances were set to 10 ppm and 0.02 Da MS2. Carbamidomethylation of cysteine
was specified as a fixed modification, while methionine and N-terminal loss of methionine,
were set as variable modifications, for all searches. The false discovery rate (FDR) for
proteins, peptides, and peptide spectral matches (PSMs) was set to 1 % in the Consensus
workflow. In the Spectrum Selector node, the Lowest Charge State = 2 and Highest
Charge State = 6 were used. The INFERYS rescoring node incorporated into the
Processing workflow was employed to boost peptide identifications. Automatic settings

were used and identified peptides were filtered for maximum 1 % FDR using the Percolator
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algorithm. A second stage search was applied to identify semi-tryptic peptides. Protein
guantification is based on unique and razor peptides. Proteins affected by site, reverse or
potential contaminants were filtered out prior to analysis. Unless otherwise specified,

default settings of individual nodes were used during the analysis.

2.2.14 Statistics and data analysis

Statistical analysis was conducted using GraphPad Prism software. The results were
presented as mean = SD or mean = SEM. To assess the differences between two
independent groups, an unpaired two-tailed Student's t-test was employed. For
comparisons involving three or more groups, differences were determined using either
one-way or two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc tests to
adjust for multiple comparisons. Statistical significance was set as follows: *P < 0.05;
**P<0.01; **P<0.001; *™**P <0.0001; ns, not significant. For visual representation,
figures were created using Adobe lllustrator and Biorender.com.

PSMs of all identified surface proteins across various cellular conditions were subjected
to principal component analysis (PCA). For Pearson’s correlation analysis, normalized z-
scores, adjusted in comparison to the non-senescent control group for the PSMs, were
utilized. Cluster analyses were performed on scaled z-scores of PSMs, where scaling
involved conversion using the logarithm base 10 (log10). To address zero values in the
log10 transformation, each z-score was modified by adding a constant value of 1 before
transformation. For negative z-scores representing downregulated proteins, the log10
transformation was applied to the absolute values, and the results were subsequently
multiplied by -1.

PCA was conducted using the "tidyverse" package in base R and the results were
visualized using the "ggplot2" package. Pearson's correlation analysis was carried out
with the "corrplot" R package and the results displayed using the online application
"Chiplot," accessible at https://www.chiplot.online/. For clustering analysis, data were
processed using the Mfuzz clustering method via the "mfuzz" package in R, with
visualizations created through "ggplot2". Volcano plots were generated with the "ggrepal”
package in R and visualized via "ggplot2". Cellular Component enrichment analyses were
performed using Ingenuity Pathway Analysis (Ingenuity Systems) and displayed on

"Chiplot" web. Molecular Function (MF) and Biological Process (BP) enrichment analyses
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were conducted using Gene Ontology (GO) from the Metascape Database
(https://metascape.org/gp/index.html) and visualized with Chord diagrams using the
“circlize" package in R or with Cytoscape. The statistical cut-off value for pathway
enrichment was set at p < 0.05 or with Benjamini-Hochberg adjusted p < 0.05, and a
minimal enrichment factor of 1.5. Heat maps were generated and viewed on "Chiplot" web.
Venn diagrams were produced using the "eulerr" package in R or the "InteractiVenn"
online tool, available at http://www.interactivenn.net/.


https://metascape.org/gp/index.html
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3. Results

3.1 Efficacy of NKG2D-CAR T cells in targeting and eliminating stress-induced
senescent cells in vitro
3.1.1 Construction of NKG2D-CART cells

NKG2D-CAR constructs were engineered by fusing the full-length murine NKG2D
receptor sequence to the CD3¢ CYP domain (NKz-CAR), as described in previous studies
(Driouk et al. 2020, Zhang et al. 2005). In the retroviral vector (RV) pFB-based construct,
the reporter protein GFP or mCherry sequence were included, cleaved using the T2A
peptide. In the lentiviral (LV) pHAGE vector, NKz-CAR was linked with a FLAG tag and
ZsGreen, connected via an IRES element (Fig. 2A). The expression validation of NKG2D-
CAR constructs was first performed in HEK293T cells. Western blot analyses confirmed
the expression of FLAG-tagged protein in LV-transduced HEK293T cells (Fig. 2B).
Immunofluorescence assays revealed the specific stanning of NKG2D and CD3( in
ZsGreen-positive HEK293T cells bearing NKz-CAR, further verifying its expression (Fig.
2C).
Activated pan T cells, extracted from mouse spleens, were transduced with either the RV
or LV NKG2D-CAR constructs. Viability assay showed no difference between RV and LV
transduced T cells, averaging 49.3 % for RV (NKG2D-CAR) T cells and 46.8 % for LV
(NKG2D-CAR) T cells (Fig. 2D). The expression of mCherry was evident in Plat-E
packaging cells 48 h post-transfection and in primary T cells 24 h following the second
transduction (Fig. 2E). The transduction efficiency was higher in RV (NKG2D-CAR) T cells
at 56.7 % compared to 37.1 % in LV (NKG2D-CAR) T cells (Fig. 2F). Surface expression
of the NKG2D receptor on transduced T cells was assessed via FACS three to four days
post-transduction, revealing a notable increase in the percentage of NKG2D-positive cells
and a significant rise in mean fluorescence intensity (MFI) compared to endogenous
NKG2D expression in native T cells (Fig. 2G).
FACS was utilized to analyze the composition of CD4+ and CD8+ T cell subpopulations
within both UN-T cells and NKG2D-CAR T cells. UN-T cells were collected post-activation,
and NKG2D-CAR T cells were sorted by the viable GFP+ or mCherry+ cells. Similar with
the UN-T cell population, a significant proportion of NKG2D-CAR T cells, 62.0 % + 2.5 %,



were identified as CD8+ cells. There was no significant difference in the subpopulation of
CD3+ T cell subsets between the UN-T cells and NKG2D-CAR T cells (Fig. 2H).
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Fig. 2: Construction of NKG2D-CAR T cells. (A) Schematic representation of retroviral
(RV) and lentiviral (LV) NKG2D-CAR constructs. (B) Western blot analysis of protein
expression of FLAG-tagged NKG2D-CAR in LV NKG2D-CAR construct-transfected and
untransfected (UT) HEK293T cells. Data are presented as the mean + SEM of three
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biological replicates and are normalized to GAPDH levels. ****P <0.0001, determined by
unpaired two-tailed Student’s t-test analysis. (C) Immunofluorescence staining of LV
NKG2D-CAR construct-transfected HEK293T cells. Cells were co-stained with antibodies
targeting mouse NKG2D (red) and CD3C (purple), respectively. Cell nuclei were stained
with DAPI (blue). Indicative NKG2D-CAR+ cells are marked with orange arrows, and
NKG2D-CAR- cells with white arrows. Scale bar = 10 um. (D, F) Analysis of cell viability
(D) and transduction efficiency (F) in RV and LV NKG2D-CAR-transduced T cells,
evaluated by FACS. Transduction efficiency was calculated as % mCherry/GFP/ZsGreen+
cells among viable cells. Data are presented as the mean * SEM of six biological
replicates. ns, not significant, determined by one-way ANOVA followed by Tukey’s post-
hoc tests. (E) Fluorescent microscopy images showing Plat-E packaging cells (upper row)
and T cells transduced with RV NKG2D-CAR, captured 24 h after the second round of
transduction (lower row). Scale bar = 200 um. (G) Surface expression of NKG2D analyzed
by FACS. Histograms show the percentage of positive cells stained with APC-conjugated
anti-mouse NKG2D antibody (purple) or isotype antibody (green). MFI data are presented
as the mean + SEM of six biological replicates. ***P <0.001; ****P <0.0001, determined
by one-way ANOVA followed by Tukey’s post-hoc tests. (H) Proportions of CD8 and CD4
subtypes within CD3+ UN-T cells and NKG2D-CAR T cells determined by FACS. NKG2D-
CAR T cells were positively sorted for viable GFP+ or mCherry+ cells prior to analysis.
Data are presented as the mean + SEM of two biological replicates, with statistical
analyses by two-way ANOVA followed by Tukey’s post-hoc tests.

3.1.2 Efficacy of NKG2D-CAR T cells against NKG2DL-expressing cells
To evaluate the targeting ability of NKG2D-CAR T cells, B16F10 melanoma cells were
engineered to overexpress individual mouse NKG2DLs: H60a, Rae1f3, or Mult1, using the
PiggyBac transposon system (Fig. 3A). Following neomycin selection, stably transfected
cell lines were established from individual colonies and confirmed for NKG2DL surface
expression via FACS. As a baseline, unmodified B16F10 cells, which is known to lack
NKG2DLs (Kim et al. 2020, Shin et al. 2013), were used as control cells. Each transfected
cell line exhibited a significant rightward shift in MFI compared to the control (Fig. 3B).
Subsequently, cytotoxicity assays were conducted to compare the effectiveness of
NKG2D-CAR T cells and UN-T cells against these NKG2DL-expressing B16F10 cells at
different E: T ratios. The viability of target cells was dynamically monitored using
fluorescent Calcein-AM labeling and automated longitudinal microscopy. UN-B16F10
cells served as the negative control (Fig. 3C). After 4 h of co-culture, cytotoxicity
percentages were calculated using the formula (1-live fluorescent cell count at 4 h/live
fluorescent cell count at 0 h) x 100. The results showed that NKG2D-CAR T cells displayed
dose-dependent cytotoxicity against all three NKG2DL-overexpressing cells, achieving
maximum cell killing efficacies of 29.9 %, 32.9 %, and 37.2 % at a 20:1 E: T ratio. In
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contrast, NKG2D-CAR T cells exhibited minimal cytotoxic efficacy (up to 8.0 %) against
NKG2DL-negative control cells (Fig. 3D, E). Additionally, even at the highest E: T ratio,

UN-T cells with inherent NKG2D receptor expression demonstrated only limited cytotoxic

activity against NKG2DL-expressing targets (up to 12.5 % lysis), compared to baseline

(5.9 % lysis against control cells) (Fig. 3D, E).
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B16F10 cells (control). Analysis is based on results from four independent technical
replicates for each transfected cell colony. FSC-A, Forward-scatter area. (C) Schematic
representation of Calcein-AM-based cytotoxicity assay. (D) Whole-well imaging of
NKG2DL-transfected and UT-B16F10 control cells before (0 h) and after (4 h) co-culture
with NKG2D-CAR T cells or UN-T cells at a 20:1 E: T ratio. Live cells are visible with
Calcein-AM staining, shown in green. Scale bar = 800 um. (E) Quantification of cytotoxicity
of NKG2D-CAR T cells and UN-T cells towards NKG2DLs over-expressing B16F10 cells
and UN-B16F10 cells at different E: T ratios (1:1, 10:1, 20:1) after 4 h of co-culture. Data
are presented as the mean + SD of three biological replicates. **P <0.01; ***P <0.001;
****P <(0.0001, determined by two-way ANOVA followed by Tukey’s post-hoc tests. BF,
B16F10.

3.1.3 Expression of NKG2D ligands in senescent cells triggered by DNA

damage and oxidative stress
NKG2DLs are generally not expressed in healthy cells but are upregulated in response to
cellular stressors (Gonzélez et al. 2008). To investigate whether NKG2DLs expression is
triggered during stress-induced senescence, MEFs and mouse forebrain AST were
treated with the DNA damage agent ETO and the reactive oxygen species (ROS) inducer
H202. Senescence induction was confirmed by several common used biomarkers. Both
MEFs and AST treated with ETO or H202 exhibited flattened and enlarged morphological
changes, along with increased SA-B-gal activity compared to proliferative control cells (Fig.
4A). Elevated levels of negative cell cycle regulators pl6ink4a and p19arf were observed
in senescent MEFs, while in senescent AST, there was an upregulation of pl9arf, p21,
and p53 (Fig. 4B). gPCR and FACS were employed to assess mRNA and surface protein
levels of NKG2DLs in these senescence models, respectively (Fig. 4C, D). An increase
in the protein levels of H60 and Multl was observed across all senescent cells,
irrespective of the cell type or inducing agent (Fig. 4D). Furthermore, Rael expression
was elevated at the mRNA level in H202-treated MEFs and at both mRNA and protein
levels in H202-treated AST (Fig. 4C, D). These findings highlight the potential of
NKG2DLs as targets for CAR-T cell-mediated clearance of stress-associated senescent

cells.
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Fig. 4. Expression of NKG2D ligands in senescent cells triggered by DNA damage
and oxidative stress. (A) Bright-field microscopy images of SA-B-gal staining in MEFs
(upper panel) and AST (lower panel), with or without ETO or H202 treatment. Blue
staining indicates SA-B-gal positive cells. Scale bar = 100 ym. Percentage of SA-B-gal
positive cells was quantified in randomly chosen fields. Results are shown as the mean +
SEM from six biological replicates. (B) Western blot showing protein levels of senescence
markers in MEFs and AST, with or without ETO or treatment. Results are shown as the
mean = SEM of four biological replicates normalized against actin levels. (C) qPCR
analysis of mMRNA levels of mouse NKG2DLs in senescent MEFs and AST triggered by
ETO or H202. Results, normalized to $-actin mRNA levels, are shown as mean + SEM
from three or four biological replicates. (D) FACS analysis comparing cell surface
expression of each mouse NKG2DL in senescent MEFs and AST (filled purple histograms)
to that in proliferative control cells (green line histograms). MFI of PE-labeled mouse
NKG2DLs is shown as mean + SEM of three biological replicates. Statistical significance
was determined by one-way ANOVA with Tukey’s post-hoc tests, where *P <0.05;
**P<0.01; ***P <0.001; ****P < 0.0001 for all panels (A-D).

3.1.4 Cytotoxicity of NKG2D-CAR T cells against senescent MEFs and AST

expressing NKG2DLs
To evaluate the cytotoxic ability of NKG2D-CAR T cells against senescent cells that
express endogenous NKG2DLs, we conducted co-culture assays involving either
NKG2D-CAR T cells or UN-T cells and proliferative or senescent MEFs or AST at E: T
ratios of 1:1, 5:1, and 10:1 for 8 h. A Calcein-AM-based cytotoxicity assay was utilized to
measure the lytic activity of the effector T cells (Fig. 5A, 6A). We observed a dose-
dependent increase in cytotoxicity by NKG2D-CAR T cells over UN-T cells against
senescent MEFs triggered by both ETO and H202. The peak specific killing efficacies
reached 53.9 % vs. 21.9 % and 67.3 % vs. 26.0 % at a 10:1 E: T ratio, respectively (Fig.
5B). In contrast, NKG2D-CAR T cells showed minimal lysis of proliferative cells, with the
maximum cytotoxicity observed being only 6.3 % across all tested E: T ratios (Fig. 5B),
which indicates a low off-target activity. A similar pattern of cytotoxic capacity was evident
in the NKG2D-CAR T cells against senescent AST, where the highest cytolysis was 78.7 %
ata 10:1 E: T ratio in AST induced by H202 (Fig. 6). UN-T cells exhibited limited cytotoxic
efficacy, with up to 18.4 % Kkilling observed towards senescent AST irrespective of the
inducing stimuli, a level comparable to the efficacy of NKG2D-CAR T cells against
proliferative AST, which was under 15 % (Fig. 6). Overall, our findings demonstrate that
NKG2D-CAR T cells selectively target and eliminate NKG2DL-expressing senescent cells

induced by either DNA damage or oxidative stress.
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Fig. 5: Cytotoxicity of NKG2D-CAR T cells against senescent MEFs expressing
NKG2DLs. (A) Whole-well images showing senescent MEFs induced by either ETO or
H202, and untreated proliferative MEFs, stained with Calcein-AM and imaged every 2 h
during an 8-h co-culture with either NKG2D-CAR T cells or UN-T cells at a 10:1 E: T ratio.
Living cells are in green by Calcein-AM staining. Scale bar = 800 um. (B) Cytotoxicity
analysis comparing the efficacy of NKG2D-CAR T cells and UN-T cells against senescent
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and proliferative MEFs, calculated after 8 h of co-culture at E: T ratios of 1:1, 5:1, and 10:1.
The results are shown as the mean = SD from four biological replicates. Significance levels
are indicated by **P < 0.001 and ****P < 0.0001, as determined by two-way ANOVA with
Tukey’s post-hoc tests.
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NKG2DLs. (A) Whole-well images showing senescent AST induced by either ETO or
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H202, and untreated proliferative AST, stained with Calcein-AM and imaged every 2 h
during an 8-h co-culture with either NKG2D-CAR T cells or UN-T cells at a 10:1 E: T ratio.
Scale bar = 800 um. (B) Cytotoxicity analysis comparing the efficacy of NKG2D-CAR T
cells and UN-T cells against senescent and proliferative AST, calculated after 8 h of co-
culture at E: T ratios of 1:1, 5:1, and 10:1. The results are shown as the mean + SD from
four biological replicates. Significance levels are indicated by ***P < 0.001 and ***P <
0.0001, as determined by two-way ANOVA with Tukey’s post-hoc tests.

3.2 MS analysis of the senescence-associated cell surfaceome
3.2.1 Cellular senescence alters the cell surface proteome
To investigate the cell surface proteome changes associated with senescence, we
established various senescence models: 1) Genotoxic stress-induced senescence in
NHLFs, MEFs, and mouse AST, 2) Oxidative stress-induced senescence in HUVECS,
NHLFs, MEFs, and mouse AST; and 3) Proteasome stress-induced senescence in mouse
AST. These senescence models were confirmed using established senescence markers,
with all models showing significantly increased SA-B-gal staining (Fig. 7). Additionally,
gPCR analysis consistently demonstrated elevated mRNA levels of p16, p21, and/or p53

across these senescence models (Fig. 8).
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indicated by blue cells. Scale bar = 100 uym. (E) Quantitative analysis of SA-B-gal-positive
cells, calculated as the ratio of blue cells to DAPI-positive cells. Results are presented as
SEM from six biological replicates. Statistical significance was determined
using an unpaired two-tailed Student’s t-test for comparisons between two groups, and
one-way ANOVA followed by Tukey’s post-hoc test for analyses involving more than two
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groups, with ***p < 0.0001.
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Fig. 8: RT-qPCR analysis of senescence markers. Results are normalized to p-actin
MRNA levels and presented as mean + SEM, with individual data points shown for four
biological replicates. Statistical significance is indicated with *P < 0.05; **P < 0.01; **P <
0.001; ***P < 0.0001. Statistical analysis was conducted using an unpaired two-tailed
Student’s t-test for comparisons between two groups and one-way ANOVA followed by
Tukey’s post-hoc test for multiple group comparisons.

We employed biotinylation method to enrich proteins associated with the cell surface,
followed by label-free quantitative MS analysis to assess changes in their expression
levels. The classification of proteins as cell surface-associated was based on their GO
annotations for plasma membrane and/or extracellular regions, as indicated by the Protein
Center platform integrated within the Proteome Discoverer software. In this study,
approximately 32 % of all identified proteins, with a range from 29.1 % to 34.9 % across

different cellular conditions, were identified as cell surface proteins (Fig. 9).
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Fig. 9: Distribution of cellular components of identified proteins. The horizontal axis
shows the percentage of identified proteins.

In this thesis, a comprehensive identification of cell surface proteins was performed,
revealing a total of 2091 surface-associated proteins across all cell conditions. PCA was
utilized to examine the clustering of these cellular conditions based on the PSM values of
the identified proteins (Fig. 10A). The analysis showed clear separations between
senescent and non-senescent cells in both PC1 and PC2, suggesting that CS profoundly
modifies the cell surface proteome. Additionally, senescence conditions derived from
different cell types or induced by different stressors within the same cell type displayed
largely distinct clustering patterns. This highlights the influence of both the cell type and
the nature of the CS inducer on the proteomic profile of the cell surface during senescence.
Moreover, Pearson correlation analyses indicated strong correlations within conditions of
the same cell type experiencing senescence (Fig. 10B). An unsupervised clustering
analysis was also conducted to visualize the trajectories of surface protein expression
during senescence, which underscored that the expression profiles of surface proteins

varied significantly across different cell types (Fig. 10C).
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Fig. 10: Proteomic profiling of cell surface proteins across various cellular
conditions. (A) PCA of proteomic profiles PSMs for all identified surface proteins (2091
proteins) across twelve different cell conditions. (B) Heat map displaying Pearson
correlation coefficients that assess correlations across various cell types and senescence
inducers. This analysis utilizes normalized z-scores of PSMs for all 2091 detected surface
proteins, with normalization relative to their corresponding non-senescent control groups.
(C) Clustering analysis of expression profiles for the 2091 surface proteins under diverse
senescence conditions. The analysis scale employs a logarithmic base 10 (Logl10)
transformation of PSM z-scores.

3.2.2 Quantitative analysis of differential surface proteomic profiling in

senescent cells
Utilizing label-free MS analysis, we conducted a quantitative comparison of cell surface
proteomic profiles between senescent cells and their non-induced counterparts. We
focused on proteins exhibiting significant changes, with a p-value of < 0.05 and a fold
change (FC) of = 1.5 (senescence/control, SEN/CTRL) (Fig. 11A). This comparative
analysis identified between 369 and 1251 differentially expressed proteins (DEPSs), with
31.1 % to 43.2 % classified as cell-surface-associated (Fig. 11A). Most differentially

expressed cell surface proteins were significantly upregulated, though an interesting
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exception was shown in senescent MEFs induced by H202, where 58 % of the cell surface
DEPs were downregulated. Furthermore, the magnitude of protein level changes in
senescent human cells was more pronounced compared to senescent mouse cells,
across various cell types and inducers, as evidenced by overall log2 (FC) metrics (Fig.
11A).

Next, we conducted MF enrichment analysis for the DEPs within each senescence model.
The analysis revealed a mix of shared and unique molecular functions within the CS
surfaceome of human and mouse models, with 179 shared items and 115 and 58 items
uniquely identified in Homo sapiens and Mus musculus, respectively (Fig. 11B). Fig. 11C
illustrates the top 10 commonly enriched clusters across eight different senescence
conditions alongside the top 10 specifically enriched clusters unique to each condition,
ranked by their summed p-values. The cell adhesion molecule binding pathway emerged
as the most universally shared molecular function pathway across all senescence
conditions. However, distinct pathway enrichments were also observed. In particular,
H202-induced senescent NHLFs displayed a unique profile with 34 specifically enriched
clusters, predominantly featuring transporters involved in ATPase-coupled ion
transmembrane transporter activity.

To investigate the interactome dynamics associated with the CS surfaceome, we
performed a ligand-receptor (L-R) interaction analysis. This utilized literature-supported
interactions derived from single-cell RNA sequencing datasets, available at Cellinker
(Zhang et al. 2021b). The distribution of five different interaction types for each
senescence scenario is visually detailed in Fig. 11D. We detected consistent patterns in
L-R interaction distributions across the various senescent cell models in both human and
mouse species, with cell-adhesion interactions being the most prevalent, accounting for
40 % to 52 % of the interactions. Besides cell-adhesion interactions, receptor-related
interactions, including cytokine-cytokine receptor and extracellular matrix (ECM)-receptor
interactions, were also frequently observed, ranging from 28.3 % to 44.4 %. Secreted
protein-associated interactions followed, representing 14.8 % to 25 % of the total. A
notable exception was found in senescent AST induced by EPO, where secreted protein
to receptor interactions dominated, accounting for 60.7 % of all interactions (Fig. 11D).
Moreover, to explore the biological implications of CS surfaceome, we performed a BP

enrichment analysis on surface DEPs in each senescence condition. Remarkably, the
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number of uniquely enriched BPs in each species paralleled the number of commonly
enriched ones between the two (1226 vs. 1284). Specifically, 796 BPs were uniquely
enriched in human cells, and 488 were exclusively enriched in mouse cells (Fig. 11E).
The Chord diagram depicted in Fig. 11F shown the top 10 enriched clusters, both shared
and unigue to each senescence condition, ranked by their summed p-values. The
pathways, including cell-cell adhesion, regulation of cell migration, and vasculature
development, have been involved in CS due to their mechanistic significance (Kuilman et
al. 2010, Levi et al. 2020). Additionally, pathways like vesicle-mediated transportation and
endocytosis, have been recognized features of the SASP in the previous study (Coppé et
al. 2010). Particularly, senescent NHLFs induced by H202 displayed the most distinct
profile, with 217 uniquely enriched clusters, especially those related to the “cellular

response to increased oxygen levels” pathway.
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Fig. 11: Quantitative analysis of differential surface proteomic profiling in senescent
cells. (A) The top panel presents multiple volcano plots representing DEPs from eight
comparative analyses across various cell types under different senescence-inducing
conditions. DEPs are visualized as red dots (upregulated proteins) and green dots
(downregulated proteins), with a significant difference (p < 0.05) and a FC of at least 1.5
compared to control conditions. The y-axis represents the log2 (FC) of SEN/CTRL. The
bar chart details the total number of DEPs and cell surface DEPs identified. (B, E) Heat
maps show the -log(p-values) from GO-based MF and BP enrichment analyses of surface
DEPs, mapped against their respective MF or BP processes. (C, F) Chord diagrams show
the top 10 most commonly and uniquely enriched terms among surface DEPs in all
senescent conditions. (D) This panel displays the distribution and total number of L-R
interaction categories derived from surface DEPs across eight studied senescence
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scenarios. The horizontal axis indicates the proportions of L-R interaction categories
within surface DEPs under different senescence conditions.

3.2.3 Shared surfaceome and its contribution to senescence signature
Senescent cells universally exhibit morphological alterations, cell-cycle arrest, and SASP
characteristics (Hernandez-Segura et al. 2018). In the current thesis, we aimed to identify
senescence-associated cell surface molecules that are commonly shared across various
senescent cell models. We identified a set of 27 proteins that were consistently
differentially expressed across three human senescence paradigms (Fig. 12A). Notably,
16 of these proteins (59.2 %) showed an increase in expression levels, whereas a minor
fraction (11.1%) displayed significant reductions in abundance across all examined
human cell models (Fig. 12B). To explore the potential functional relationships among
these commonly upregulated proteins in human senescence models, we conducted a BP
enrichment analysis. This analysis highlighted several pathways, including neutrophil
degranulation, sterol metabolic processes, negative regulation of proteolysis, and
monoatomic cation transport (Fig. 12C). Furthermore, we analyzed the overlap in surface
DEPs across different mouse senescence models. Only one protein, N(4)-(beta-N-
acetylglucosaminyl)-L-asparaginase (AGA), was consistently upregulated across all five

mouse senescence models (Fig. 12D).
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Fig. 12: Shared surfaceome and its contribution to senescence signature. (A) The
Venn diagram displays the number of cell surface DEPs and their overlaps across three
human senescence comparisons. (B) The heat map shows the senescence-associated
changes in expression across 27 shared human surface DEPs, visualized by the log2 (FC)
of the respective SEN/CTRL comparison. (C) This panel shows the biological pathways
enriched among the shared upregulated human surface DEPs. The horizontal axis
represents the gene ratio, which indicates the ratio of DEPs-coded genes within a given
pathway to the total number of genes in this pathway. The size of each bubble indicates
the number of protein-coding genes enriched in the pathway, while the color scale reflects
the -log10(p-value) of enrichment. (D) The Venn diagram displays the overlap of surface
differential expression profiles among the five mouse senescence comparisons.

3.2.4 Heterogeneity of senescence surfaceome across cell types
To assess how different cell types influence the CS surfaceome, we performed
comparative analyses of surface DEPs in three scenarios: 1) senescent human

endothelial cells vs. lung fibroblasts induced by oxidative stress (Fig. 13A); 2) senescent
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mouse astrocytes vs. fibroblasts induced by oxidative stress; and 3) senescent mouse
astrocytes vs. fibroblasts induced by DNA damage (Fig. 13D, G). Our findings revealed
that only 12.8 % to 22.6 % of DEPs were common to each comparison, with 37.1 % to
61.2 % of proteins being upregulated, 8 % to 20 % downregulated, and notably, 19.4 %
to 42.9 % showing opposing changes in response to the same CS inducers (Fig. 13B, E,
H). Further analysis was conducted to explore whether the functional attributes of the CS
surfaceome vary between different cell types. The top 10 GO-enriched clusters for each
comparison of both upregulated and downregulated surface proteins are visualized in Fig.
13C, F, 1, highlighting distinct highly enriched biological pathways within each comparative

scenario.
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Fig. 13: Heterogeneity of senescence surfaceome across cell types. (A, D, G) Venn
diagrams show the number of surface DEPs and their overlap when induced by the same
senescence inducers (either oxidative stress or genotoxic stress) across different cell
types. (B, E, H) The heat maps display the senescence-associated expression changes
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for overlapping surface DEPs, identified from each comparison in (A, D, G), based on the
log2 (FC) of SEN/CTRL. (C, F, I) The chord diagrams illustrate the top 10 enriched
biological pathways for both upregulated (displayed in red) and downregulated (shown in
green) cell surface proteins within each senescence comparison.

3.2.5 Senescence inducer-dependent surfaceome changes

To assess the effects of different senescence inducers on surface DEPs within the same
cell type, we conducted comparative analyses using senescent human lung fibroblasts,
mouse fibroblasts, and mouse astrocytes treated with either the DNA-damaging agent
ETO or the ROS inducer H202. Notably, nearly half of the surface DEPs (41.1 % to 55.9 %)
were consistently activated by both inducers across the same cell types (Fig. 14A).
Furthermore, BP enrichment analysis of the shared surface DEPs highlighted pathways
such as neutrophil degranulation, cell-cell adhesion, and positive regulation of cation
transmembrane transport as robustly activated by both inducers (Fig. 14B).

We also investigated the potential for identifying the origin of CS based on inducer-specific
surface markers. This was achieved by characterizing the proteomic signatures unique to
different CS inducers (ETO, H202, and EPO) across various cell types (Fig. 14A, C).
Pathways distinctly linked to specific stressors were identified and are shown in Fig. 14D.
At the molecular level, our focus was on inducer-specific CS surface markers that were
exclusively associated with distinct CS drivers and consistently upregulated in at least two
different cell types. Considering the lack of a RS model in this thesis, we integrated data
from two previously published studies involving RS models: a whole transcriptome study
in MEFs (Chen et al. 2018) and a surface proteome study in human primary fibroblasts
BJ (Mrazkova et al. 2018). After excluding molecules overlapping with markers activated
under RS conditions, we identified unique proteins linked to specific inducers. For ETO,
six proteins including inositol 1,4,5-trisphosphate receptor type 1 (ITPR1) and palmitoyl-
protein thioesterase 1 (PPT1) emerged as ETO-specific CS surface signatures. In the
context of H202-induced senescence, seven proteins such as sphingomyelin
phosphodiesterase acid like 3B (SMPDL3B) and collagen triple helix repeat containing 1
(CTHRC1) were identified as unique markers. Additionally, eleven proteins demonstrated

strong and exclusive upregulation after EPO treatment (Fig. 14E, Tab. 9).
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coding genes. (D) This chart displays biological pathways enriched among surface
proteins uniquely activated by specific inducers but shared across cell types, plotted by -
log10(p-value). (E) String protein-protein interaction analysis shows interactions among
inducer-specific senescence surface markers shared by different cell types. Nodes
represent markers, color-coded by inducer, with edges indicating the type and confidence
of interactions (interactions derived from curated databases in blue, co-expression
interactions in black, text-mining interactions in green, and experimentally determined
interactions in pink; the thicker the edge, the higher the confidence).

Tab. 9: Inducer-specific senescence surface markers.

ETO
Gene UniProt ) _
Symbol Accession UniProt Protein Name
GNAQ P50148 Guanine nucleotide-binding protein G(q) subunit alpha
EPDR1 Q9uUM22 Mammalian ependymin-related protein 1
CNRIP1 Q96F85 CB1 cannabinoid receptor-interacting protein 1
PPT1 P50897 Palmitoyl-protein thioesterase 1
ITGB5 P18084 Integrin beta 5
ITPR1 Q14643 Inositol 1,4,5-trisphosphate receptor type 1
H202
Gene UniProt
Symbol Accession UniProt Protein Name
TSPAN3 | 060637 Tetraspanin-3
TIMP2 P16035 Metalloproteinase inhibitor 2
EMC10 Q5UCC4 ER membrane protein complex subunit 10
LIN7C Q9NUP9 Protein lin-7 homolog C
SMPDL3B | Q92485 Acid sphingomyelinase-like phosphodiesterase 3b
C1QTNF5 | Q9BXJO Complement C1qg tumor necrosis factor-related protein 5
CTHRC1 | Q96CG8 Collagen triple helix repeat-containing protein 1
EPO
Gene UniProt ) _
Symbol Accession UniProt Protein Name
Q14232 EIF2B1 Translation initiation factor elF-2B subunit alpha
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QIBRKO REEP? Recepto.r expressio-n-enhanc.:ing protein 2; Receptor
expression-enhancing protein

Q8WUX9 | CHMP7 Charged multivesicular body protein 7

Q96JB2 COG3 Conserved oligomeric Golgi complex subunit 3

P30825 SLC7Al High affinity cationic amino acid transporter 1

Qoul14 RABAC1 Prenylated Rab acceptor protein 1

Q8NI35 PATJ InaD-like protein

075581 LRP6 Low-density lipoprotein receptor-related protein 6

Q96BI1 SLC22A18 Solute carrier family 22-member 18

QouBD9 | CLCF1 Cardiotrophin-like cytokine factor 1

P35475 IDUA Alpha-L-iduronidase

3.2.6 Identification of potential senotherapeutic targets
To identify potential senotherapeutic targets that are prominently and selectively
expressed in senescent cells but minimally in normal tissues, we analyzed the expression
profiles of shared upregulated CS surface markers identified in this thesis, 16 in human
cells and 1 in mouse cells, across various human tissues using data from the Human
Proteome Map (HPM) (Kim et al. 2014) (Fig. 15A). Among these, cytochrome b5
reductase 1 (CYB5R1) demonstrated relatively low expression levels across diverse
human tissues, which is in line with low CYB5R1 mRNA levels observed in adult mouse
tissues according to RNA-seq data from the “European Molecular Biology Laboratory
(EMBL-EBI) Expression Atlas” (Geiger et al. 2013, Merkin et al. 2012) (Fig. 16E, Tab. 10).
Further extending our analysis to identify potential surface targets relevant to both Homo
sapiens and Mus musculus, we selected all surface DEPs identified in at least one
senescence condition within each species and determined their homologues in the other
species using the biological database network bioDBnet (tool db2db). 704 cell surface
DEPs in human senescent cells, with 658 proteins having murine counterparts were
identified. Similarly, among the 589 cell surface DEPs from mouse senescent cells, 574
proteins have human homologues. A comparison revealed 153 cell surface proteins with
senescence-associated differential expression in both species, including 69 proteins

upregulated in at least two senescence conditions (Fig. 16A, B). Among these
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upregulated cell surface proteins, glutathione peroxidase 7 (GPX7), fragile X messenger
ribonucleoprotein 1 (FMR1), plexin A1 (PLXNAL1), and protein tyrosine kinase 7 (PTK7)
showed either absent or low expression levels across both species (Fig. 16E, F, Fig. 15B
and Tab. 10). To further broaden the identification of potential targetable CS surface
markers, we compared our findings from human senescent-cell-derived cell surface DEPs
with established CS signatures from previous transcriptomic (Casella et al. 2019,
Hernandez-Segura et al. 2017) and proteomic datasets (Kim et al. 2017, Mrazkova et al.
2018). This analysis revealed 32 cell surface molecules that overlapped with reported
upregulated CS signatures, among which plexin A3 (PLXNA3) presented at very low
levels across various tissues in both humans and mice (Fig. 16C-F, Fig. 15C and Tab.
10). This identification extends to PTK7, previously identified as a CS surface marker in a
RS model of human fibroblasts BJ (Mrazkova et al. 2018).

Tab. 10: Expression levels of six potential senotherapeutic targets in normal adult
mouse tissues.

Expression Atlas # E-MTAB-2801
Expression level cut-off: O Transcripts Per Million

TPM (Transcripts Per Million) in vital tissues

Targets brain colon kidney | liver lung spleen skeletal testis
muscle
PLXNA1 54 4 13 5 66 27 11 27
PLXNA3 33 1 2 0.3 4 9 0.8 0.7
CYB5R1 15 9 20 6 28 40 50 24
PTK7 8 3 6 0.4 39 18 0.6
FMR1 40 4 13 5 19 29 4
GPX7 8 3 3 4 30 5 11 0.9
Expression Atlas # E-PROT-11
Expression level cut-off: 0 Parts Per Billion
PPB (Parts Per Billion) in vital tissues
Targets cerebellum | ovary kidney | liver lung spleen | heart wh-ite
adipose

GPX7 / 117.859 |/ / / / 3.441 /
PTK7 / 8.445 / / 2.793 2.155 0.742 /
PLXNA1 0.568 / 0.029 | 0.011 / 0.053 / 0.089
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Fig. 15: Expression profiles of identified upregulated senescence surface markers
in human normal tissues. (A) Heat maps show the expression profiles in human normal
tissues for upregulated surface markers shared across human (16 proteins) or mouse (1
protein) senescence models, (B) 69 upregulated cell surface proteins identified from at
least one senescence condition and shared between Homo sapiens and Mus musculus,
and (C) 32 surface molecules common to DEPs in senescent human cells with murine
homologues in this thesis, also identified as upregulated markers in published
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transcriptome and proteome data. The y-axis lists the protein names. The heat maps in
this figure are generated via the Human Proteome Map (HPM).
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Fig. 16: Identification of potential senotherapeutic targets. (A) Venn diagram displays
the number of surface DEPs identified in at least one senescence condition, showing
overlaps between Homo sapiens and Mus musculus. (B) Heat map lllustrates the
expression profiles of 153 overlapping surface DEPs between the two species, analyzed
based on the log2 (FC) of SEN/CTRL. (C) Venn diagram comparing surface DEPs derived
from human (Hu) senescent cell conditions with murine (Mu) homologues and upregulated
senescence signatures from published transcriptome and proteome studies. (D, E, F)
Heat maps show the expression profiles of six identified potential senotherapeutic targets
across eight senescence conditions, analyzed based on log2 (FC) of SEN/CTRL (D),
MRNA levels in adult mouse tissues as determined by published RNA-sequence datasets
(E), and protein levels in adult human tissues as determined by the HPM combined with
the expression profiles of known CAR-T cell therapeutic targets in clinical trials (F). ROR1,
inactive tyrosine-protein kinase transmembrane receptor ROR1; ERBB2, receptor
tyrosine-protein kinase erbB-2; MSLN, mesothelin; EGRR, epidermal growth factor
receptor.
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3.2.7 Validation of potential senotherapeutic targets in aging and age-related

disease in vivo
CS contributes to natural aging and various age-related pathologies (He and Sharpless
2017). To explore if the CS surface signature identified in the current thesis overlaps with
known aging biomarkers, we integrated data from two aging studies into our analysis:
GenAge (de Magalhdes et al. 2009) and SOMAscan (Tanaka et al. 2018). GenAge
compiles age-related genes from studies spanning mice, rats, and humans, while
SOMAscan identifies aging-related protein markers in healthy human plasma. After
comparison, 32 and 18 proteins overlapped with GenAge (accounting for 8.6 % of all
GenAge markers and 9 % after excluding rat genes) and SOMAscan (8.3 % of all
SOMAscan), respectively (Fig. 17A).
To further determine the potential of our candidate CS cell surface markers as
senotherapeutic targets in aging tissues in vivo, we assessed the mRNA levels of four
candidates, PLXNA1, PLXNA3, PTK7, and CYB5R1, in young and old wild type mice, as
well as in brains of APP/PS1 mutant mice. These candidates are characterized by cell
membrane localization with extracellular epitopes, as depicted in schematic visualizations

available through Protter (https://wlab.ethz.ch/protter/start/) and shown in Fig. 18. Our

gPCR analysis showed significantly elevated mRNA levels of PLXNAL in the brain and
testis of old mice (20-month-old) compared to young counterparts (3-month-old) (Fig.
17B). Moreover, in AD mouse model, elevated expression levels of PLXNA1 and PLXNA3
were observed in the brain at 4 months of age, while PTK7 expression increased at 11
months (Fig. 17C).
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Fig. 17: Validation of potential senotherapeutic targets in aging and age-related
disease in vivo. (A) Venn diagram shows comparison between the human senescence-
condition derived surface DEPs with murine homologues and aging biomarkers identified
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in GenAge and SOMAscan studies. (B, C) mRNA levels of four potential senotherapeutic
targets in tissues of young (3-month-old) and old (20-month-old) WT male mice (B) and in
brain of APP/PS1 mice (C), determined by RT—gqPCR. Data are shown as the mean *
SEM of six biological replicates; normalized to B-actin mRNA level. *P <0.05; **P < 0.01,
analyzed using Student’s t-test).
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4. Discussion

4.1 T cells engineered with NKG2D-CAR target and eliminate stress-induced
senescent cells
4.1.1 Summary of this study

The accumulation of senescent cells is increasingly recognized as a contributor to a
variety of age-related changes and pathologies, sparking significant interest in developing
therapeutics aimed at elimination of senescent cells from tissues (Chaib et al. 2022, Childs
et al. 2015, Gasek et al. 2021, Tchkonia et al. 2013, Wiley and Campisi 2021). Despite
some agents that induce apoptosis in senescent cells or block the SASP have shown
therapeutic promise, their application is often hindered by low specificity and off-target
effects (Zhang et al. 2023). Immunotherapeutic strategies, particularly CAR-T cells,
traditionally used for targeting specific cancer antigens, are now being explored for their
potential against senescent cells (Song et al. 2020).
Unlike cancer cells, senescent cells generally do not produce an immunosuppressive
microenvironment that could inhibit T cell activity (Anderson et al. 2017, Pellegatta et al.
2018), which may facilitate the effectiveness of CAR-T cell therapies. Additionally, the
SASP of senescent cells could play a supportive role by enhancing the trafficking and
infiltration of these adoptive CAR-T cells into tissues (Feucht and Abou-EI-Enein 2020).
Supporting this notion, there is emerging evidence from mouse models demonstrating the
efficacy of CAR-T cells targeting uPAR-expressing senescent cells in conditions like lung
adenocarcinoma and liver fibrosis (Amor et al. 2020). These findings suggest that
targeting specific senoantigens with CAR-T cells could be a promising strategy to remove
senescent cells with high specificity.
While CAR-T cells offer enhanced precision in targeting senescent cells, the effectiveness
of this senolytic therapy hinges significantly on the accurate identification of senoantigens.
Given the heterogeneous and dynamic nature of senescent cells (Casella et al. 2019,
Hernandez-Segura et al. 2018), identifying broadly expressed senoantigens is still a
challenge. NKG2D, an innate cell-surface receptor found on NK cells and some T-cell
subsets, plays a crucial role in the immunological surveillance of cancer cells (Prajapati et
al. 2018). Its ligands are typically lowly expressed in healthy cells but are induced under

various stress conditions including DNA damage, oxidative stress, viral infections, and
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cellular transformation (Gonzélez et al. 2008). There is consistent evidence showing the
upregulation of NKG2DLs in various senescent cells both in vitro (Kim et al. 2008,
Krizhanovsky et al. 2008, Sagiv et al. 2016, Soriani et al. 2009, Yang et al. 2023) and in
senescent skin fibroblasts from elderly individuals in vivo (Hasegawa et al. 2023). Recent
studies have demonstrated that eliminating senescent cells using NKG2D-CAR T cells
can ameliorate several age-related physiological changes and pathologies in both
naturally aged and irradiated mice (Yang et al. 2023).

Based on the stress-sensing capabilities of NKG2DLs, we engineered NKG2D-based
CARs by fusing the full length of murine NKG2D receptor coding sequence, serving as
both the extracellular recognition and transmembrane domain, to the CD3( signaling
domain (NKz-CARSs) as previously described (Driouk et al. 2020, Zhang et al. 2005). We
constructed models of genotoxic stress- and oxidative stress-induced senescence using
mouse MEFs and AST. Our findings confirmed the broad elevation of mouse NKG2DLs
on the surface of these stress-induced senescent cells. Notably, T cells engineered to
express NKG2D-CAR demonstrated selective and cytotoxicity against NKG2DLs-
expressing senescent AST and MEFs, thereby supporting the potential of NKG2D-CAR T

cells as effective senolytics in aging and age-related diseases.

4.1.2 Design considerations for balancing the efficacy and safety of NKz-

CAR T cells
The efficacy and safety of CAR-T therapies are influenced significantly by the specifics of
CAR design (Gacerez et al. 2016). Unlike the designs of traditional second-generation
CAR that incorporate costimulatory domains like CD28 or CD137 to enhance T cell
activation and persistence (Gacerez et al. 2016), NKz-CAR leverages the natural signaling
capabilities of the NKG2D receptor. This receptor inherently associates with costimulatory
molecules DNAX-activating protein 10 (DAP10) in humans and/or DAP12 in mice, thus
engaging the PI3K pathway to provide costimulation alongside CD3( signaling (Barber
and Sentman 2011, Raulet 2003). Such a configuration suggests that NKz-CARs function
as the second-generation CARs, effectively utilizing dual signaling pathways to activate T
cells. In this thesis, NKz-CAR T cells demonstrated effective targeting of NKG2DL-
expressing B16F10 cells, in line with previous findings of NKG2DL-positive tumor cell

elimination by similarly modified T cells (Driouk et al. 2020, Weiss et al. 2018, Zhang et al.
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2005). This confirms the binding affinity of NKz-CARs. However, the expression of human
NKG2DLs such as MICA and MICB on normal intestinal epithelial cells (Groh et al. 1996)
and the presence of the mouse ligand Multl in various normal tissues (Carayannopoulos
et al. 2002) raise concerns about potential off-target effects of NKG2D-CAR T cell therapy.
Optimal binding affinity is therefore crucial, enabling effective target engagement and
execution of T cell effector functions while minimizing on-target but off-tumor effects,
particularly when targeting antigens expressed at low levels on healthy cells. Notably,
severe toxicity was observed in BALB/c and C57BL/6 mice with DAP10 or CD28 fused-
NKz-CAR T cells, but not with NKz-CAR T cells alone (VanSeggelen et al. 2015),
suggesting that the short-term persistence of NKz-CAR T cells might reduce off-target
risks. Moreover, owing to the natural extracellular recognition domain of the NKG2D
receptor used in our NKz-CARs, these CARs are likely less immunogenic compared to
those employing single-chain fragment variable domains. Encouragingly, clinical trials
involving NKz-CAR T cells in cancer therapy have shown favorable safety profiles (Curio
et al. 2021). Further evidence from study on nonhuman primates using T cells engineered
with an NKG2D extracellular domain, CD8 transmembrane domain, and an additional
CD137 co-stimulatory domain, instead of CD28, revealed no adverse effects (Yang et al.
2023). Further research is needed to optimize the efficacy and safety profiles of senolytic
NKz-CAR T cells.

4.1.3 Astrocytes: a promising model for studying cellular senescence in

brain aging and neurodegeneration
Astrocytes are the most predominant glial cells in the brain, which are central to the
physiology of the nervous system, providing structural support and participating in various
metabolic activities (Garcia-Caceres et al. 2019). Senescent astrocytes, characterized by
elevated p16 expression and loss of lamin-B1, have been reported to accumulate in both
aged human brains (Matias et al. 2022) and in those of AD patients (Gaikwad et al. 2021).
Studies in pl16-deficient mice have demonstrated attenuation of age-related decline in the
self-renewal capacity of multipotent brain progenitors (Molofsky et al. 2006). Moreover,
the genetic removal of p16-expressing senescent glial cells has been shown to mitigate

cognitive decline, diminish tau hyperphosphorylation, and prevent gliosis in a tauopathy
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mouse model (Bussian et al. 2018). These findings indicate glial senescence as a crucial
pathomechanism potentially contributing to brain aging and neurodegenerative diseases.
In addition, the proliferative capacity of astrocytes in vivo has been evidenced by studies
analyzing human central nervous system biopsies and postmortem tissues (Colodner et
al. 2005). In this thesis, mouse astrocytes subjected to DNA damage, oxidative stress, or
proteasome inhibition exhibited classical signatures of CS, including morphological
changes, decreased proliferation ability, elevated expression of negative cell cycle
regulators, and enhanced SA-B-gal activity. Notably, astrocytes showed higher sensitivity
to DNA damage and oxidative stress compared to MEFs, requiring lower doses and
shorter exposure times to induce senescence. This heightened their responsiveness to
external stimuli, which is consistent with previous research on human and rodent astrocyte
cultures (Bitto et al. 2010, Souza et al. 2013), positioning astrocytes as an invaluable

model for investigating CS within the broader context of brain research.

4.1.4 Expression of NKG2DLs and its contribution to immunogenicity in

senescent cells
While p16 and p21 are recognized as hallmarks of senescence, their distinct functions in
inhibiting cell proliferation have been evidenced in previous cell culture studies
(Beauseéjour et al. 2003, Kuilman et al. 2010). The p53/p21 pathway is generally activated
early during senescence, primarily responding to dysfunctional telomeres as damaged
DNA, whereas the p1l6/RB pathway appears more critical in sustaining the senescent
state, independent of telomere status (Beauséjour et al. 2003). Recent in vivo single-cell
transcriptomic analyses in mice have further demonstrated that cells with high p21
expression and those with high p16 expression form two distinct populations in various
aged tissues (Wang et al. 2021). In the current thesis, exposure to DNA damage and
oxidative stress in mouse astrocytes predominantly resulted in elevated p21/p53
expression without an increase in p16. In previous study on human astrocytes, where
H202 treatment triggered extensive activation of p16, p53, and p21 (Bitto et al. 2010),
and diverges from results in rat astrocytes under similar stress conditions (Bang et al.
2019), suggesting that the signatures of cell cycle regulators in astrocyte senescence vary

across species and experimental conditions.
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Compared to these varied expressions of classical senescence-associated cell cycle
regulators, the upregulation of NKG2DLs may serve as a universal senescence marker.
Elevated expression of NKG2DLs has been identified in numerous senescence models
across human and mouse cells, driven by diverse stressors (Kim et al. 2008, Krizhanovsky
et al. 2008, Sagiv et al. 2016, Soriani et al. 2009, Yang et al. 2023). Notably, elevated
NKG2DLs expression was also observed in vivo in senescent dermal fibroblasts from
elderly individuals (Hasegawa et al. 2023). In this thesis, a consistent increase in the
protein levels of mouse NKG2DLs, including H60 and Multl, was detected across different
cell types and senescence-inducing stimuli, highlighting the potential role of NKG2DLs as
a common feature of senescence, enhancing the immunogenicity of senescent cells in

various contexts.

4.1.5 NKz-CAR T cells in senescence targeting: efficacy, antigen density and

T cell subset dynamics
NKG2D-CAR T cells, which target NKG2DLs, have displayed anticancer effects in various
tumor contexts, such as T-cell lymphoma (Driouk et al. 2020), glioblastoma (Weiss et al.
2018), osteosarcoma (Fernandez et al. 2017), and colorectal cancer (Zarei et al. 2023).
To evaluate the effectiveness of NKz-CAR in targeting senescent cells expressing
NKG2DLs, we utilized a Calcein-AM-based cytotoxicity assay on the IncuCyte platform,
allowing for real-time monitoring of cytotoxic responses throughout co-culture periods.
This method provides a more dynamic and precise assessment of cytotoxic potency
compared to previous endpoint assays (Hanson and Finkelstein 2019). Our results
demonstrated that NKz-CAR T cells effectively eliminated senescent AST and MEFs
triggered by either DNA damage or oxidative stress. Interestingly, CD137-fused NKG2D-
CAR T cells targeting ETO-induced senescent MEFs achieved comparable cytotoxic
effects at significantly lower E: T ratios (up to 2:1) in previous study (Yang et al. 2023),
which may be due to the enhanced activation of NKG2D-CAR T cells with an additional
co-stimulation.
Antigen density is another critical factor determining the cytotoxic activity of CAR-T cells
(Gacerez et al. 2016). Nonetheless, our results did not show a correlation between
NKG2DLs expression levels on the surface of target cells and the cytotoxicity of effector

cells, which was revealed by the similar cytolytic capacities of NKz-CAR T cells against
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senescent MEFs and AST with varying patterns of NKG2DLs expression. This finding
aligns with observations in various tumor studies (Fernandez et al. 2017, Ibafiez-Navarro
et al. 2023, Zhang et al. 2005), indicating that diverse expression profiles of NKG2DLs in
different cellular contexts do not necessarily influence the responsiveness of NKG2D-CAR
T cells. The variability in binding affinities of NKG2D-CAR T cells to its ligands, as well as
the different capacities of NKG2DLs to trigger downstream activating signals, may
contribute to this observed lack of correlation (Zingoni et al. 2018).

Additionally, the dynamics within CAR-T cell subsets, particularly the proportions of CD8+
and CD4+ T cells, also impact their cytolytic activities (Zhang et al. 2020a). Although
requiring longer conjunction periods and exhibiting delayed kinetics, CD4+ CAR-T cells
display comparable cytotoxic efficiency compared to their CD8+ counterparts in targeting
cancer cells (Agarwal et al. 2020, Liadi et al. 2015, Wang et al. 2018). They also show
reduced susceptibility to exhaustion or activation-induced cell death (Liadi et al. 2019).
Notably, experiments involving T cells expressing CD19-CAR from a defined 1:1 ratio of
CD8:CD4 CAR-T cells have demonstrated superior antitumor activities in vivo
(Sommermeyer et al. 2016, Turtle et al. 2016). In the current study, NKz-CAR T cells
comprised approximately 62 % CD8+ T cells and a substantial proportion of CD4+ T cells
(33.3 %). Given that most clinical and preclinical experiments employ randomly composed
CD8+ and CD4+ CAR-T cell subsets (Zhang et al. 2020a), further investigation is needed
to explore the optimal composition of CD8+ and CD4+ NKG2D-CAR T cells for targeting

senescent cells, both in vitro and in aged individuals in vivo.

4.2 Analysis of the senescence-associated cell surfaceome reveals potential
senotherapeutic targets
4.2.1 Summary of this study

Cell surface proteins serve as essential molecular mediators, facilitating vital functions like
cell-cell communication and metabolite transport. Strikingly, 66 % of the drugs in the
DrugBank database target cell surface proteins (Bausch-Fluck et al. 2018). The
surfaceome is notably context-dependent, reflecting its diverse roles across different
pathological states (Bausch-Fluck et al. 2018). Senescent cells, in contrast to the
proliferative cells, exhibit unique metabolic profiles and protein expression patterns that

contribute to their distinct phenotypes (Hernandez-Segura et al. 2018). Despite decades
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of research, the molecular mechanisms driving CS are not fully understood. A pivotal
aspect in understanding these mechanisms involves the CS surfaceome, which mediates
interactions with the extracellular environment. Recent advancements in
immunotherapeutic strategies, particularly those targeting the senescence-associated
surfaceome, exemplified by the targeted senolytic strategy based on CAR-T cells
described in our first study, demonstrate the potential of using senescent cell surface
markers for targeted elimination of senescent cells from tissues (Amor et al. 2020, Qu et
al. 2020, Yang et al. 2023). However, a comprehensive identification of surface proteins
on the senescent cells is still lacking.

In our study, we utilized label-free quantitative MS analysis to characterize the
senescence-associated cell surfaceome across various senescence models in both
murine and human cells derived from fetal or adult tissues. Our findings revealed
significant changes in the cell surface proteome during senescence, which varied
markedly among cell types. Moreover, we identified four cell membrane proteins, including
PLXNA1, PLXNA3, PTK7, and CYB5R1, as potential targets for senotherapy. These
proteins were notably overrepresented in senescent cells, but minimally present or absent
in normal tissues of both humans and mice. Additionally, these proteins, particularly
PLXNA1, showed increased levels in various tissues of aged mice, as well as in the brains
of an AD mouse model. These markers may hold substantial potential for advancing

translational research into targeted senotherapy.

4.2.2 Biotinylation-based approach for the enrichment of cell surface

associated proteins
The cell surfaceome, crucial for the immune system's antigen recognition, has been
extensively explored for its potential to define disease biomarkers and therapeutic targets
(Bausch-Fluck et al. 2018, Kuhlmann et al. 2018). However, challenges in cell surfaceome
analysis arise from the difficulty of efficiently extracting cell surface proteins from their
hydrophobic membrane into aqueous solutions, and their typically lower abundance
compared to intracellular proteins consequently results in their underrepresentation in
bottom-up proteomic studies (Pauwels et al. 2022). In this thesis, we utilized a
biotinylation-based labeling method to enrich for extracellular and plasma membrane

proteins. This method substantially enhances the quantification of cell surface proteins via
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MS and has been employed to assess expression level variations under various
experimental conditions (Nagano et al. 2011). We found that approximately 32 % of the
proteins identified were classified as cell surface proteins across all cell conditions, which
is consistent with prior studies and confirming the effectiveness of our methodology
(Garcia et al. 2009, Jia et al. 2020). It is essential to acknowledge the possibility of
detecting low-abundance intracellular proteins within our biotinylation samples, which may
be due to nonspecific associations or direct interactions with cell surface proteins.

4.2.3 Extensive alterations in expression profiles and modifications in cell

mechanics of the surfaceome during cellular senescence
In this thesis, we highlight significant alterations in the cell surfaceome under CS,
demonstrated by marked differences in expression between senescent and non-
senescent states. The observed changes in the surfaceome correspond with various
cellular functional modifications.
Senescent cells exhibit altered adhesion properties, reflecting underlying changes in
cytoskeletal organization, morphological transformation, and altered cell migration rates
(Brauer et al. 2023, Levi et al. 2020). Our comprehensive analysis across varied
senescence conditions revealed a substantial enrichment of cell adhesion molecules. This
finding suggests that cell adhesion and migration are critical features of the CS
surfaceome, playing essential roles in the structural remodeling of the extracellular matrix.
Previous studies have reported a decrease in the expression of several cell adhesion
molecules, such as melanoma cell adhesion molecule (MCAM) (Jin et al. 2016) and
vascular cell adhesion protein 1 (VCAM1) (Jung et al. 2011), suggesting the impaired
mechanical integrity of senescent cells compared to proliferative cells. We identified 93
cell surface proteins related to CS-driven cell adhesion changes through biological
function GO annotation in this thesis. Intriguingly, a majority of these cell-adhesion
molecules, including ICAM1, serpin family B member 8 (SERPINB8), Nexilin (NEXN), and
Thy-1 membrane glycoprotein (THY1), exhibited upregulation across various senescence
conditions in both species. ICAM1, notably associated with immune response modulation,
has been demonstrated to be overexpressed in senescent human cells within
atherosclerotic lesions (Gorgoulis et al. 2005) and in oxidative stress-induced senescent

human omentum-derived mesothelial cells (Ksiazek et al. 2010). Its enhanced expression
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in aged tissues (Miguel-Hidalgo et al. 2007) and tumors (Reina and Espel 2017) further
underscores its potential as a biomarker for various aging-related alterations.
Additionally, our findings revealed a significant enrichment of the biological pathway
“vesicle-mediated transport”, with 107 proteins identified, highlighting changes associated
with the SASP. In this list, inflammatory factors such as pentraxin 3 (PTX3) and high
mobility group box 1 (HMGB1), were also reported to be upregulated in recent senescence
associated proteomic study (Basisty et al. 2020). Notably, these proteins are associated
with the progression of age-related disorders, including cardiac conditions. bone diseases,
and cancer, suggesting their potential as targets for senomorphic interventions (Lee et al.
2021, Palumbo et al. 2023, Peri et al. 2000, Tarantino et al. 2020).

4.2.4 Shared surfaceome contributes to a general senescence signature
Within the shared cell surface signature associated with CS identified in this thesis,
proteins such as V-type proton ATPase subunit G 1 (ATP6V1G1) and lysosomal protein
Lysosome-associated membrane glycoprotein 1 (LAMP1) were previously recognized in
relation to senescence (Kang et al. 2017, Rovira et al. 2022). Furthermore, our analysis
revealed novel markers that were upregulated during CS, including CYB5R1, amyloid beta
precursor like protein 2 (APLP2), anoctamin-6 (ANOG6), NPC intracellular cholesterol
transporter 2 (NPC2), and transcriptional regulator QRICH1 (QRICH1). Notably, AGA, an
enzyme plays a role in protein metabolism exhibiting peptidase and hydrolase activities
(Harkke et al. 2003), was significantly and universally upregulated across various mouse
senescence models, suggesting an increase in lysosomal activity during CS. For the
downregulated proteins, glutathione S-transferase Mu 2 (GSTM2), an enzyme vital for the
detoxification of ROS metabolites and xenobiotics, has demonstrated a decline during
senescence in human primary fibroblasts, which could be mitigated by the transfection of
small extracellular vesicles containing recombinant GSTM2 from healthy young donors
(Fafian-Labora et al. 2020). The downregulation of GSTM2 across diverse senescence
conditions in this thesis suggests a decreased capacity for oxidative stress resistance in

senescent cells.
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425 Cell type and senescence inducer substantively shape the

heterogeneity of the senescence-associated surfaceome
The heterogeneity of CS is significantly influenced by the cell type and the specific
inducers of senescence, as first evidenced by variable senolytic susceptibilities among
senescent cells (Zhang et al. 2023, Zhu et al. 2015). This diversity is further reflected in
distinct transcriptomic profiles (Casella et al. 2019, Hernandez-Segura et al. 2017) and
SASPs (Basisty et al. 2020), which vary depending on the inducers, types of cells involved,
and stages of senescence. In this thesis, our analysis of the CS surfaceome across
various cell types under a unified stimulus has shown the significant role of cell type in
defining the CS surfaceome at molecular and functional levels. PCA, Pearson correlation,
and clustering analyses have consistently demonstrated that the heterogeneity of the CS
surfaceome is predominantly shaped by the cell type. For example, senescent astrocytes
were found to be enriched with glial cell migration pathway, marked by brain-specific
proteins such as tyrosine phosphatase receptor type z1 (PTPRZ1). In contrast, proteins
linked to muscle and skeletal system development, such as matrix metalloproteinase 2
(MMP2) and matrix gla protein (MGP), were prevalent in senescent fetal-derived
fibroblasts. Senescent human endothelial cells subjected to oxidative stress displayed
elevated proteins associated with blood vessel development, like bone morphogenetic
protein 6 (BMP6) and angiopoietin 2 (ANGPT2). Interestingly, there was noticeable
regulation of SASP-associated pathways, such as neutrophil degranulation and vesicle-
mediated transport, across diverse senescence conditions. This heterogeneity in
senescence surfaceome among different cell types may stem from intrinsic cellular
responses to senescence-inducing stimuli and is further influenced by the interactions
within their microenvironment, including neighboring cells and the extracellular matrix. In
vivo, these contextual interactions potentially enhance the heterogeneity of the
senescence surfaceome response to different stimuli.
Furthermore, senescent cells exhibit inducer-specific alterations in autophagy,
proteasome activity, and metabolism (Capasso et al. 2015). In this thesis, CS surface
profiles induced by DNA damage (ETO) showed abnormalities in glucose metabolism,
while oxidative stress (H202) resulted in significant changes in cell signaling pathways.
These distinct effects may be attributed to the specific cellular stress responses and DNA

damage repair mechanisms activated during senescence, related to nuclear and
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mitochondrial DNA damage. Moreover, the unique L-R interactome pattern observed in
the EPO-specific CS surfaceome in mouse astrocytes, associated with chromosome
missegregation, indicates the link between proteasome activity and genomic instability.
Characterizing inducer-specific CS surface signatures may aid in distinguishing different
forms of CS, as well as monitoring chemotherapy-induced CS in vivo. For example, ETO
and EPO have been extensively used in cancer therapy (Adams 2004, Zhang et al. 2021a).
The biomarkers identified in these inducer-specific senescence contexts could be
poetically used to enhance therapeutic efficacy and minimize adverse effects while

optimizing treatment regimens.

4.2.6 The potential applications of identified senescence surface markers as

senotherapeutic targets
Ideal senotherapy targets should be distinctly and predominantly expressed on senescent
cells while sparing normal tissues. In this thesis, some senescence surface markers,
which are absent in the certain tissues, may be potentially used for the targeted elimination
of senescent cells in specific organs. For instance, KIAA0O319L (KIAA0319 Like) could be
targeted for senescence clearance in the heart, lung, colon, and kidney, while THY 1 could
be specifically targeted in the heart.
Among the candidates we identified, four cell membrane proteins with low or undetectable
expression in various normal tissues were noted. PLXNAS3 is a member of the plexin family,
which acts as an important receptor for semaphorin signaling and has shown elevated
transcript levels in human senescent cell cultures (Brauer et al. 2023, Hernandez-Segura
et al. 2017, Schwartz et al. 2021). Previous in vivo study demonstrated its role in neuronal
development and axon guidance, with research indicating its association with neuronal
apoptosis in PLXNA3 knockout mouse models (Ben-Zvi et al. 2008). Another potential
senotherapeutic target identified from our research is PTK7, a member of the receptor
tyrosine kinase family, which plays roles in cell migration and planar cell polarity.
Enhanced levels of PTK7 have been documented in RS-associated human fibroblasts
(Mrazkova et al. 2018), and it has been recognized as a SASP factor in senescent
intestinal fibroblasts and aging intestines (Yun et al. 2023). All these four surface proteins
are notably implicated in cancers. Particularly, PLXNA1, PLXNA3, and PTK7 have been

reported to be associated with aggressive tumor phenotypes and poor prognosis in
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several types of cancers (Jin et al. 2014, Woischke et al. 2016, Zhang et al. 2020b).
Notably, therapeutic strategies utilizing PTK7, including CAR-T cells and ADCs, have
revealed promising results in preclinical trials targeting solid tumors (Jie et al. 2021, Lee
et al. 2023, Xu et al. 2023).

Moreover, the overlap between CS surface markers identified in the current thesis and
known aging biomarkers suggests the implication of CS surfaceome in aging and various
age-related diseases. The marked upregulation of these cell surface proteins, particularly
PLXNAL, in tissues from aged mice and in the brains of AD model mice, highlights their
potential as senotherapeutic targets aimed at addressing aging-related changes and

disorders.

4.3 Conclusion
In the first study of this thesis, we evaluated the cytotoxic capabilities of NKG2D-CAR T
cells targeting senescent MEFs and mouse astrocytes, induced by DNA damage and
oxidative stress. Our research provides preliminary preclinical insights into the
effectiveness of NKG2D-CAR T cells in targeting and eliminating stress-induced
senescent cells in vitro (Fig. 19). Given that senescence is associated with various
pathologies in aging and age-related diseases, our results indicate the extensive clinical
potential of senolytic CAR-T cell therapies. Here, we provide the first evidence of the
cytolytic activities of NKG2D-CAR T cells against senescent astrocytes, suggesting the
feasibility of targeting senescent cells in the brain with this strategy. Further research is
needed to fully explore the therapeutic potential of NKG2D-CAR T cells in the context of

natural aging and in vivo models of age-related diseases.
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Fig. 19: Targeting senescent cells with NKG2D-CAR T cells. The NKG2D-CAR
construct consists of an NKG2D receptor as the antigen recognition domain linked to a
CD3¢ cytoplasmic signaling domain. T cells engineered to express NKG2D-CAR
specifically identify and engage with NKG2DLs that are upregulated on the surface of
senescent MEFs and AST induced by genotoxic and oxidative stress, exerting cytotoxic
activity against the target cells. SEN, senescence. This figure was created with Biorender
(biorender.com)

In the second study of this thesis, we comprehensively characterized the senescent cell-
associated surfaceome using multiple senescence models triggered by various stimuli,
spanning both murine and human cell types from fetal and adult origins (Fig. 20). Our
analysis revealed significant alterations in cell surface protein expression and extensive
changes in cell mechanics and ECM composition during senescence. The profound
heterogeneity in the CS surfaceome, determined by cell type and the CS inducer, provides
a critical basis for development of targeted immune-based therapies for senescent cell
elimination. The potential utility of the senescence-associated cell surface markers
identified in this thesis will be the focus of future research aimed at targeting and removing

senescent cells in the context of aging and age-associated diseases.
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2. Characterization of senescence
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Fig. 20: Characterization of senescence-associated cell surfaceome. Senescence
was induced in primary human endothelial cells, lung fibroblasts, mouse forebrain
astrocytes, and mouse embryonic fibroblasts through genotoxic stress, oxidative stress,
or proteasome stress. Following induction, cell surface proteins from all cell conditions
were enriched using a biotinylation labeling technique, then subjected to mass
spectrometric analysis. DEPs were identified and comprehensive bioinformatics and
pathway analyses were conducted to characterize senescence-associated cell
surfaceome. The identified potential senotherapeutic targets are highly expressed on the
surface of senescent cells across various cell types and stress inducers, while present
with low expression in normal tissues. The enrichments of these potential targets were
further validated in various organs of aged WT mice and in the brains of an AD mouse
model. This figure was created with Biorender (biorender.com).
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5. Abstract

Cellular senescence is a state of permanent cell cycle arrest, characterized by substantial
macromolecular alterations and senescence-associated secretory phenotype (SASP) in
response to various stressors. The accumulation of senescent cells is thought to play a
crucial role in aging-associated physiological decline and the pathogenesis of various age-
related diseases. Clearance of senescent cells by transgenic or pharmaceutical strategies
has been reported to attenuate various age-related pathologies and extend lifespan in
mice. However, current senolytics still have limitations in terms of potency and specificity.
Immunotherapy, particularly chimeric antigen receptor (CAR)-T cell therapy, emerges as
a promising avenue to selectively eliminate senescent cells. Despite its potential, the
effectiveness of this therapy hinges on the precise identification of senescence-associated
surface antigens (senoantigens). Even though some surface markers for cellular
senescence have been first identified in human fibroblasts, the translational potential of
these findings is constrained by the limited senescent cell models previously established.
The comprehensive identification of senescence-associated surface proteins remains to
be achieved.

First, to investigate the efficacy of CAR-T cells in targeting and eliminating senescent cells
in vitro, we focused on the Natural killer group 2D (NKG2D) receptor, which binds to
NKG2D ligands (NKG2DLs) expressed on the surface of senescent cells, providing a
target for CAR-T cells. Employing mouse embryonic fibroblasts (MEFs) and astrocytes
(AST) as senescence models, we demonstrate the elevated expression of NKG2DLs in
response to genotoxic and oxidative stress. NKG2D-CAR T cells displayed potent
cytotoxicity against these senescent cells, with minimal effects on non-senescent cells,
suggesting their potential as targeted senolytics. Our research presents the first evidence
of NKG2D-CAR T cells’ ability to target senescent brain cells, offering a novel approach
to manage senescence-associated diseases. The findings pave the way for future
investigations into the therapeutic applicability of NKG2D-targeting CAR-T cells in
naturally aged organisms and models of aging-associated brain diseases in vivo.
Furthermore, to identify novel cell surface markers for potential senotherapeutic targeting,
we conducted an extensive analysis of the cell surface proteome, or “surfaceome”, in

senescent cells, spanning various senescence induction regimes and encompassing both
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murine and human cell types. Utilizing quantitative mass spectrometry, we investigated
enriched cell surface proteins across eight distinct models of senescence. Our results
uncover significant changes in surfaceome expression profiles during senescence,
highlighting extensive modifications in cell mechanics and extracellular matrix remodeling.
Our research also reveals substantive heterogeneity of senescence, predominantly
influenced by cell type and senescence inducer. We identified four cell surface proteins
with extracellular epitopes, namely PLXNA1, PLXNA3, PTK7, and CYB5R1. These
proteins are expressed in senescent cells, absent or present at low levels in their
proliferating counterparts, and notably upregulated in tissues from aged mice and an
Alzheimer's disease mouse model. These proteins emerge as promising candidates for
senotherapeutic targeting, offering potential pathways for identifying and selectively

targeting senescent cell populations in aging and age-related diseases.
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