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SUMMARY

Cellular senescence is multifaceted process characterized by a
stable cell cycle arrest and the secretion of a variety of pro-
inflammatory factors collectively known as the Senescence-
Associated Secretory Phenotype (SASP). Previous studies have
demonstrated the dual role of senescent cells in cancer: they can act
as a crucial tumor-suppressive mechanism by preventing the
proliferation of damaged cells, but their accumulation can also
promote tumor progression through the SASP. Despite extensive
research, the mechanisms underlying this duality remain
incompletely understood. Therefore, gaining new insights into the
role of senescent cells at different stages of tumor development is
crucial for advancing anti-cancer and senolytic therapies.

In vivo models are invaluable for studying the dynamic processes
and systemic effects of senescent cells. However, current models
that detect and eliminate senescent cells typically rely on a single
marker, such as p16. This approach is limited by the inherent
heterogeneity of senescent cells, making it challenging to accurately
identify them using only one marker, which complicates their
therapeutic targeting in clinical settings

In this thesis, | describe a novel transgenic mouse model capable of
tracking and eliminating cells expressing the senescence markers
p16 and interleukin 6 (IL-6). By combining these two markers, we
aimed to selectively target senescent cells in vivo, providing deeper
insights into their contributions to breast cancer biology.
Furthermore, this model has enabled us to unravel potential
molecular pathways involving the immune system, thereby opening
new avenues for the use of senolysis as an anti-cancer strategy.

15



RESUMEN

La senescencia celular es un proceso complejo caracterizado por
una detencién estable del ciclo celular y la secrecién de diversos
factores proinflamatorios conocidos como SASP. Estudios previos
han demostrado el doble papel de las células senescentes en el
cancer: pueden actuar como un mecanismo supresor de tumores al
impedir la proliferacién de células danadas, pero su acumulacién
también puede promover la progresion tumoral. A pesar de las
numerosas investigaciones realizadas, los mecanismos
subyacentes a esta dualidad siguen sin conocerse del todo.

Los modelos in vivo son muy valiosos para estudiar los procesos
dinamicos y los efectos sistémicos de las células senescentes. Sin
embargo, los modelos actuales que detectan y eliminan estas
células suelen basarse en un Unico marcador, como p16. Este
enfoque se ve limitado por la heterogeneidad inherente de las
células senescentes, lo que dificulta su identificacion precisa.

En esta tesis, se describe un nuevo modelo de raton transgénico
capaz de rastrear y eliminar células que expresan los marcadores
de senescencia p16 e IL-6. Mediante la combinacion de estos dos
marcadores, hemos podido eliminar selectivamente las células
senescentes in vivo, proporcionando una vision mas profunda de su
contribucién a la biologia del cancer de mama. Asi, este modelo nos
ha permitido desentranar posibles vias moleculares en las que
interviene el sistema inmunitario, abriendo nuevas vias para el uso
de la senolisis como estrategia anticancerigena.
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INTRODUCTION

1. Cancer

According to the Global Cancer Observatory, part of the World
Health Organization (WHO), there were an estimated 20 million
cancer cases worldwide in 2022 (Figure 1) (1). Breast and lung
cancers were the most common, contributing 12.5% and 12.2% of
the total number of new cases diagnosed, respectively (2).
Projections for 2045 indicate that both incidence and death rates are
expected to increase, underscoring that cancer remains and will
continue to be a leading cause of death globally (Figure 1) (3).

2022 2045
Estimated number of new cases | Estimated number of deaths Estimated number of new cases Estimated number of deaths
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Figure 1. Cancer statistics of years 2022 and 2045.
Evolution of the estimated number of new cancer cases and deaths from the year

2022 (left) to the year 2045 (right). Data extracted from Cancer Tomorrow, IARC:
https://gco.iarc.who.int

Cancer is a group of diseases characterized by the uncontrolled
growth and spread of abnormal cells. It can arise in almost any part
of the body, and often involves a combination of genetic factors and
environmental exposure. In the year 2000, six hallmarks of cancer
were initially proposed, providing a
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understanding the remarkable diversity of tumor pathogenesis (4). In
the next elaboration of this concept, proposed 10 years later, the
tumor microenvironment (TME) emerged as a fundamental aspect
to be understood. Avoiding immune destruction by T and B
lymphocytes, macrophages, and natural killer (NK) cells was
identified as an “emerging hallmark” critical for supporting neoplastic
proliferation (5). Additionally, genome instability and mutation,
driving tumor progression and tumor-promoting inflammation, were
incorporated as acquired enabling characteristics, culminating in a
total of 10 hallmarks of cancer (6).

As knowledge of cancer mechanisms has progressed, other facets
of the disease have emerged as potential refinements. Phenotypic
plasticity and disrupted differentiation have been recognized as
discrete hallmark capabilities, alongside non-mutational epigenetic
reprogramming, and polymorphic microbiomes, which constitute
distinctive enabling characteristics that facilitate the acquisition of
hallmark capabilities (7).

Genome instability and mutation, sustained DNA damage can lead
to deactivate tumor suppressor genes, disrupt essential cellular
pathways and induce mutations that can activate proto-oncogenes,
such as Ras or MYC. These activated proto-oncogenes can become
oncogenes, driving the uncontrolled proliferation of cells and
characteristic of tumorigenesis (8). Paradoxically, DNA damage can
also trigger stable growth arrest as a protective mechanism against
the propagation of damaged DNA, known as cellular senescence
(Figure 2) (9).

Thus, senescence completes the new dimensions of cancer
development and malignant progression (10).

22



Deregulating ir?sizgmte Nonmutanional
cellular Yy epigenetic

energetics and reprogramming
mutation

Activating
invasion
and
metastasis

Sustaining
proliferative
signaling

Enabling
replicative
inmortality

Sustaining
angiogenesis

Avoiding Tumor .
inmune promoting | Polymorphic

destruction inflamation | microbiomes

Figure 2. New dimensions of the hallmarks of cancer.

Latest version of the hallmarks of cancer which include unlocking phenotypic
plasticity, non-mutational epigenetic reprogramming, polymorphic microbiomes,
and cellular senescence. lllustration adapted from “Hallmarks of Cancer: New
dimensions” (10)

2. Cellular senescence

Cellular senescence can be defined as as the cellular ability to
remain in permanent cell cycle arrest (11). The concept of
senescence has evolved over time, transitioning from a static notion
to being understood as a dynamic process. It was first observed in
human fibroblasts in culture by Hayflick and Moorhead (11). As the
number of cell divisions experienced by cultured cells accumulates
and approaches a threshold, the cell population begins to divide
more slowly and eventually stops growing, but this state does not
entail cell death. Instead, the cells actively maintain active
metabolism, although they do not respond to growth stimuli (12).
This type of senescence is known as replicative senescence.
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Years later, replicative senescence, was associated with other
physiological mechanisms such as telomere shortening (13).
Telomeres are repetitive DNA sequences located at the ends of
linear chromosomes that serve to protect the DNA ends from
degradation and recombination. However, due to the inherent
limitations of the replication machinery, which cannot fully replicate
the ends of linear DNA molecules, telomeres become progressively
shorter with each round of cell division. When telomeres reach a
critically short length, they are perceived as double-stranded DNA
breaks, leading to telomere-initiated senescence or apoptosis. (14).
Telomeres are elongated biologically by a ribonucleoprotein with
DNA polymerase activity known as telomerase However, in most
adult tissues, telomerase activity levels are insufficient to
counterbalance the progressive telomere shortening that occurs with
aging (15). Therefore, telomere shortening is a characteristic
associated with aging, which has been extensively studied in the
field of senescence.

In fact, the accumulation of senescent cells in aged tissues is
believed to contribute to organ dysfunction through various
mechanisms (16). Their accumulation interferes with tissue
regeneration in a cell-autonomous manner, and it also limits the
regenerative potential of stem cell pools in a cell-non-autonomous
manner, contributing to various chronic age-related diseases (17).
However, senescence is also responsible for maintaining tissue
homeostasis, a fundamental aspect of various biological processes
such as embryonic development, wound healing, and tissue
remodeling (18). In fact, senescence essentially acts as a safeguard
mechanism, preventing damaged or stressed cells from proliferating.
This regulatory function is exemplified in various physiological
contexts, including the development of different organs like the
kidneys, the formation of specialized structures such as the
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endolymphatic sac in the inner ear, and the establishment of vital
support systems like the placenta (19).

Consequently, cellular senescence is now recognized as a
multifaceted stress response that can be triggered by a myriad of
factors, both intrinsic and extrinsic (20). These factors include a
variety of cellular stresses, ranging from telomere shortening to the
activation of oncogenes, oxidative and genotoxic stress induced by
external factors like irradiation or chemotherapeutic agents,
mitochondrial dysfunction, and dysregulation in epigenetic features
(Figure 3) (21). The evolving understanding of senescence
underscores the intricate interplay between cellular senescence and
the various stressors encountered by cells, highlighting its
significance in maintaining cellular integrity and overall tissue health.
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Figure 3. Diverse factors driving senescence.

Representation of different stimuli that create stressful conditions for the cell.
Senescence functions as a self-defense mechanism to prevent the proliferation of
potentially damaged cells. lllustration adapted from “The power and the promise of
oncogene-induced senescence markers” (22).

25



2.1. Hallmarks of senescence

While the main and essential characteristic defining all types of
senescence is the stable cell cycle arrest that limits the growth and
proliferation of damaged or aged cells, other important
characteristics have been studied as research in this field has gained
interest. A thorough comprehension of the senescence phenotype is
key to understanding the physiological functioning of senescent
cells, their relationship with other cells and the microenvironment in
which they are found.

The senescence phenotype is mainly characterized by the
engagement of various cyclin-dependent kinase inhibitors (CDKi),
an increased lysosomal content, and enhanced secretion of
proinflammatory and tissue-remodeling factors (22).

2.1.1. Cell cycle inhibitors associated with senescence.

The cell cycle, a series of events that lead to a cell growth,
replication, and division into two daughter cells, is a tightly regulated
process. It encompasses a series of intricate processes, starting by
duplication of genetic material during S phase and culminating in the
precise segregation of two identical daughter cells during M phase.
Preceding S phase, the cell enters a critical preparatory gap phase
known as G1, during which the cell's progression through the cycle
is determined. Driving this progression are the regulatory cyclin-
dependent kinases (CDKs). At the beginning of G1, cyclin D-Cdk4/6
monophosphorylates pRB, which is bound to E2F transcription
factors. Once the cell passes the restriction point, cyclin E-Cdk2
hyperphosphorylates pRB. This causes it to dissociate from the E2F
factors, which then translocate to the nucleus and activate
transcription of S phase genes (23) (Figure 4). The two main
pathways controlling these CDKs to prevent continuous division are
the p16/pRB and the p53/p21 axis.
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Figure 4. Regulation of the Cell Cycle: Checkpoints and Inhibitory Factors.
This diagram illustrates the regulation of the cell cycle, highlighting the key
checkpoints and inhibitory factors involved in maintaining cellular homeostasis.
CDKs and their associated cyclins drive cell cycle progression, while CDKls like p16
or p21 impose regulatory control.

p16, encoded by the human gene Cdkn2a, plays a crucial role in
regulating cell cycle progression and senescence (23). It is a specific
inhibitor of the cyclin-dependent kinases CDK4 and CDK®6 (24). Its
main function is to prevent cell transition from G1 to S phase, leading
to subsequent proliferation arrest by rendering the retinoblastoma
protein (pRB) in a hypophosphorylated state (Figure 5) (25). After
its first description, it was observed that p16 levels accumulated
progressively with the proliferative history of cells in culture, despite
having long telomeres and high levels of telomerase (26). This
telomere-independent clock was abrogated in cells genetically
deficient in the Cdkn2a locus, proving that cells in culture possess at
least two independent clocks: one is telomere dependent and mostly
registers the accumulated number of cell divisions; the other clock is
p16 dependent and mainly records the exposure of cells to mitogenic
stimulation (27).

The p53/p21 pathway also plays a crucial role in regulating cell cycle
progression and senescence. ARF, a splicing variant of Cdkn2a
(24), acts as a tumor suppressor by interacting with p53, a
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homotetrameric transcription factor that is induced by DNA damage
or inappropriate mitogenic signaling (28). The p53-responsive gene
products include Cdkn1a, which encodes for the potent inhibitor of
CDKs named p21, and Mdm2, which is a negative feedback
regulator that helps terminate the p53 response (29). By inhibiting
Mdm2, ARF stabilizes and activates p53 and activation and
accumulation of p53, through protein stabilization, can lead to cell-
cycle arrest or apoptosis (Figure 5) (30).

In cases of oncogene activation, inappropriately increased E2F or
Myc signals trigger ARF expression and activate p53 to induce either
cell-cycle arrest or apoptosis, depending on the biological context
(29). Like what p16 does, the p21 protein exerts its inhibitory effect
on cyclin-CDK complexes, including CDK1, CDK2, CDK3, CDK4,
and CDKB®, crucially impeding hyperphosphorylation of RB, thereby
regulating cell cycle progression (Figure 5) (31). Although p21 is
consistently upregulated in response to different senescence-
inducing stimuli, its expression is part of a more generic DNA
damage response (DDR), which makes it difficult to use it as a
unique senescence marker (21).

In summary, both pathways are complex, having several upstream
regulators activators and downstream effectors as well as modifying
side branches, including "cross talk" between the pathways.
Whereas p16 is an inhibitor of the cyclin-dependent kinases CDK4
and CDK6 and acts by imposing a G1 cell cycle arrest, ARF
regulates p53 stability through inactivation of the p53-degrading
ubiquitin ligase MDM2 (Figure 5). Importantly, one difference
between these pathways is that the p16/pRB pathway imposes an
essentially irreversible arrest of cell proliferation, whereas p53/p21
does not necessarily result in an irreversible growth arrest (32). To
illustrate, although the expression of p21 may be important for
cellular senescence initiation, its expression is transient after
senescence initiation and does not persist during the maintenance
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phase(24). Additionally, not all cells that express p21 are
senescence and p21 upregulation occurs in the implementation of
cellular quiescence, and thus may lead to false-positive detection of
senescent cells.
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Figure 5. Mechanisms of Cell Cycle Regulation and Senescence Pathways.
Summary of key mechanisms in cell cycle regulation and pathways leading to
cellular senescence. CDK4/6-Cyclin D and CDK2-Cyclin E complexes drive the cell
cycle by phosphorylating RB, releasing E2F to activate S-phase genes.
Checkpoints like G1/S monitor DNA integrity, with p16 and p21 inhibiting CDKs to
halt progression. DNA damage and oncogene stress activate ATM/ATR, stabilizing
p53, which induces p21 to inhibit CDKs and maintain RB in a hypophosphorylated
state, blocking the cell cycle. The roles of MDMZ2 in p53 regulation, CDC25 in CDK
activation, and ubiquitination in protein degradation highlight the dynamic regulation
ensuring cellular homeostasis and preventing uncontrolled proliferation.
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2.1.2. Senescence-associated B-Galactosidase activity

In addition to the overexpression of p16, p21 or p53, senescent cells
exhibit additional characteristics that need to be considered when
defining a senescent cell. The first and most widely used assay for
senescence is the cytochemical detection of 3-galactosidase activity
at pH 6. This enzyme activity is normally assayed in cultured cells or
tissue sections using the chromogenic substrate 5-bromo-4-chloro-
3-indolyl B-d-galactopyranoside (X-Gal), or the fluorescent analogue
fluorescein-di-B-dgalactopyranoside (FDG) (33). While the optimal
pH to detect lysosomal (-galactosidase would be 4.0, it was
observed that an abnormal lysosomal activity associated with
senescent cells enables the detection of B-galactosidase at a
suboptimal pH of 6.0 (34). At first it was not clear whether the so-
called “senescence-associated B-Galactosidase” (SA-B-Gal) was a
distinct enzyme that was induced during senescence or whether it
was a consequence of increased expression and/or altered activity
of the lysosomal B-galactosidase. Finally, it was demonstrated that
the increased SA-B-Gal activity was derived from the increased
lysosomal content of senescent cells (35). Indeed, an increased
number of lysosomes and elevated lysosomal activity had been
associated with replicative senescence for many years (36).

Although SA-B-Gal activity is generally accepted as a marker of
senescence, both in vitro and in vivo, there is evidence for a positive
SA-B-Gal reaction during cellular stress that is unrelated to
senescence. A positive result for SA-B-Gal reaction upon serum
withdrawal or high confluency in cell culture are just some examples
(34). Thus, we cannot consider SA-B-Gal as a universal marker of
senescence.
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2.1.3. Senescence-Associated Secretory Phenotype

The genotoxic stress, whether caused by oncogene expression or
any other agent that results in DNA damage, leads to the activation
of numerous downstream effectors that are normally transient.
However, the persistent activation of the p53 and Rb pathways in
senescent cells results in the secretion of a diverse array of pro-
inflammatory cytokines, chemokines, growth modulators, angiogenic
factors, and matrix metalloproteinases, referred to as the
Senescence-Associated Secretory Phenotype (SASP).

SASP expression is controlled by several signaling pathways in at
least two distinct waves. After a senescence stimulus, the p38MAPK
pathway gets activated by an increase in NFkB transcriptional
activity, resulting in a transitory increase of numerous SASP factors
(37). This initial activation first declines and subsequently increases
once more. This second increase occurs at a post-transcriptional
level, p38a activity increases the activity of MAPK-activated protein
kinase 2 (MK2), a SASP effector kinase that modulates heat shock
protein 27 (HSP27) and AU-rich element RNA-binding protein 1
(AUF1) that elevates SASP mRNAs stability (Figure 6) (38).
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Figure 6. p38a activity increases the activity of a SASP

A senescence insult results in the activation of the p38MAPK pathway, mediated by
an increase in NFkB transcriptional activity. This initial activation first declines and
subsequently increases once more in a second post-transcriptional wave. p38a
activity rises the activity of MK2, which modulates HSP27 that increases SASP
mRNAs stability.

Another controller of SASP factors expression is mTOR signaling. It
has been described that activated mTOR signaling can promote
translation of some SASP factors, like interleukin 1 alpha (IL-1a), in
senescent human fibroblasts induced by oncogenic RAS expression
or radiation (Figure 7) (37,39). Moreover, IL-1a by binding to IL-1
receptor 1 (IL-1R1), which promotes the recruitment of IL-1 receptor-
associated kinase 1 (IRAK1) can also activate NFkB pathway
(Figure 7) (40). IL-6 is another factor that can also maintain
senescence in a paracrine manner through the activation of signal
transducer and activator of transcription 3 (STAT3) (Figure 7) (22).
Chemokine (C—X-C moitif) ligand 1 (CXCL1) and Chemokine (C—X—
C motif) ligand 2 (CXCL2) are just other examples of some factors
that can mantain cell cycle arrest and senescence (40).

It has also been described that Cyclic GMP-AMP synthase (cGAS)
pathway can contribute to the SASP. This pathway typically detects
cytosolic DNA to activate immune responses to viral infections.
However, in senescent cells, cytoplasmic chromatin fragments
activate the cGAS—Stimulator of Interferon Genes (STING) pathway,
leading to SASP production (Figure 7)(41).
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Figure 7. Regulation of SASP Expression by p38MAPK, IL-1, IL-6 and NFkB
Pathways.

Upon DNA damage, the p38MAPK pathway is activated, leading to an increase in
MK2 activity, which stabilizes SASP mRNA. This process involves the transient
activation of NFkB, which increases SASP genes expression, such as IL-1, IL-6,
CXCL1 or CXCL2. IL-6 can activate NFkB via STAT pathway and IL-1 via mTOR
pathway. Moreover, cGAS also contributes to the SASP via STING pathway.

This secretory phenotype is, in fact, a key feature of senescent cells
and is responsible for many of the pathophysiological effects
associated with senescence. Interestingly, it mediates the
reinforcement and spread of senescence through autocrine and
paracrine signaling. Notably, the composition and concentration of
the SASP can vary significantly depending on factors such as the
duration of senescence, the origin of the pro-senescent stimulus
(that is oncogene versus DNA damage, etc), and the specific cell
type involved. In this regard, several studies have examined the
effects of inducing senescence by different means, on the same cell
type. For instance, a study using mesenchymal stromal cells treated
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with oxidative stress, X-ray radiation and chemotherapy revealed
that although at transcriptional level numerous pathways were
commonly regulated, only a reduced number of proteins were shared
(39).

It is important to notice that the SASP factors and many of the
changes associated with senescent cells are not exclusive to
senescence. Non-senescent cells can also express these
characteristics, such as cancer-associated fibroblasts (CAFs) that
closely mimic almost every characteristic of senescent fibroblasts,
like the secretion of factors typically associated with senescence.
The key difference, however, is that CAFs retain the ability to
proliferate. (37). Therefore, relying on a single marker of senescence
can lead to misleading results when identifying a senescent cell. To
avoid this, most of the researchers in the field use a combination of
at least two to four markers such as the expression of SA-B-Gal
along with p16 or p21 and the expression of main SASP factors, like
IL-6 or IL-1q, to identify senescent cells (42).

Having explained the phenomenon of cellular senescence and the
distinct hallmarks, we now delve into the intricate relationship
between senescence and cancer. Next section will explore how
senescent cells influence both tumor progression and suppression,
as well as the mechanisms through which they interact with
surrounding cells and tissues. Understanding these interactions is
crucial for developing or improving therapeutic strategies that can
effectively inhibit cancer growth.

2.2. Senescence in cancer

Two main mechanisms exist by which a tumor cell may enter
senescence: Oncogene-Induced Senescence (OIS) and Therapy-
Induced Senescence (TIS).
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2.2.1. Oncogene Induced Senescence (OIS)

The main signaling pathways involved in OIS are the p53/p21 and
p16/Rb pathways, crucial for tumor suppression. Paradoxically,
oncogenic activation can also lead to the expression of senescence-
related genes, contributing to the senescence phenotype. In fact, the
first evidence of OIS was documented during transduction of primary
diploid fibroblasts with an activated Harvey rat sarcoma
(HRAS)G12V allele, which resulted in an enlarged, flattened
morphology and stalled mitotic activity (42). These findings were
later corroborated in vivo in 2005 (43), confirming that some
oncogenic driving pathways, such as RAS/RAF/MAPK, are involved
in driving senescence. Another example is the PISK/AKT/mTOR
pathway, typically associated with cell growth and survival, which
can also contribute to senescence when dysregulated, linking
metabolic stress with senescence induction (Figure 8) (9).

Given that this type of senescence induction relies on the
overexpression of activated oncogenes, the balance between the
level of expression required to induce cell cycle arrest or neoplastic
transformation is crucial (44). This is logical, given that, as previously
stated, oncogenic signaling is transmitted through complex
cascades of mediators that exert some negative-feedback regulation
that can prevent the full activation of its downstream effectors. The
first study demonstrating this phenomenon in vivo showed mice
carrying endogenous activated oncogene KRAS that were able to
develop premalignant lung lesions after months of latency, but few
lesions progressed to be fully malignant tumors (45). In this case,
the RAS/RAF pathway induces a negative feedback loop that
attenuates activated protein MAPK and PI3K signaling, leading to
senescence and opposing oncogenic Ras activity (Figure 8).
Another example is human naevi harboring the oncogenic V600E
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mutation in BRAF, which showed cell cycle arrest and SA-BGal
activity, with mosaic expression of p16 and no p53 upregulation or
telomere attrition, suggesting that other mechanisms contribute to
senescence induction in this context (46).

While most studies of OIS have centered on this chronic
RAS/RAF/MAPK signaling, there is a growing interest in
understanding the senescence phenotype due to hyperactivation of
the PISK/AKT pathway. It has been demonstrated that deletion of
phosphatase and tensin homolog gene (PTEN) in the murine
prostate epithelium resulted in benign neoplastic lesions and
increased SA-BGal staining. Conversely, hyperactivation of the
PISK/AKT pathway triggers senescence in human cells by promoting
enhanced p53 protein synthesis via mTORC1 (Figure 8), despite not
displaying a DDR or DNA-damage foci, and they maintain low levels
of p16 and phosphorylated p53 (47). In any case, it is important to
note that for any type of OIS to happen, the p53/p21 or p161/Rb
pathways must be functional.

Mouse models expressing activated oncogenes laid the foundation
for the study of OIS in vivo, highlighting its role in tumorigenesis and
its potential as a therapeutic target. Moreover, the development of
much more sophisticated models, expressing the oncogene in an
inducible manner, allowed to play with the timing of senescence
induction. In the same way, genetic engineering has made it possible
to combine this strategy with the induced depletion of the main
agents in the regulation of senescence, such as p16, p21, or p53.
One example is an innovative model in which liver cancer cells can
be selectively driven into a senescent state through the genetic
activation of endogenous p53 that offers a powerful approach for
investigating senescence surveillance mechanisms (48).
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Figure 8. RAS/RAF/MAPK and PI3K/AKT/mTOR pathways are involved in OIS.
Ras activation ends in activation of p16 through the cooperation of MAPK signaling
cascade. Ras activation can also stabilize p53 expression through ARF pathway.
Loss of tumor suppressor gene PTEN induce activation of P13K pathway that will
activate mTOR pathway, ending in the expression of p21.

In conclusion, OIS serves as a critical mechanism by which tumor
cells initially respond to and manage the cellular stress induced by
oncogene expression or the loss of tumor suppressor mechanisms.
Thereby, OIS can influence tumor progression and potentially
contribute to cancer development if bypassed.

2.2.2. Therapy Induced Senescence (TIS)

Cancer therapy has traditionally relied on cytotoxic treatment
strategies to eradicate tumors. In the early 2000s, landmark studies
demonstrated that certain cancer therapies could trigger a
senescent-like state in tumor cells, effectively halting their
proliferation (49,50). This concept was designated as Therapy-
Induced Senescence (TIS).
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Unlike cell death, which was assumed the ultimate outcome of
traditional anticancer treatments, TIS relies on inducing a stable
state of non-division, effectively "locking" the cancer cells in a state
where they no longer proliferate. The cellular decision between
apoptosis and senescence is dependent, in part, on the magnitude
of stress to which cancer cells are exposed. Lower levels of damage
may trigger senescence-associated antiproliferative responses
without activating the cascades of caspase activity that commit the
cell to apoptosis (50). This approach has gained significant interest
as an alternative or complementary strategy to traditional cytotoxic
therapies. In fact, a variety of drugs have been shown to induce TIS,
with some of the most common including DNA-damaging agents,
such as doxorubicin and cisplatin, as well as other chemotherapeutic
compounds like etoposide, paclitaxel, or CDK4/6 inhibitors, such as
Palbociclib (51).

Doxorubicin is a DNA intercalating agent that prevents replication by
blocking topoisomerase enzymes from re-ligating DNA strands after
supercoil unwinding. It also promotes histone eviction from
chromatin, evoking a DNA-damage response and promoting
changes in the epigenome and transcriptome (52). This agent is
used to treat a variety of cancers, including breast cancer, and can
induce senescence by activating the p53 pathway. Importantly,
doxorubicin can induce senescence both in tumoral and in
nonmalignant cells, like vascular smooth muscle cells, other stromal
cells, and human and mouse dermal cells (Figure 9) (53). Similarly,
cisplatin, a platinum-based drug, induces extensive DNA cross-
linking, leading to accumulation of oxidative stress that will induce
cell cycle arrest and subsequent senescence via p16 pathway
(Figure 9). Cisplatin has been reported to induce cellular senescent-
like growth arrest in nasopharyngeal carcinoma cell lines and in head
and neck squamous cell carcinoma cells (52).
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Another well-known chemotherapy drug is paclitaxel, which belongs
to a family of microtubule inhibitors and is used to treat different
types of solid tumors, such as breast or non-small cell lung cancer
(NSCLC) (54). This drug impedes normal microtubule spindle
dynamics, compromising the metaphase-anaphase transition, thus
arresting the cell at mitosis (Figure 9). It is known that paclitaxel
treatment induces senescence in vitro in both cancer and non-
cancer cells (53). Moreover, a study that shows the increasing in
bioluminescence in p16 reporter mice, proved paclitaxel can induce
senescence in noncancerous tissues in vivo (55).

Beyond traditional chemotherapy, certain targeted therapies can
also induce senescence. CDK4/6 inhibitors, such as palbociclib, are
alternative drugs used to treat several types of cancer, including ER+
breast cancer (56). Palbociclib targets CDK4 and CDK®6, producing
a cell-cycle arrest in the G1 phase, mimicking the mechanism of
action of p16 (Figure 9). In fact, there are studies showing
palbociclib to induce cellular senescence in different types of cancer,
like breast, gastric or hepatocellular carcinoma (57,58). However, it
is important to notice that SA-B-galactosidase positivity was the
method used to identify senescent cells, while the establishment of
an irreversible proliferative arrest was not entirely measured.
Moreover, given that palbociclib functions as a CDKi rather than a
genotoxic agent, its induction of cellular senescence is expected to
exhibit a degree of reversibility, as it does not induce irreversible
damage to the genetic material of the cells (59). Moreover, inhibitors
of the BRAF pathway, used in treating melanoma, and agents
targeting the PISK/AKT/mTOR pathway can also induce senescence
in specific cancer types (60).
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Figure 9.Distinct chemotherapy treatments can induce TIS.

Doxorubicin is a DNA intercalating agent that promotes DNA damage and can
induce senescence by activating the p53 pathway. Cisplatin induces extensive DNA
cross-linking, leading to accumulation of oxidative stress that will induce cell cycle
arrest and subsequent senescence via p16 pahtway. Paclitaxel is a microtubule
inhibitor drug that will induce senescence throughout the PI3K pathway. Palbociclib
is CDKi that will mimic the action of p16, promoting senescence through blocking of
CDK4/6.

Additionally, radiotherapy involves the use of high-energy electrically
charged ions to cause permanent DNA damage on cancer cells,
ultimately leading to cell death. Given its broad applicability,
radiotherapy is employed in the treatment of various types of cancer
(61). Interestingly, research has shown that ionizing radiation can
induce the expression of SA-B-galactosidase in some cell lines,
indicating that radiotherapy can be also an inductor of senescence
(62,63).

In  summary, conventional cancer treatments, including
chemotherapy and radiotherapy, have been proved to induce

senescence rather than causing apoptosis of cancer cells. This shift
towards TIS as a mechanism of action highlights the importance of

40



exploring how senescence influences cancer progression and
treatment responses. Understanding the role of TIS in cancer can be
crucial for developing strategies to potentially improve therapeutic
outcomes and address the limitations of current treatments.

3. Dual roles of senescence in cancer

As outlined in previous sections, the impact of senescence varies
and can sometimes have opposing effects, depending on the cell of
origin and the specific tissue involved. When discussing
tumorigenesis, it is also essential to consider the mechanism by
which the tumor cell entered senescence and the moment in which
senescence is induced. Thus, senescence can have both a
protective role and a pro-tumorigenic role, depending on a variety of
factors.

3.1. Senescence, the first protection barrier against
tumorigenesis

Cancer cells progress through an evolutionary process in which
somatic cells undergo mutations and escape the usual controls that
prevent excessive growth. To avoid uncontrolled cell division,
multiple mechanisms have evolved (64). Some of these
mechanisms are internal to the cell, like those that limit cell-cycle
progression, while others involve signals from the cell's surrounding
environment, which encourage the cell to stay in its designated role.

Several reports have demonstrated that OIS occurs during the early
stages of tumor development, in both mouse models and humans
(43,65). Thus, oncogenic stress progressively intensifies during
tumor development, with senescence being triggered at a stage
when tumorigenesis has begun but has not yet advanced to full
malignancy. This process helps to keep the tumor in a non-

aggressive, pre-malignant state (66). This fact suggests that OIS
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may function as a potential tumor suppressor mechanism (Figure
10).

On the contrary, the absence of OIS allows the path to oncogene-
driven malignant progression to remain free of impediment. In some
cases, tumor cells may acquire downstream mutations that prevent
the onset of senescence, even with elevated expression levels of
p16, ARF, or p53 (67). In fact, in mice whose cells do not respond to
senescence signals or whose genes encoding p53 or p16 proteins
are inactivated, cells fail to senesce in response to multiple stimuli;
meanwhile, all the mice develop cancer at an early age (68).
Additionally, in humans, certain tumors may overexpress p16, but
this overexpression becomes irrelevant if the tumor lacks RB
function (69). And the same will happen if p53 is mutated, something
that happens in about half of all human cancer cases (70).

Once the tumor is fully developed, TIS can also facilitate the
reduction of tumor growth, as those senescent tumor cells that do
not undergo apoptosis following the action of the chemotherapy
compound will cease their proliferation. However, due to the stress
associated with the aberrant intracellular and extracellular
characteristics inherent to tumors, chemotherapy agents may not
exert a uniform effect on all cells. Therefore, many cells will undergo
apoptosis or senescence while another fraction within the tumor will
be able to proliferate successfully (22).

3.1.1. Senescence and the immune system

More and more evidence suggest that several SASP factors are
pivotal players in immunosurveillance within the TME. These factors
induce or enhance senescent-associated growth arrest in both
autocrine and paracrine manners, playing a key role in propagating
senescence and recruiting immune cells, thereby inhibiting cancer
progression (Figure 10) (37).
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Thus, in addition to the fact that cell cycle arrest itself acts as a brake
on tumor growth, certain changes undergone by senescent cells
facilitate the surveillance exerted by the immune system on the
tumor. There is a study showing that pre-malignant senescent
hepatocytes secrete chemokines and cytokines that allow them to
be targeted for clearance by the immune system, a process termed
'senescence surveillance' (71). Specifically, Ras-specific Th1
lymphocytes are detected in mice where OIS is triggered,
demonstrating that this surveillance mechanism relies on CD4+ T-
cell-mediated adaptive immune response. In fact, in the same study
they demonstrate how failure of immune surveillance leads to the
development of hepatocellular carcinomas (HCCs), highlighting the
importance of senescence surveillance as an extrinsic component of
the senescence anti-tumor barrier (Figure 10) (71).

Another article demonstrates the participation of NK cells in the
clearance of senescent tumor cells triggered in vivo by inducible p53
expression. lannello et al. correlate p53 expression with the
secretion of various cytokines with the potential to recruit NK cells
towards the tumor (Figure 10) (72). Also, a more recent study shows
that senescent cells combine several features that render them
highly efficient in activating dendritic cells (DC) and antigen specific
CD8 T cells. This includes the release of alarmins, activation of IFN
signaling, enhanced MHC class | machinery, and presentation of
senescence-associated self-peptides that can activate CD8 T cells
(Figure 10) (73). Notably, Chemokine (C—X-C maotif) ligand 2
(CCL2), when secreted by senescent cells, serves as a beacon for
myeloid cells, which subsequently engage cytotoxic NK cells,
ultimately thwarting tumor immune surveillance (74). Conversely,
Tumor necropsy factor alpha (TNFa) and Intercellular adhesion
molecule 1 (ICAM1) stimulate NK cell-mediated

43



immunosurveillance, thereby contributing to tumor regression
(Figure 10) (75).

Additionally, SASP factors not only reinforce immunosurveillance,
but also remodel tissues in a paracrine manner through cytokines
such as IL-1, IL-6, and interleukin 8 (IL-8), which alter the
proliferation and migration capabilities of adjacent cells, including
stromal, immune, and cancer cells (Figure 10) (76).

It is also important to note that not only the constituents of the SASP
are context-dependent but that even a single SASP factor can be
pro- or anti-tumorigenic depending on the biological context (52).
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Figure 10. Senescent cells behave as a barrier for tumorigenesis.

Schema of the different ways senescent cells play an anti-tumoral role. Growth
arrest prevents the proliferation of malignant cells. MHC expression is increased in
senescent cells, favoring the infiltration of CD8+ T cells. Moreover, senescent cells
modify the microenvironment through the SASP, increasing immunosurveillance in
the tumor: IFNy attract dendritic cells. natural killer cells and activate T cells. TNFa
and CCL2 can ultimately activate natural killer cells, while IL-6 can attract T cells
and also induce paracrine senescence in neighbor cells. IL-8 and IL-1 also
contribute to maintaining senescence in the tumor, in an autocrine and paracrine
way.
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In summary, oncogene-induced senescent cells serve as an initial
barrier against tumorigenesis, halting the proliferation of potentially
cancerous cells. Moreover, the secretion of SASP factors by these
senescent cells can stimulate immune surveillance mechanisms,
further inhibiting tumor growth. Given these roles in impeding
tumorigenesis and enhancing immunosurveillance, inducing
senescence emerges as a promising anti-cancer strategy.

3.2. Senescence: fuel for tumorigenesis

While OIS may act as a barrier to tumorigenesis initially and
chemotherapy treatments may contribute to tumor growth arrest, the
persistence of senescent cells can paradoxically fuel tumor growth
and progression, mainly through the SASP. In fact, SASP factors can
be instrumental in tumorigenesis and metastasis, shaping the
intricate dynamics of the TME (Figure 11).

Key SASP factors implicated in tumor progression include the
previously mentioned IL-6 and IL-8 or CCL5, which promotes cancer
cell proliferation through c-MYC and cyclin D1 (77). Additionally, it
has been described that when senescence is originated, senescent
cells can stimulate mitogenic signaling cascades in cancer cells,
working synergistically with metalloproteases (MMPs) to hasten
cancer progression and metastasis. In fact, MMPs are also
described to be part of the SASP (Figure 11). They act as master
regulators of cancer invasiveness by degrading extracellular matrix
components, facilitating tumor dissemination. Importantly, other
factors secreted by senescent cells, such as CXCL5 and VEGF can
contribute to increased blood vessel density in tumors, also
promoting metastasis (Figure 11). (78). Other factors, such as
TNFa that induces ROS in cancer cell lines or TGF- that promotes
extracellular matrix deposition, cell migration, and metastasis, are
also part of the SASP factors described to promote tumorigenesis
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(Figure 11) (60). Furthermore, it has been demonstrated that CCL2
recruits myeloid cells with dual roles—either eliminating senescent
cells by enhancing NK cells (75) or promoting cancer progression,
depending on the context, as the recruitment of immune-suppressive
myeloid cells to tumors by this cytokine can block the action of T
cells, fostering tumorigenesis (Figure 11) (40). In conclusion, these
SASP factors collectively contribute to the complex interplay within
the tumor microenvironment, exerting profound influences on
tumorigenesis and metastasis.

In addition to the SASP, senescent cells have other mechanisms to
protect themselves from immunosurveillance following tumor
progression. Different studies in aging have described how
senescent cells evade immune clearance through mechanisms
involving HLA-E expression. Specifically, senescent cells upregulate
HLA-E, a non-classical MHC-class Ib molecule, which inhibits
interaction with the inhibitory receptor NKG2A expressed on NK and
CD8+ T cells (Figure 11) (79). Moreover, senescent cells can
bypass CD8+ T cell-mediated surveillance by expressing immune
checkpoints such as PD-L1, which suppresses the cytotoxic action
of these T cells (80). In addition, Dr. Manuel Serrano and colleagues
have recently described the role of PD-L2, the other ligand that
interacts with the PD-1 receptor, in contributing to the inhibition of T
cell activation in a senescence context. Our group collaborated in
this study that reveals that chemotherapy triggers the expression of
PD-L2 in senescent cancer cells, leading to the accumulation of
tumor senescent cells (Figure 11). These senescent cells create an
immunosuppressive environment, by attracting myeloid-derived
suppressor cells (MDSCs) through CXCL1 expression, which
hinders the anti-tumor immune response, thereby reducing the
effectiveness of chemotherapy. The findings highlight the
significance of senescent cells in tumor immune evasion and
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suggest that targeting senescent cells by blocking PD-L2 expression
may enhance the therapeutic efficacy of chemotherapy (81).
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Figure 11. Persistance of senescent cells in the tumor promotes
tumorigenesis through the SASP.

Schematic view of a tumor with senescent tumor cells secreting different SASP
factors that ultimately contribute to tumorigenesis and metastasis. CXCL1 and
CCL2 attracts myeloid derived suppressor cells while CXCL2 attracts pro-
tumorigenic macrophages. Both populations block the action of T cells, contributing
fo an immunosuppressed microenvironment. Moreover, senescent cells can
increase the expression of molecules that block the action of T cells, such as PD-
L2 and HLA-E, protecting themselves from being eliminated. Senescent cells
secrete VEGF and TGFB that contribute to angiogenesis and secretion of MMPs or
CCL5 contribute to increase the migration capacity of tumor cells.

Given these facts, anti-cancer strategies that combine senescence
induction and killing of those senescent cells, which is known as
senolysis, emerge as a promising new approach. This approach
follows a "one-two punch" sequential therapy rationale. First, the use
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of pro-senescence therapies to induce senescence in cancer cells
stop the tumor growth, and then is followed up with agents that
selectively kill the senescent cancer cells that can be promoting the
growth of the remaining proliferative cells (82).

3.2.1. Senolysis as an anti-tumor strategy

A key point in the one-two punch approach is the development of
drugs that specifically kill senescent cells, so-called senolytics.

Senolytics research has gained interest in the recent years, both in
the development of anti-age related or and anti-cancer treatments.
Typically, the targets of these drugs are senescent cell-associated
components, such as the anti-apoptotic protein BCL-2. Thus,
flavonoids, like quercetin and other drugs that inhibit BCL-2 have
already been proven to selectively kill some types of senescent cells,
both in vitro and in vivo (51). With regard to flavonoids, a number of
clinical trials, like NCT04063124 or NCT04685590, are already
being conducted with the objective of evaluating the combination of
dasatinib, a tyrosine kinase inhibitor, and quercetin in patients.
However, the impact of senescence and senolysis on the therapeutic
efficacy of the treatment will not be assessed in these trials.

On the other hand, secondary effects of BCL-2 inhibitors, such as
Navitoclax, derived of its lack of specificity in killing just senescent
cells, limited its clinical use (51). Therefore, some approaches have
been investigated for using Navitoclax in a safer way. (51). Some
studies have explored targeting drugs specifically toward senescent
cells by leveraging their higher SA-B-Gal activity. For example,
nanoparticles like a galactose derivative prodrug of navitoclax (Nav-
Gal) have demonstrated increased specificity for cisplatin-induced
senescent A549 cancer cells in vitro. Furthermore, this combination
has shown to be effective in eliminating senescent cancer cells,
showing anti-tumorigenic effect in vivo while minimizing secondary
effects. In addition to finding new drugs to kill senescent cells,
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retrospective analysis is another way to test the potential of drugs
repurposed as senolytics. For example, we had the opportunity to
collaborate with Dr. Collado’s group in a study published in 2019,
demonstrating that cardiac glycoside compounds can also be used
to selectively kill senescent cells (83).

Besides small molecules, senolytics can encompass cell therapies.
Senescent cells can be targeted by exploiting their immunogenic
profile, making the development of antibodies against senescent-
specific antigens an increasingly promising approach in the field.
These antibodies can work by enhancing antibody-dependent cell-
mediated cytotoxicity (ADCC) or conjugated with senolytics (51).
Furthermore, a recent study has demonstrated the design of
chimeric antigen receptor (CAR) T cells targeting the urokinase-type
plasminogen activator receptor (UPAR) that have been shown to
successfully eliminate senescent cells both in vitro and in vivo
following TIS, leading to extended survival. (84).

In summary, senolytics show promise in the treatment of not only
cancer but for other age-related diseases. However, despite the
many advances that have been made recently, there are still too
many hurdles that limit the potential use of senolysis as an anti-
cancer therapy. The first and most important limitation is the lack of
a universal marker for the precise identification of senescent cells.
Therefore, the search for a biomarker or biomarkers that can track
senescence as well as serve as a target for directing therapies is one
of the main goals of the field. Secondly, the timing of the “one-two
punch” strategy is an additional issue that needs to be carefully
addressed, as there is a delicate balance between shifting senescent
cells from an anti-tumorigenic to a pro-tumorigenic state (Figure 12).
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Figure 12. The dual role of cellular senescence in cancer.
Senescence-induced cell-cycle arrest can prevent mutations from being passed on
fo the next generation of cells and accelerate immune clearance through the SASP,
resulting in suppression of tumorigenesis. However, the SASP can also contribute
to a pro-inflammatory and growth-stimulatory microenvironment that can promote
tumor development.

4. In vivo models for monitoring and killing senescence.

While significant progress has been made in modeling and
understanding cellular senescence, there are still important
challenges in fully recapitulating and validating senescence
induction. In vivo models play a crucial role in elucidating this
intricate biology of senescence, offering invaluable insights into its
physiological relevance and potential therapeutic applications.

To investigate the mechanisms by which cellular and tissue states
are reprogrammed in response to senescence, various mouse
models have been developed to induce this process. In the context
of cancer research, Scott Lowe's group recently created a
senescence-inducible model in  which through the genetic
modulation of endogenous p53 liver cancer cells can be selectively
driven into a senescent state. Using this model, researchers have
shown that, beyond the SASP, senescence induces significant
changes in the cell-surface proteome and signaling pathways,
altering how cells respond to the stimuli of the environment. This
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rewiring, in conjunction with the SASP, ends in the enhancing of
their immunogenic potential (48).

Besides being able to recapitulate the senescence phenotype in
living organisms, there is also a need for targeting senescent cells in
vivo. Therefore, much effort has been devoted to obtaining mouse
models modified so senescent cells can be traceable and killed. To
date, the majority of these models are based on the expression of
only one of the canonical senescent cell markers, p21 or p16.

The first inducible p21-Cre mouse model was generated by
researchers from the Mayo Clinic to monitor and manipulate p21-
highly-expressing senescent cells in vivo (85). However, the role of
p21 in senescence remains controversial, as it has been
demonstrated that p21 expression is needed for senescence
initiation but tends to decrease over time (24). Therefore, its
reliability as a unique senescence biomarker is debatable. In this
regard, most of the research has been focused on developing p16-
based mouse models.

Researchers from the University of Texas Southwestern Medical
Center developed a p16-luciferase knocking mouse model (p16-
LUC). This model expresses the fusion protein of human p16 and
firefly luciferase, allowing for faithful reporting of p16 expression in a
noninvasive way. Allowing a lifelong assessment of luminescence, it
revealed an exponential increase of p16/Luc positive cells with
aging, providing insights into the dynamics of p16 gene expression
and its role in aging and cancer progression (86). And among the
models based on the expression of p16 for targeting senescent cells
in vivo, we can highlight those developed by the laboratories of Prof.
Van Deursen and Prof. Campisi.

The Van Deursen group has developed a mouse model called INK-
ATTAC that allows for the inducible elimination of p16-positive
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senescent cells. In this model, Cdkn2a/p16 promoter (INK) controls
the expression of the transgene that encodes a FK506-binding
protein (FKBP), fused to a Caspase 8 (Casp8) moiety and an
Enhanced Green Fluorescent Protein (EGFP) domain (ATTAC)
(Figure 13). The unique aspect of this model is that the Casp8
moiety remains inactive until a specific drug, often a small-molecule
compound like AP20187 or similar, is administered. The drug binds
specifically to the FKBP domain, causing Casp8 activation through
dimerization and leading to apoptosis of exclusively p16-expressing
cells. The effective clearance of these cells can be tracked thanks to
the expression of EGFP (Figure 13). Thus, this mouse model allows
for the inducible removal of p16-positive senescent cells,
demonstrating a delay in age-related pathologies dependent on p16
induction. This model has been used to show the delay in cataracts,
sarcopenia, and pancreatic $-cell dysfunction (87,88).
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Figure 13. Schematic design of INK-ATTAC activation system.
P16 promoter controls the expression of FKBP, Casp8 protein and EGFP. AP20187
administration induce Casp8 activation through dimerization, ending in the
apoptosis of p16 expressing cells. Figure adapted from “Clearance of p16 Ink4a-
positive senescent cells delays ageing-associated disorders” (88).

Similarly, Campisi’s lab has developed another genetically
engineered mouse strain that enables researchers to visualize and
eliminate senescent cells within the animal. Commonly referred to
as the p16-3MR model, it contains a trimodal (3MR) reporter fusion
protein containing luciferase for detection by luminescence, red
fluorescent protein (mRFP) for sorting, and a truncated herpes
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simplex virus 1 thymidine kinase (HSV-TK). Ganciclovir (GCV), a
nucleoside analog with ahigh affinity for HSV-TK, converts it into a
toxic DNA chain terminator, causing fragmentation of genomic and
mitochondrial DNA and apoptosis selectively in HSV-TK expressing
cells (Figure 14). The Cdkn2a/p16 promoter drives the 3MR
construct expression, allowing researchers to track p16-expressing
senescent cells over time with the mRFP and observe their
distribution within tissues. Also, the inclusion of the TK gene enables
targeted cell ablation using GCV treatment, allowing the study of the
consequences of senescence clearance (89,90). Researchers have
utilized this model to investigate the role of senescence in conditions
such as cigarette smoke exposure-related lung pathologies, cancer,
atherosclerosis, and age-related disorders. (89-91).
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Figure 14. Schematic design of p16-3MR activation system.

Cdkn2a/p16 promoter controls the expression of LUC protein, mRFP and HSV-tk.
Upon ganciclovir (GCV) administration, HSV-tk converts it into DNA chain
terminator that promotes the apoptosis of p16-expressing cells, Figure adapted from
“Systemic cleareance of p16/NK4a-positive senescent cells mitigates age-associated
intervertebral disc degeneration” (92).

In summary, both the Van Deursen and the Campisi transgenic
mouse models provide a valuable tool for studying cellular
senescence in living organisms and for understanding the role of
senescence in health and disease. Nevertheless, these, and other
transgenic models that have been developed to date, present a
significant drawback: the reliance on a single senescence marker.
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Thus, INK-ATTAC and p16-3MR are models designed exclusively to
eliminate cells overexpressing p16. However, as previously stated,
the expression of this gene cannot be taken as a singular marker of
senescence, as certain cells expressing p16 are not senescent (24).
In fact, these models are hardly useful to study the role of
senescence in cancer because it is well described that p16 is
frequently overexpressed in highly proliferative tumors, including
breast cancer (93). In consequence, in currently available models,
transformed non-senescent p16-expressing cells would be also
targeted in addition to senescent cells, making them unsuitable to
functionally characterize the role of senescence in tumors.

In conclusion, despite the numerous efforts on defining senescent
cells, the heterogeneity of their phenotype highlights the need for
more refined and specific tools to target senescent cells accurately
and effectively. In this sense, designing a mouse model based on
the combination of two markers of senescent cells constitute a
rational approach. Targeting cells expressing p16, which is
consistently expressed in senescent cells, and IL-6, one of the most
commonSASP effectors, may ensure more reliable outcomes in
elucidating the role of senescent cells in cancer development.
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HYPOTHESIS

Senescent cells play a dual role in cancer progression, functioning
both as tumor suppressors and promoters. The use of a novel
transgenic mouse model, based on the expression of p16 and IL-6,
has the potential to uncover new insights into the mechanisms
underlying this duality, thereby offering new possibilities for
employing senolysis as a cancer treatment.

OBJECTIVES

The main objective of this thesis is to elucidate the role of senescent
cells in tumor development and to identify the key players involved
in this process.

The specific aims of my research are:

1. To generate and characterize a novel in vivo model for
monitoring and eliminating senescent cells, referred to as the
SuSe model.

2. To assess the presence of OIS at different stages of tumor
progression

3. To investigate the role of OIS in tumor progression by
selectively eliminating p16/IL6-positive cells

4. To determine the impact of TIS on the efficacy of cancer
treatment.
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MATERIALS & METHODS

1. Mice models

P16pro-FRB-Casp8/HA-Cherry mouse model

The P16pro-FRB-Casp8/HA-Cherry (p16-mCherry) transgenic
construct was made as follows. A 1200-bp segment of the murine
p16 promoter was extracted from mCdkn2apro-Luc construct kindly
gifted by Dr Serrano’s group and cloned into the pC4-RHE vector
(containing FRB-CASS8), kindly gifted by Dr. Doug Green and
followed by an IRES-mCherry sequence from the pMCSV-IRES-
Cherry plasmid (#52114, Addgene). Transgenic founders were
obtained by pronuclear injection of the p16-mCherry construct into
FVB oocytes in the Mouse Mutant Core Facility of IRB (Institute of
Research in Biomedicine) in Barcelona. Mice were genotyped for the
p16-mCherry construct by Polymerase Chain Reaction (PCR) using
the following primers: forward primer,
CGATCCTTTAGCGCTGTTTC and reverse primer
CTTGGAGGAGGTCCTTGACA, on the mice third week of life.

IL6pro-FKBP-Casp8/HA-GFP mouse model

The IL6pro-FKBP-Casp8/HA-GFP (IL6-GFP) transgenic construct
was made as follows. A 1400-bp segment of the murine //6 promoter
was first amplified by PCR amplified from murine DNA The resulting
DNA was purified and integrated in a pC4-Fv1E, that is the FKBP-
CASB8-containing vector kindly gifted by Dr. Doug Green. The IL6pro-
FKBP-Casp8 segment was then inserted into pBlueScriptll plasmid
conteining GFP (Addgene). Transgenic founders were obtained by
pronuclear injection of the IL6-GFP construct into FVB oocytes in the
Mouse Mutant Core Facility of IRB in Barcelona. Mice were
genotyped for the IL6-GFP construct by PCR using the following
primers: forward primer GAGCCCACCAAGAACGATAG, and
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reverse primer CAGTGGCACCATAGGCATAA, on the mice third
week of life.

SuSe mouse model

SuSe mice were the result of the crossing of p16-mCherry mouse
model and IL6 -GFP mouse model. Mice were genotyped for both
constructs by PCR using the respective primers for each construct
on the mice third week of life.

MMTV-PyMT model

MMTV-PyMT (PyMT) mice were acquired from The Jackson
Laboratory (Bar Harbor, ME). Male PyMT mice were mated with
FVB-Wild type (WT) females. Mice were genotyped for the PyMT
allele by PCR using the forward primer,
CGCACATACTGCTGGAAGAA and reverse primer,
TGCCGGGAACGTTTTATTAG on the mice third week of life.

PyMT/SuSe model

PyMT/SuSe mice were obtained crossing male MMTV-PyMT mice
and female SuSe mice. Mice were genotyped for the PyMT allele
and the constructs p16-mCherry and IL-6-GFP by PCR on the mice
third week of life.

Syngeneic mouse models

PyMT/Suse cells were implanted in FVB mice of 5 weeks of life and
PyMT cells were implanted in SuSe mice of the same age. In both
cases 500.000 cells were implanted in two flanks of the mice.

All mice were on a FVB background. All studies were performed in
accordance with the ARRIVE guidelines and the 3 Rs rule of
Replacement, Reduction and Refinement principles. Mice were
housed in a specific pathogen—free environment. and treated
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following the protocols approved by the Ethical Committee for the
Use of Experimental Animals (CEEA) at VHIO, Barcelona, Spain.

2. Tumor derived cells lines

PyMT-SuSe primary cell line was obtained from tumors of a
PyMT/SuSe mouse. Two tumors were excised and immediately
preserved in PBS at 4°C. Mechanical disaggregation was performed
using blades to cut the tumors into small pieces followed by
enzymatic digestion in 300 U/ml collagenase IA (#C2674, Sigma-
Aldrich) and 100 U/ml hyaluronidase IS (#H3506, Sigma-Aldrich)
DMEM F-12 medium. The tube was incubated on a shaker (200rmp
at 37°C) for 1h. After washes with PBS, cells were resuspended in
DMEM media supplemented with fetal bovine serum (FBS) 5%
(#10270-106), L-Glutamine 2mM (#X0550-100, Invitrogen), 1M
HEPES (#H0887, Sigma), 0’5 ug/ml hydrocortisone, 20 ng/ml EGF
(AF-100-15, Bionova Cientifica), Cholera toxin 100 ng/ml (#C8052,
Merck Life Science) and insulin 10ug/ml (#41400045, Sigma) to
facility the growth and selection of epithelial cells in p100 plates.
Once PyMT-Suse cells were stablished in culture, they were
maintained in DMEM-12 (1:1) medium supplemented with 10% FBS,
1% glutamine and 1% Penicillin/streptomycin and incubated at 37°C
in a humidified atmosphere containing 5% carbon dioxide. The cells
were passaged when they reached 80% to 90% confluence.

PyMT cell line was obtained from tumors of a PyMT mouse, following
the same procedure as the PyMT/SuSe cells and maintained under
the same conditions.

3. Treatments in vivo and monitoring tumor growth

In every in vivo experiment tumor growth was monitored using
calipers using the formula (length x width2) x (7/6) twice a week.
Body weight of the mice was also measured twice a week.
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AP21967 treatment

For AP21967 (#635055, Takara) treatments, PyMT/SuSe animals
were injected intraperitoneally (i.p.) every 3 days with 0.2 ug g—1body
weight of the heterodimer-inducing drug from the fourth or the ninth
week of the mice life until the thirteenth week of the mice life.

Treatment in the syngeneic model started 10 days after cell
implantation and was administered twice a week during 28 days.

Blocking and depleting strategies

For elimination of macrophage population in PyMT/Suse mice, mice
were treated twice a week, starting at week 9 after birth, with
liposomes containing 5 mg/ml of clodronate or PBS as control (#C-
005, Liposoma BV).

For selective blocking of PD-L2 in 9-week-old PyMT mice, mice were
treated every three days with 100 pg of anti-PD-L2 (TY25, #BE0112,
BioXCell) until the week 13 of the mice life. For selective elimination
of T cell populations same regimen of treatment was followed with
anti-CD4 (GK1.5, #BP0003-1, BioXCell), anti-CD8a (2.43, #BE0061,
BioXCell) or IgG2b (LTF-2, #BP0090, BioXCell) as an isotype
control.

For selective elimination of T cell populations in FVB mice with
PyMT/Suse orthotopic tumors, mice were treated twice a week (i.p.),
starting 10 days after surgery, with 100 ug each of anti-CD8a (2.43,
#BE0061, BioXCell) or IgG2b (LTF-2, #BP0090, BioXCell) as an
isotype control.

Chemotherapeutic agents

For doxorubicin treatment in the syngeneic models, the drug was
administered via i.p once a week and treatment started 10 days after
cell implantation. For the treatment in the PyMT mice, the drug was
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also administered via i.p once a week, but treatment started at the
ninth week of the mice life and ended at the thirteenth week. Drug
was administered at a 4mg/Kg dose.

4. DNA extracting protocol

A small piece of ear tissue was excised from the mice and placed
into an Eppendorf tube. To this, 75 pL of Buffer A (25 mM NaOH +
0.2 mM EDTA) was added. The sample was then incubated in a
thermocycler at 98°C for 1 hour to facilitate lysis, followed by cooling
to 15°C until the next step. Subsequently, 75 L of Buffer B (40 mM
Tris-HCI, pH 5.5) was added to neutralize the reaction. The mixture
was centrifuged at 4000 rpm for 3 minutes to pellet debris, and the
supernatant containing the extracted DNA was then used for PCR.

5. Senescence induction in vitro

PyMT-SuSe cells were seeded in a six-well plate at a density of
200.000 cells/well, and at 100.000 cells/well as control. After 24h,
cells were treated with different concentrations of doxorubicin over a
period of five days to find the best concentration to induce
senescence. The different concentrations of doxorubicin used were:
50ng/ml, 75ng/ml, 100ng/ml, 125ng/ml and 150ng/ml. For the
following experiments the doxorubicin dose used to induce
senescence in vitro was 92 nM.

6. SA-B-Gal staining

Mammary tumor samples

Mammary gland samples were whole mounted using a fixative
solution of 2% of Glutaraldehyde (10%) (#G6257, Sigma) 50% of
Paraformaldehyde (4%) (#2529311315, Panreac) diluted in PBS.
Overnight staining with Senescence [-galactosidase staining kit
(#9860, Cell signaling) was performed directly in the fixed samples,
previous to their inclusion in paraffin. Using the Leica microtome
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system, 3 um thick sections were obtained and counterstained with
Liquid-Stable Nuclear Fast Red (#1B1369-500ML, VWR Life
Science AMRESCO).

Cell cultured samples

PyMT/Suse cells seeded in a 6-well plate at a density of 200.000
cells/well and treated with doxorubicin at a 92 nM concentration were
fixed at RT for 15 min in fixative solution (#11674, Cell signaling)
Overnight staining with Senescence [-galactosidase staining kit
(#9860, Cell signaling) was performed directly in the fixed cells.

7. Immunofluorescence staining

GFP and mCherry staining in mammary tumor samples
Mammary glands were formalin-fixed and paraffin-embedded. Using
the Leica microtome system, 4 um thick sections were obtained in
Superfrost Plus Microscope Slides (#631-0108, VWR).

Paraffin sections were overheated overnight at 60°C. Before
immunostaining, deparaffinization and hydration in xylene and
graded ethanol was performed. The standard antigen retrieval
method was done using citrate buffer (ph6). Slides were incubated
with 3% BSA + 0,3% Triton in PBS for 1h at RT. They were then
incubated with the primary antibodies GFP at 1:1000 (#Ab13970,
Abcam) and mCherry at 1:200 (#AB0081, SicGen) at 4 °C overnight.
The following day, slides were washed 3 times using PBS and
incubated with the secondary antibodies FITC anti-chicken
(#Ab63507, Abcam) and Alexa Fluor 568 anti-goat (#A11057, Life
Technologies) both diluted 1:500 in Envision FLEX antibody diluent
(#K8006, Dako) for 1h in darkness at RT. After washing 3 times with
PBS, slides were mounted using Mounting Medium with DAPI —
Aqueous Fluoroshield (#ab104139, Abcam). Images were captured
using an inverted fluorescence microscope with 20X objective.
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CD68 and CCL2, Mrc1 staining in mammary tumor samples
Paraffin sections were overheated overnight at 60°C. Before
immunostaining, deparaffinization and hydration in xylene and
graded ethanol was performed. The standard antigen retrieval
method was done using citrate buffer (ph6). Slides were incubated
with 3% BSA + 0,3% Triton in PBS for 1h at RT. The slides were
then incubated with the primary antibodies CD68 at 1:100
(#Ab53444, Abcam) and CCL2 at 1:200 (#Ab25124, Abcam) or Mrc1
at 1:100 (#Ab64693, Abcam) at 4 °C overnight. After incubation,
slides were washed 3 times using PBS and secondary antibodies
Alexa Fluor 647 anti-rat (#A21247, Invitrogen) and Alexa Fluor 488
anti-rabbit (#A11008, Invitrogen) respectively were added, both at
1:500 for 1h at RT. Samples were washed again 3 times with PBS
and mounted using Mounting Medium with DAPI — Aqueous
Fluoroshield (#ab104139, Abcam)

Images were captured using an inverted fluorescence microscope
with 20X objective and analyzed using Fiji.

GFP and mCherry staining in cell cultured samples

PyMT-SuSe cells were seeded in p12 well plates with glass cover
slips at a density of 100.000 cells/well. After 24h, cells were treated
with Doxorubicin 92 nM to induce senescence or PBS as control.
After 5 days, cells were rinsed three times in 1X PBS. Cells were
fixed at RT for 15 min in PFA 4%. Following, we used 3% BSA-PBS
for blocking the cells. After 1 hour at RT, cells were incubated
overnight at 4°C with 100u! of primary antibody anti-GFP (#Ab13970,
Abcam) diluted 1:1000 in 3% BSA-PBS and 100ul of primary
antibody anti-mCherry (#AB0081, SicGen) diluted 1:200 in 3% BSA-
PBS. 1X PBS was used to wash the cells three times for 5 min,
before the cells were incubated with 100ul of secondary antibody
FITC anti-chicken (#Ab63507, Abcam) and Alexa Fluor 568 anti-goat
(#A11057, Life Technologies) both diluted 1:500 in Envision FLEX

62



antibody dilouent (#K8006, Dako) for 1h in darkness at RT. Mounting
Medium with DAPI — Aqueous Fluoroshield (#ab104139, Abcam)
was used to mount coverslips (ECN 631-1575, VWR) into superfrost
slides. Pictures from these samples were taken using a Nikon Ti-E
Eclipse Inverted Fluorescence Microscope DIC. The obtained
images were analyzed with Fiji software.

8. Immunohistoquemistry staining

Mammary tumor samples

Mammary glands were either formalin-fixed or whole mounted, as
previous described, and paraffin-embedded. Using the Leica
microtome system, 3 um thick sections were obtained and IHC
experiments were performed using the Dako EnVision+ System-
HRP kit.

Paraffin sections were overheated overnight at 60°C. Before
immunostaining, deparaffinization and hydration in xylene and
graded ethanol was performed. Antigen retrieval was performed
using buffer (pH-9) by boiling followed by washing in PBS and
blocking for endogenous peroxidase for 15 min at RT. The slides
were washed with PBS and, after 1 hour of incubation with 3% BSA
blocking solution or 10%FBS + 1%BSA in TBS + 0,025% Triton for
CD4/CD8 samples, each of them was incubated with primary
antibody PD-L2 (1:100, #49189, Cell Signaling), CD3 (1:100,
#ab16669, Abcam), CD4 (1:1000, #ab183685, Abcam) or CD8
(1:2000, #ab217344, Abcam) at 4 °C overnight. Followed by
washing, they were incubated with System- HRP Labelled Polymer
Anti-Rabbit (#K4003, Dako) secondary antibody for 1 hour at RT.
The tissues were counterstained with hematoxylin (#H-3404, Vector
laboratories) after the substrate DAB, (#K3468, Dako) reaction step.
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Samples were dehydrated by the ethanol-xylene gradient and
mounted using DPX mountant for histology (#06522, Sigma Aldrich).

Lung samples

Full lungs were formalin-fixed and paraffin-embedded. Using the
Leica microtome system, 4 pm thick sections were obtained in
superfrost slides and IHC experiments were performed using the
Dako EnVision+ System-HRP Kkit.

Paraffin sections were overheated overnight at 60°C. Before
immunostaining, deparaffinization and hydration in xylene and
graded ethanol was performed. Antigen retrieval was performed
using citrate buffer (pH-6) by boiling followed by washing in PBS and
blocking for endogenous peroxidase for 15 min at RT. Samples were
washed three times with PBS, blocked using 10%FBS + 1%BSA in
TBS + 0,025% Triton for 2h at RT and washed again. Slides were
incubated with primary antibody PAN-K (1:40, #ab8068, Abcam)
overnight at 4°C. Samples were then washed 3 times using PBS and
incubated with System- HRP Labelled Polymer Anti-Mouse
(#K4001, Dako) for 1h at RT. The tissues were counterstained with
hematoxylin H-3404, Vector laboratories after the substrate DAB
(#K3468, Dako) reaction step. Lung sections were dehydrated by the
ethanol-xylene gradient and mounted using DPX mountant for
histology (#06522, Sigma Aldrich).

9. Single-cell RNAseq

Tissue from the mammary glands of PyMT/SuSe mice of 4 and 9
weeks of life, treated with either vehicle or AP21967 from the fourth
week, were harvested and immediately placed in cold 1XPBS.
Mechanical disaggregation was performed using blades to cut the
tumors and tissues into small pieces, followed by enzymatic
digestion in 300 U/ml collagenase IA (#C2674, Sigma-Aldrich) and
100 U/ml hyaluronidase IS (#H3506, Sigma-Aldrich) DMEM F-12
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medium. After 45 minutes of incubation at 37°C with shaking at 10g,
the tissue mixture was filtered through 100 um strainers (#732-2759,
VWR). After washing with 1XPBS to ensure maximum cell recovery,
strainers were discarded and cell suspension spined at 400g. Cell
pellet was further subjected to RBC lysis once and washed with
1XPBS. After lysis, cells were counted, and viability was assessed
to ensure that more than 85% of cells were viable. Single cells were
then captured using a microfluidic platform and processed for library
preparation. Libraries were sequenced on an lllumina NovaSeq,
aiming for a depth of 50,000 to 100,000 reads per cell. Data was
processed using the Cell Ranger pipeline, followed by downstream
analysis using Seurat. Seurat objects were generated from counts
matrices and using the arguments “min.cells = 3” and “min.features
= 200", which include only those features (genes) detected in at least
3 cells and cells that have at least 200 features detected
respectively. Due to their different behavior in terms of i) number of
unique genes expressed by each cell (nFeatureRNA), and ii) the
percentage of mitochondrial genes (percent.mt), different subsets
were applied to each sample before the integration. Analyses were
conducted under R version 4.1.2 (R Core Team 2021).

10.CD45+ cell sorting

Tissue from the mammary glands of PyMT/SuSe mice that were 4
weeks-olds and 9 or 13 weeks of life, treated with either vehicle or
AP21967 from the week 4, was harvested and immediately placed
in cold 1XPBS. Mechanical disaggregation was performed using
blades to cut the tumors and tissues into small pieces, followed by
enzymatic digestion in 300 U/ml collagenase IA (#C2674, Sigma-
Aldrich) and 100 U/ml hyaluronidase IS (#H3506, Sigma-Aldrich)
DMEM F-12 medium. After 45 minutes of incubation at 37°C with
shaking at 10g, the tissue mixture was filtered through 100 pm
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strainers (#732-2759, VWR), and further disaggregated by pressing
it against the strainer using the rough surface of a syringe plunger
base to ensure complete dissociation. After washing with 1XPBS to
ensure maximum cell recovery, strainers were discarded and cell
suspension spined at 400g. Cell pellet was further subjected to RBC
lysis once and washed with 1XPBS. After lysis, cells were stained
with 1/300 anti-mCD45-AF488 (#103122) antibody. Cells were then
washed with 1x PBS and resuspended in Zombie Aqua viability
marker and acquired on Spectral Aurora Sorting equipment (Cytek).

11.Bulk RNAseq of CD45-sorted cells

RNA was extracted from CD45-sorted cells using the RNeasy Mini
Kit (QIAGEN). Libraries for RNA-seq were prepared at the Institute
for Research in Biomedicine (IRB) Barcelona Functional Genomics
Core Facility using standard operating procedures. Briefly, mRNA
was isolated from 1.5ug of total RNA using the NEBNext Poly(A)
mRBNA Magnetic Isolation Module (New England Biolabs). Next-
generation sequencing libraries were prepared from the purified
mRNA using the NEBNext Ultra Il RNA Library Prep Kit for lllumina
(New England Biolabs). An equimolar pool was prepared and
sequenced on a NextSeq 550 (lllumina) at the IRB. A minimum of
32.2 million reads were obtained for all samples. Raw sequencing
reads in the fastq files were processed through the nf-core/rnaseq
pipeline (Ewels et al. 2020) version 3.10.1. The differential gene
expression analysis was assessed with voom+limma in the limma
package version 3.55.4 (ME.Ritchie and GK.Smyth 2015) using R
version 4.3.0. Genes with low expression were detected using
“filterByExpr” function (Chen, Lun, and Smyth 2016) implemented in
edgeR(MD.Robinson, DJ.McCarthy, and GK.Smyth 2010), and
excluded from the analysis. Raw library size differences between
samples were treated with the weighted “trimmed mean method”
TMM (MD.Robinson and A.Oshlack 2010) implemented in the
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edgeR package (MD.Robinson, DJ.McCarthy, and GK.Smyth 2010).
The normalized counts were used in the unsupervised analysis, PCA
and clusters. For the differential expression analysis, raw counts
were modelled using voom approach in limma package. Correction
for multiple comparisons was performed using false discovery rate
(FDR) (Y.Benjamini and Y.Hochberg 1995), obtaining the adjusted
p-values. Genes were considered to be differentially expressed
between studied conditions if the adjusted p-value was < 0.05 and
the llogFCI > 1.

Pre-Ranked Gene Set Enrichment Analysis (GSEA)
(A.Subramanian 2005) implemented in clusterProfiler (Yu et al.
2012) package version 4.8.1 was used in order to retrieve enriched
functional pathways. The ranked list of genes was generated using
the -log(p-value)*signFC for each gene from the statistics obtained
in the DE analysis with limma (ME.Ritchie and GK.Smyth 2015).
Functional annotation was obtained based on the enrichment of
gene sets belonging to gene set collections in Molecular Signatures
Database (MSigDB) version 2023.

12.Procartaplex cytokine assay

ProcartaPlex™ Mouse Immune Monitoring 48-Plex (EPX480-20834-
901, lot 323053-005, ThermoFisher Scientific) kit was
employed, using protein extracts from mammary glands of
PyMT/SuSe mice that were 4 weeks-old and 9 or 13 weeks-old,
treated with either vehicle or AP21967 from the week 4. Protein
extracts were isolated by lysing the cells in homemade lysis buffer
(130 mM NaCl, 0.01% NP-40, 1% glycerol, 2 mM EDTA pH 8 and
20mM Tris-HCI pH 7.4), supplemented with phosphatase the
inhibitors 5 uM b- Glycerolphosphate, 5 mM sodium fluoride, 1 mM
sodium orthovanadate and cOmplete TM EDTA-free Protease
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Inhibitor Cocktail (#COEDTAF-RO, Sigma- Aldrich, 1 tablet per 10
ml lysis buffer).

The manufacturer’s instructions were followed during the assay, all
samples, standards, and blanks were assayed in duplicate and the
plate was read using a Luminex XMAP INTELLIFLEX. Results of the
next cytokines were obtained using the ProcartaPlex analysis app
(https://apps.thermofisher.com/apps/procartaplex):

BAFF, G-CSF, GM-CSF, IFN-a, IFN-y, IL-1 alfa, IL-1-B, IL-2, IL-3,
IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-15/IL-15R, IL-
17A, IL-18, IL-19, IL-22, IL-23, IL-25, IL-27, IL-28, IL-31, IL-33, LIF,
M-CSF, RANKL, TNF-a, CXCL5, CCL11, CXCL1, CXCL10, CCL2,
CCL7, CCL3, CCL4 CCL5, BTC, leptina, VEGF-A, IL-2R, IL-7R alfa
and IL-33R.

CCL2 and IL-31 levels were certified by ELISA (#BMS6005 and
#BMS6030, ThermoFisher) using the same protein extracts and
following the manufacturer’s instructions.

13.Flow Cytometry assay

Livers from SuSe mice treated with either PBS, doxorubicin (10
mg/Kg) or doxorubicin and AP21967 (0.2 ug g—1body weight) for two
weeks were collected and immediately placed in cold 1XPBS.
Mechanical disaggregation was performed using blades to cut the
tissues into small pieces, followed by enzymatic digestion in 300
U/ml collagenase IA (#C2674, Sigma-Aldrich) and 100 U/ml
hyaluronidase IS (#H3506, Sigma-Aldrich) DMEM F-12 medium.
After 45 minutes of incubation at 37°C with shaking at 10g, the tissue
mixture was filtered through 100 pum strainers (#732-2759, VWR).
After washing with 1XPBS to ensure maximum cell recovery,
strainers were discarded and cell suspension spined at 400g. Cell
pellet was further subjected to RBC lysis once and washed with
1XPBS. After lysis, cells were blocked for 20 minutes at 4°C in home-
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made FACS (fluorescence activate cell sorting) buffer, composed by
1XPBS, 2.5 mM EDTA, 1% BSA, and 5% horse serum (#26050088,
Life Technologies). Zombie Aqua (#423101, Biolegend) was used as
a viability marker at 1/1000 dilution. Stained samples were measured
in the LSR Fortessa cytometer (BD Biosciences) and analyzed using
FlowJo software.

14. Statistics

Data are represented as average + standard deviation (SD) and
were analyzed using the two-sided Student’s t-test using Excel or
two-way ANOVA using Prism. For in vivo experiments, syngeneic
mice were allocated randomly in treatment groups and growth
curves were compared using two-way ANOVA. Data was considered
statistically significant when p value < 0.05. Statistical details can be
found in the figure legends. Efforts were made to reduce the number
of animals used in the experiments.
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RESULTS

1. SuSe system: new model to study senescence in vivo

There is no universal marker for senescent cells, and models based
on single markers (REFs), such as p16, can fail to fully and
unequivocally identify these cells in vivo in mouse models.
Therefore, a need exists for a more accurate model that allows for
the tracking of senescent cells and their controlled elimination. To
address this, our laboratory developed two new transgenic mice,
each based on a different genetic construct.

The first construct expresses an FK506 binding protein fused to
caspase 8 protein (FKBP—CASP8), followed by a green fluorescent
protein (GFP) driven by the murine /L6 promoter (Figure 15). The
second construct involves an FKBP12-rapamycin binding (FRB)
fused to the apoptotic protein caspase 8 (FRB-CASP8) and is
followed by a red fluorescent protein (mCherry), all under the control
of a minimal Cdkn2a/p16 promoter fragment (Figure 15). In both
constructs, the fluorescent reporter is cloned downstream of the
fusion protein coding sequence, separated by an internal ribosome
entry site (IRES). Crossing these two mice resulted in a new
transgenic mouse model that can express both constructs P16pro-
FRB-Casp8/HA-Cherry and IL6pro-FKBP-Casp8/HA-GFP in every
cell of the mouse. This murine line was named SuSe (Suicidal
Senescence) model (Figure 15).
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Figure 15. Generation of SuSe Mice.

This figure illustrates the constructs used to generate two transgenic mouse models:
the p16 and the IL-6, and the breeding strategy to generate SuSe mice containing
both construcst. The p16-mouse, which carries a construct with Cdkn2a/p16
promoter driving the expression of FRB, Casp8-HA, and mCherry, is crossed with
the il6-mouse, which has a construct with il6 promoter driving the expression of
FKBP, Casp8-HA, and GFP. The resulting SuSe mouse inherits both transgenes,
allowing for the specific identification and manipulation of senescent cells in vivo.

This model is designed to track and ablate p16/IL-6-positive
senescent cells, thanks to the expression of the fluorescent
reporters, GFP and mCherry, surrogate markers of p16 and IL-6
expression respectively, since their expression is controlled under
the same promoter. The elimination of these double positive cells is
achieved through administration of a compound named AP21967.
This compound binds to the FKBP domain and FRB domain, causing
the FKBP-FRB fusion and the consequent CASP8
homodimerization, thereby inducing apoptosis in cells co-expressing
Cdkn2a/p16 and IL-6. Importantly, the CASP8 remain inactive
unless dimerization is induced by AP21967 (Figure 16).
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Figure 16. Mechanism of the SuSe system.

The p16 construct drives the expression of FRB, Casp8-HA, and mCherry, while the
il6 construct drives the expression of FKBP, Casp8-HA, and GFP. Upon
administration of the dimerizer AP21967, FRB and FKBP bring together Casp8-HA,
resulting in the activation of Caspase-8 and subsequent apoptosis of cells
expressing both p16 and il6.

Apoptosis

of IL6/p16

expressing
cells

1.1 Characterization of the SuSe model as a new model for
studying senescence in vivo

To validate the SuSe system in vivo, young mice were treated with
the DNA-damaging agent doxorubicin, which is known to induce
senescence at high doses mainly in the liver. After treating the SuSe
mice once a week for 2 weeks with 10 mg/Kg, mice were sacrificed
and livers were obtained (Figure 17, A). Analyses using flow
cytometry demonstrated an increase in GFP and mCherry double
positive cells after doxorubicin treatment. Subsequent treatment with
AP21967, the dimerizer activating FKBP-FRB fused Casp8, resulted
in the reduction of cells expressing GFP and mCherry-expressing
cells to basal levels, confirming the ability of the SuSe system to
eliminate cells that are transcriptionally active for cdkn2af16 and /6
genes (Figure 17, B).
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Figure 17. Validation of p16/IL-6 co-expressing cells apoptosis in vivo
following senescence induction in vivo.

A. Schematic of the treatment schedule of SuSe mice, which were treated once a
week for 2 weeks with PBS, doxorubicin (Doxo), or a combination of Doxo and
AP21967. B. Flow cytometry analysis quantifying the percentage of mCherry and
GFP-positive cells in liver samples. Results are presented as means + standard
deviations for three mice. Statistical comparisons were performed using Student’s
t-test, with a p-value of <0.05 considered statistically significant.

In summary, these results validate our new transgenic model, the
SuSe mouse, for identifying cells co-expressing Cdk2a/p16 and IL6
in vivo and for eliminating these cells upon administration of

AP21967.

1.2 PyMT/SuSe mice: a novel oncogenic in vivo model for
studying the role of senescence in tumorigenesis

After successfully generating and validating our SuSe model, we
proceeded with the primary objective of this thesis, which was to
elucidate the role of senescent cells in tumor progression. To
achieve this goal, we crossed our SuSe mice with a well-
characterized breast cancer experimental model, the MMTV-PyMT
mice (PyMT). This model consists of the Mouse Mammary Tumor
Virus (MMTV) promoter to drive the expression of the Polyoma
Middle T Antigen (PyMT). The MMTV promoter ensures that the
PyMT oncogene is specifically expressed in mammary tissues,
leading to tumor formation. The utilization of this mouse model
offered a distinct advantage due to its well-defined tumor stages. At
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four weeks, mice initiate tumor development, progressing into
palpable tumors by nine weeks and evolving into fully developed
carcinomas by thirteen weeks (94). This model is also widely used
to study metastasis, as 90% of the mice will develop lung metastasis
after their 13t week of life (94). Therefore, we developed a unique
transgenic mouse model, named PyMT/SuSe, which spontaneously
develops breast tumors and lung metastasis at later stages, and can
be used to track and kill those cells co-expressing p16 and IL-6,
representing senescent cells, at any stage of the tumorigenesis
(Figure 17).

SuSe MMTV-PyMT

A
P

PyMT/SuSe

Figure 18. Generation of PyMT/SuSe mouse model.
The breading strategy involved crossing a female mouse carrying the SuSe
transgenes with a male mouse carrying the PyMT mutation. The resulting
PyMT/SuSe mice inherit the three transgenes, allowing for the specific identification
and manipulation of senescent cells in a model that develops breast tumors.
Our first goal was to study the relevance of senescence in the
process of tumorigenesis. For that, we assessed the percentage of
senescent cells present in each of the stages of tumor progression.
To monitor cellular senescence throughout tumor development, we
collected mammary gland samples of the PyMT/SuSe mice at key
time points, specifically from four to nine weeks, and thirteen weeks.
We initially used SA-B-Gal staining as a surrogate marker for
identifying the senescent cells. Although SA-B-Gal cannot serve as
the unique marker for senescence, it is highly valuable for an initial
assessment (Figure 19, A).

74



Results show that the percentage of SA-B-Gal-positive cells, the blue
ones, was notably higher in the early stage of tumor development (4
and 5 weeks), reaching more than 50% of the total tumor epithelial
population. This percentage gradually decreased throughout tumor
progression, dropping to 15% in the intermediate stage (9 weeks)
and further decreasing to 5% at the 13-week stage (Figure 19, B).
This observation indicates that cellular senescence activity is more
frequent at in the initial stages of tumor development.
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Figure 19. Monitoring cellular senescence during tumor progression.

A. SA-B-Gal staining performed in mammary gland samples from mice aged 4, 5,
6, 9 or 13 weeks. B. Quantification of the percentage of SA-B-Gal positive cells
among all epithelial cells in the samples, based on the ratio of blue (positive) cells
fo pink (negative) cells. Results are expressed as means + standard deviations for
two mice.

Subsequently, to validate the results obtained with the SA-B-Gal
staining and also to prove that we can identify senescent cells with
our SuSe system, we tracked senescence in the principal stages of
tumorigenesis, 4 weeks, 9 weeks and 13 weeks. We compared the
numbers of cells double positive for mCherry and GFP by
immunofluorescence (IF) stanning with the percentage of cells
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exhibiting SA-B-Gal (Figure 20, A). As expected, the correlation
analysis between SA-B-Gal and IF staining revealed a stronger
association with the percentage of double positive cells than with
cells expressing either mCherry (Cdkn2a/p16) or GFP (IL6) alone
(Figure 20, B). Noteworthy is the presence of a 20% of cells
expressing p16 without concurrent IL6 expression at four weeks and,
conversely at thirteen weeks, a significant percentage of IL6 positive
cells were identified without simultaneous p16 expression (Figure
20, B). These findings suggest the existence of potentially non-
senescent cells that express either p16 or IL-6 alone highlighting the
advantage of our SuSe model, which offers enhanced specificity
through the dual-marking of senescent cells.
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Figure 20. Validation of the mCherry/GFP reporter system in the PyMT/SuSe
mice.

A. Mice were euthanized at different time points corresponding to the indicated
tumor stages: hyperplasia (4 weeks), adenoma (9 weeks) and invasive carcinoma
(13 weeks). Mammary glands were processed and stained for SA-B-gal or analyzed
by IF to visualize the expression of the mCherry (red) and GFP (green) reporters
under the control of p16 and/or IL-6 promoters. B. Quantification of positive cells in
the samples. For SA-B-gal-stained samples, the ratio of blue (positive) cells to pink
(negative) cells was calculated. For IF, the ratio of red (p16-positive) or green (IL6-
positive) cells to blue (negative) cells was calculated. The ratio of yellow (double-
positives) cells was calculated by overlapping the green and red stainings. Results
are expressed as means + standard deviations for at least three mice.
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Having established the suitability of the model to follow senescent
cells through tumorigenesis, we next sought to analyze the potential
of our system to eliminate senescent cells on demand. For that
purpose, we explored the capacity of senescent cell elimination upon
AP21967 treatment in tumors. We started treating the mice when
they were 4 weeks old, as it is the stage with higher senescent
activity. After two weeks of treatment, AP21967 efficiently cleared
double p16/IL-6 positive cells, while the percentage of cells
expressing either p16 or IL-6 remained constant (Figure 21). These
results underscore the value of SuSe mice in specifically monitoring
and targeting senescent cells during tumor progression.
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Figure 21. Validation of suicide system induction in the PyMT/SuSe model.
A. Mice were euthanized after treatment with either AP21967 or vehicle twice a
week for two weeks i.p. IF staining was performed on mammary gland samples to
visualize mCherry (red) and GFP (green) positive cells, and double positives
(vellow) by overlapping both images. B. Quantification of positive cells in the
samples. The ratio of p16-mCherry/IL-6-GFP (yellow), p16-mCherry (red), or IL-6-
GFP (green) expressing cells to total cells (blue) was calculated. Results are
expressed as means + standard deviations for at least three mice.
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Overall, we have validated the use of the spontaneous tumor model
with the suicide cassette, PyMT/SuSe, demonstrating that the
double-positive cells correspond with SA-B-Gal expression and can
be specifically eliminated. We also observed that, under baseline
conditions, the proportion of senescent cells in this model decreases
as the tumor progresses. Therefore, our next objective was to
explore how the targeted senolysis at various stages may impact
tumor growth and metastasis, thereby elucidating the role of
senescent cells in tumorigenesis.

2. Elucidating the role of OIS in tumor development

2.1 Elimination of senescent cells at early stages promotes
tumorigenesis

Given that senescence activity is higher at first stages, we first
explore the effect of start eliminating senescent cells at 4 weeks of
age. We compared the progression of primary mammary tumors in
PyMT/SuSe mice treated with AP21967 or vehicle alone, continuing
treatment until week 13 (Figure 22, A). Interestingly, elimination of
senescent cells at these early stages led to accelerated tumor
progression (Figure 22, B). To confirm that this effect was
specifically due to the elimination of senescent cells and not a side
effect of the AP21967 compound, we performed the same treatment
strategy in PyMT mice, which lack the SuSe constructs. In these
mice, tumor progression was not affected by AP21967 treatment
(Figure 22, C)

These results confirmed that the observed increase in tumor volume
after treatment from the hyperplasia stage was attributable to the
SuSe system and the subsequent elimination of senescent cells,
suggesting a protective role of senescent cells in the early stages of

tumor development.
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Figure 22. Elimination of senescent cells at early stages accelerates
tumorigenesis.

A. Treatment scheme showing the initiation of treatment with AP21967 or vehicle at
4 weeks of age and analysis at 13 weeks. B. Tumor growth in PyMT/SuSe mice
was monitored twice a week. Mean tumor volumes of 4 mice are represented, with
corresponding standard deviations. C. Tumor growth in PyMT mice, monitored in
the same way as B. Statistical comparisons were performed using two-way ANOVA.
A p-value <0.05 was considered statistically significant and =0.05 non-significant

(n.s).

Next, we sought to determine whether this increased primary tumor
development following early senolysis was also accompanied by an
increase in metastatic capacity. We analyzed the lungs of the mice
treated with either vehicle or AP21967, which were necropsied at 13
weeks. Pan-keratin (Pan-K) staining by IHC was performed on five
different cut sections of each lung (Figure 23, A), and the number of
metastases was quantified (Figure 23, B). The results demonstrated
that the elimination of senescent cells in the early stages of tumor
development also significantly increased the number of metastases
of PyMT/SuSe mice. Furthermore, the average size of the
metastases was also increased by 4-fold (Figure 23, B). In contrast,
PyMT mice showed no differences in metastasis between vehicle
and AP21967 treatments (Figure 23, C,D), indicating that the
observed effects were due to the elimination of p16/IL6-expressing
cells, reinforcing the hypothesis that senescent cells play a
protective role in early stages of tumor development.
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Figure 23. Elimination of senescent cells at first stages promotes metastasis.
A. Pan-K IHC staining in lungs from 13-weeks old mice treated with vehicle or
AP21967 from the 4h week of life. B. Quantification of the number of metastasis
(left) and the area of the metastasis (right) of lungs from PyMT/SuSe mice. Results
are expressed as means + standard deviations of 4 mice. C. Quantification of the
number of metastasis (left) and the area of the metastasis (right) of lungs from PyMT
Results are expressed as means =+ standard deviations of 2 mice. Statistical
comparisons were performed using Student’s t-test. A p-value <0.05 was
considered statistically significant and =0.05 non-significant (n.s).

Once we had determined the effect of eliminating senescent cells at
early stages, we proceeded to study the impact of eliminating this
population at later stages of tumor progression. We started treating
PyMT/SuSe mice when they were 9 weeks old, when the tumors
were at an intermediate adenoma stage. We followed the same
twice-a-wee treatment strategy with either AP21967 or vehicle and
sacrificed the mice when they were 13 weeks old (Figure 24, A).
Interestingly, the elimination of senescent cells at this later stage

does not lead to the acceleration of tumorigenesis. In fact, if there
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was any effect, it appeared to be antitumorigenic, as evidenced by a
slightly lower tumor volume at 13 weeks in mice treated with
AP21967 (Figure 24, B). When analyzing metastasis in the lungs of
these mice we observed a slight reduction in the number of
metastases from a mean of 10 in vehicle-treated mice to a mean of
6 in AP21967-treated mice (Figure 24, C).
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Figure 24. Elimination of senescent cells at late stages exhibits a modest anti-
tumor effect.

A. Treatment scheme showing the initiation of treatment with AP21967 or vehicle at
9 weeks of age and analysis at 13 weeks. B. Tumor growth in PyMT/SuSe mice
was monitored twice a week from 9 to 13 weeks of age. Mean tumor volumes of 4
vehicle-treated mice are shown in blue, and of 4 AP21967-treated mice in red, with
corresponding standard deviations. C. Quantification of the number of metastasis
of PyMT/SuSe mice, represented as means + standard deviations of 4 mice treated
with vehicle or AP21967. Statistical comparisons were performed using two-way
ANOVA for B and Student’s t-test for C. A p-value <0.05 was considered statistically
significant and =0.05 non-significant (n.s).

Collectively, these findings suggest that senescent cells play a role
in tumoral development, exerting distinct influences depending on
whether the tumor is in its initiation phase or has progressed to a
more advanced stage.
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3. Senescent cells are needed for maintaining a protective
TME in early development stages

3.1 Single-Cell RNA-sequencing analysis reveals that early
senolysis reduces T cells and enhances macrophage
infiltration

To gain insights into the mechanism behind this dual role of
senescent cells in tumor progression, we performed single-cell RNA-
sequencing (scRNA-seq) to have a complete view of the TME at the
different stages of tumor progression. Thus, we took mammary
glands samples of untreated PyMT/SuSe mice at four, nine and
thirteen weeks. In addition, we treated some mice at four weeks with
the AP21967 to have tumor samples at nine weeks that grew without
senescent cells.
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Figure 25. Schematic view of sc-RNAseq strategy.

PyMT/SuSe mice were treated either with vehicle or AP21967, starting at week 4 of
the mice life, until the week 9. Tumors were taken from a 4-weeks old mouse and
treated 9-weeks old mice for its digestion and consequent single cell analysis by
RNA sequencing.

The scRNA-seq analysis revealed significant insights regarding the
TME at the adenoma stage (9-week-old). Specifically, treatment with
AP21967 resulted in profound changes in the immune cell
compartment compared to untreated samples (Figure 26, A).
Precisely, tumors that developed in the absence of senescent cells

exhibited a marked decrease in T cell populations, including both
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CD4+ and CD8+ T cells, alongside an increase in macrophage
number. Additionally, epithelial and endothelial cells were
significantly increased in the 9-week sample treated with AP21967
(Figure 26, A, B). Unfortunately, for unknown reasons, senescent
cells could not be recovered in any of the samples, a challenge also
noted by other researchers (ref).

To validate these transcriptomic results, we performed IHC staining,
on sections of the same samples used for the scRNA-seq
experiment, which were previously fixed in paraffin. We also included
additional samples from 9-week-old mice treated with either vehicle
or AP21967. IHC results confirmed a decrease in the CD4+ and
CD8+ T cell population and an increase in the CD31-positive
population, which is a marker of endothelial cells, in the samples
treated with the AP21967 (Figure 26, C).
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Figure 26. Impact of early AP21967-induced senescent cell elimination on TUE
composition.

A. UMAP plot showing cell type population from single-RNA sequencing data of
mammary gland samples from 9-week-old mice treated either with vehicle (left) or
AP21967 (right). Each point represents an individual cell, and different colors
indicate distinct cell type clusters. B. Logarithmic fold change representation of the
number of cells in different populations as shown in the UMAP plot, comparing
samples from 9-week-old mice treated with vehicle or AP21967. C. IHC staining of
CD8, CD4 and CD31, with corresponding quantification. Quantitative results are
shown as means + standard deviations of 3 mice.
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These findings align with the phenotype observed when senescent
cells were removed at the beginning of tumorigenesis. The increase
in epithelial cells is in line with the accelerated tumor progression
previously observed (Figure 22) while the increase in endothelial
cells suggest enhanced malignant vascularization. Additionally, the
reduction of the T cell population suggests a loss of
immunosurveillance, which, in combination with the increase in
macrophages, contributes to a more pro-tumorigenic
microenvironment.

3.2 RNAseq of CD45+ populations reveals pro-tumorigenic
macrophage profile following early senolysis

Regarding the macrophage population, we wanted to exert a more
in-deep analysis trying to elucidate if, beyond increasing the number
of macrophages, the population changed its expression pattern to a
more pro-tumorigenic profile. However, we recognized that scRNA-
seq analysis alone did not provide sufficient resolution to extract
quantitative information regarding the expression of specific genes.
Therefore, to gain a deeper understanding of the tumor landscape
after senescent cell removal, we performed a bulk RNAseq analysis
of the immune compartment.

We first sorted cell populations based on CD45 expression, a
general marker of immune cells to focus on gene expression within
the immune compartment (CD45+ population). To complement this
approach, we also analyzed the non-immune (CD45-) compartment
of the tumors.

We followed the same strategy as with the scRNAseq, comparing 9-
week-old samples treated and untreated with AP21967 from the
fourth week onward. Among the top 50 genes upregulated after
senolysis were Cd5l, Mrc1, Cd209, and Cd163, all of which are
associated with a pro-tumorigenic phenotype of macrophages
(Figure 27, A). Conversely, il17, il21 and il22 appear among the top
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50 genes downregulated genes (Figure 27, A), which are mainly
expressed by the T cell population and codify for cytokines described
for enhancing anti-tumor immune response. Quantitative analysis
showed differences above of two-fold in all of them (Figure 27, B).
Collectively, these results indicate an increase in pro-tumorigenic
macrophage-associated genes and downregulation of T cell-related
genes after early senolysis, consistent with the increase in
macrophages and a decrease in T cells seen in the scRNA-seq
analysis (Figure 26).
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Figure 27. Differences in RNA expression of CD45+ population of 9-week
samples treated with vehicle or AP21967.

A. Heatmap showing genes upregulated (red) and downregulated (blue) in the
CD45+ population of 9-week-old samples, comparing AP21967-treated mice to
vehicle-treated mice. B. Logarithmic fold change of RNA count expression in CD45+
cells, comparing samples from 9-week-old mice treated with vehicle or AP21967.

We further confirmed that the macrophage population emerging after
early senolysis indeed expressed genes associated with a more pro-
tumorigenic phenotype. IF staining against CD68, a general
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macrophage marker, combined with an anti-MRC1 antibody (Figure
28, A) revealed that both the percentage of cells expressing CD68
and those expressing Mrc1 were increased in AP21967-treated
samples, validating the RNAseq data (Figure 28, B).
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Figure 28. AP21967 treatment at 4 weeks promotes MRC-1 macrophage
polarization.

A. IF staining of CD68 (red) and Mrc1 (green) in mammary gland samples from 9-
weeks old mice treated with vehicle or AP21967. B Quantification of the number of
cells positive for CD68 (red) or Mrc1 (green) relative to total cells (blue). Results are
shown in percentage means =+ standard deviations of 3 mice. Statistical
comparisons were performed using Students t-test. A p-value <0.05 was
considered statistically significant.

These findings, combined with the ScRNA-seq analysis,
demonstrate that the removal of senescent cells at 4 weeks not only
increases the number of macrophages within the tumor but also
promotes a more pro-tumorigenic phenotype in this population.
Additionally, reduced T cell infiltration indicates an
immunosuppressive environment. This pro-tumorigenic shift in the
TME correlates with the accelerated tumor progression observed
upon early-stage senolysis, confirming the protective role of
senescent cells in controlling tumor progression through their
interaction with the immune system. These intriguing results warrant
further investigation into the exact mechanisms behind the
interaction between senescent cells, macrophages, and T cells.
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3.3 Elimination of the macrophage population induced by
senolysis prevents its pro-tumorigenic effect.

To correlate the increased presence of macrophages with the
immunosuppressive effect we observed following senolysis, we
attempted to reverse this effect by depleting the macrophage
population. To do so, we employed a drug called clodronate, which
can be administered in liposomes and it is used to kill macrophages
(95).

We initiated senolysis from the fourth week of age until the ninth
week, at which point AP21967 treatment was discontinued and
clodronate treatment began (Figure 29, A). As controls, we included
AP21967 and vehicle treated mice without clodronate. This
approach aimed to test whether eliminating the macrophage
population that emerges after senolysis could reverse the observed
increase in tumor growth. Our results revealed that sequential
treatment with AP21967 and clodronate prevented the pro-
tumorigenic effect of senolysis, whereas the combination of vehicle
and clodronate exhibited no significant effect (Figure 29, B).

Moreover, IF staining for CD68 confirmed the effectiveness of
clodronate, showing total elimination of the macrophage population,
either in the presence or absence of senolysis (Figure 29, C).
However, in the absence of senolysis, no impact on tumor growth
was observed, indicating that the upregulation of pro-tumorigenic
macrophages is a direct consequence of senolysis.

To provide further clarification regarding the anti-tumor effect and the

potential involvement of T cells, IHC staining for CD3 and CD8 was

conducted in order to observe the lymphocyte infiltration of the

tumors. It is noteworthy that the CD3+ and CD8+ percentages, which

were nearly absent following AP21967 treatment, increased after

macrophage depletion, regardless of previous senolysis (Figure 29,
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D). However, the increase was more pronounced when senescent
cells were previously eliminated, indicating that macrophage
depletion can restore a beneficial outcome following senolysis.
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Figure 29. Elimination of the macrophage population that appears after
senolysis prevents its pro-tumorigenic effect.

A. Scheme of the treatment schedule. Vehicle or AP21967 is treated i.p from week
4 to week 9, twice a week. Clodronate treatment starts at 9 week and is treated i.p
twice a week, B. Tumor growth from 4 to 13 weeks of age, is represented as mean
tumor volumes with its standard deviations. C IF staining of CD68 (red) in 13-weeks
samples and quantification of the percentage of cells expressing CD68. Results are
represented as mean of number of positive cells (red) respective the total cells
(blue) of 3 mice, alongside its standard deviation. P-values are reported directly in
the Fig.s. Statistical comparisons were performed using two-way ANOVA for B (p-
values of last points are represented in the graphs) and Student’s t-test for D. A p-
value <0.05 was considered statistically significant and =0.05 non-significant (n.s).
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Next, we analyzed the effect of macrophage depletion on lung
metastases using pan-k IHC staining (Figure 30, A). The results
indicated that eliminating the macrophage population mitigates the
increase in metastasis observed with AP21967 treatment, as the
average number of metastases was reduced to levels comparable to
the vehicle-treated samples. However, this depletion did not mitigate
the size of the metastases in two of the three mice analyzed (Figure
30, B). Samples treated with clodronate in combination with the
vehicle exhibited similar numbers and size of metastases as those
treated with vehicle alone, suggesting that clodronate did not exert
an effect on its own. These results demonstrated that eliminating the
macrophage population that appears after senolysis prevents the
derived increase in the metastasis potential of tumor cells, although
it cannot prevent the increase in the metastasis size.
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Figure 30. Eliminating the macrophage population that appears after
senolysis prevents the increase in the metastasis potential.

A. IHC of pan-K in lungs from 13-week mice treated with vehicle, AP21967 treated
alone or in combination with clodronate. B. Quantification of number of metastasis
(up) and mean of their areas (bottom), represented as means + standard deviations
of 3 mice. P-values are reported directly in the figures. Statistical comparisons were
performed using Student’s t-test. A p-value <0.05 was considered statistically
significant and >0.05 non-significant (n.s)
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Based on our results, we hypothesized that early senolysis leads to
an increase in anti-inflammatory and pro-tumorigenic macrophages.
These macrophages, in turn, inhibit effector T cells, contributing to
tumor progression by creating an immunosuppressive TME. This
suggests that the timing of senolysis is critical, as it influences the
balance between immune activation and suppression, potentially
affecting tumor outcomes.

4. Senescent cells modulate cytokine release patterns in
the TME

Having identified the key cellular players involved in the interplay
between senescent cells and tumor cells, we next sought to
investigate the molecular basis of this crosstalk. Understanding
these mechanisms could uncover novel pathways and potentially
actionable therapeutic targets for exploiting senolysis as a cancer
treatment.

4.1 Multiplex cytokine assay reveals differences in cytokine
levels in 9-week tumors with and without senescent cells.

We investigated the variations in cytokine levels across different
stages of tumor development using a multiplex cytokine assay to
analyze a panel of 48 cytokines in samples obtained from mice at 4,
9, and 13 weeks of age. These samples included those treated with
AP21967 and untreated controls for a comprehensive analysis.

Our primary focus was to examine the 9-week samples, where we
observed notable differences in cytokine expression depending on
the presence of senescent cells. Particularly, C-C motif ligand 7
(CCL7), C-C maitif ligand 3 (CCL3), and CCL2 were the cytokines
that presented a higher increase when senescent cells are removed,
whereas interleukin 17a (IL-17a), IL-6, and interleukin 31 (IL-31)
levels were reduced in AP21967-treated samples (Figure 31, A).
Furthermore, we analyzed the levels of these cytokines between the

92



early and intermediate stages of tumor development to confirm that
the elimination of senescent cells was in fact changing the pattern
of expression. Results shown in (Figure 31, B) corroborated that
senolysis exacerbated the differences between these stages.
Importantly, while efficient, multiplex cytokine assay is a high-
throughput approach, it needs further validation by traditional ELISA.
Results analyzing CCL2 and IL-31 confirmed the consistent patterns
of increase and decrease, respectly (Figure 31, C), thereby
validating the array results.

The cytokines showing the most significant differences, CCL7,
CCL3, and CCL2, are chemokines involved in immune cell
recruitment, particularly macrophages (96), which are associated
with poor prognosis as they promote tumor growth, angiogenesis,
and metastasis (97). Their increase correlates with the increase in
the number of macrophages seen in the scRNA-seq (Figure 26).
Conversely, the reduction in IL-6 is in line with the elimination of
p16/IL-6 expressing cells, while the decrease in IL-17a, also noted
in the RNAseq analysis (Figure 27), correlates with the
dissapearance of the CD4+ T cell population (98). IL-31, a cytokine
mainly released by T cells that contributes to anti-tumor immunity in
breast cancer (99), also showed a decrease, which is consistent with
the reduced T cell infiltration following early senolysis (Figure 26).
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Figure 31. Elimination of senescent cells at first stages alters cytokine release
pattern.

A. Logarithmic fold change in the concentration of different cytokines. Cytokines
with a logarithmic fold change greater than one are highlighted in red. B. Logarithmic
fold change in the concentration of the cytokines highlighted in red in panel A,
comparing samples from 9-week-old and 4-week-old mice. C. Comparison of the
logarithmic fold change in the concentration of CCL2 and IL-31 between 4-week
and 9-week samples, obtained from the multiplex cytokine assay assay (left) and
by ELISA (right).
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4.2 RNAseq analysis shows upregulation of CCL2, CCL3 and
CCL7 in the immune population following early senolysis

We then investigated the source of these cytokine expression
changes. Therefore, we looked for differences in the RNA
expression of CCL7, CCL2, CCL3, IL-6, IL-31 and IL-17 in the
RNAseq data in CD45+ or CD45- population. We were able to
perform the analysis for all cytokines except IL-31, which was not
found in the sequencing data.

When comparing 9-week samples treated or not treated with
AP21967, we found similar results to those obtained with the
multiplex cytokine assay. Of interest, CCL7 shows an increase of
expression in the CD45+ population and a decrease in the CD45-
population (Figure 32). This observation can be explained as this
cytokine by the fact that CCL7 is secreted by macrophages (100), a
population that is increased after senolysis, as well as by senescent
cells (37), which are eliminated by AP21967 treatment. Similarly, the
increase in CCL2 and CCL3 were predominantly seen in the immune
population (Figure 32). Conversely, cytokines that decreased after
senolysis, such as IL-6, showed a higher reduction in the CD45-
population than in the CD45+ population (Figure 32). This result is
consistent with the elimination of the p16/IL-6 population, which
showed to be predominant in the first stages of the tumor
development (Figure 20). IL-17, known to be expressed exclusively
by CD45+ cells, also decreased in this population.
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Figure 32. Differences in the pattern of expression of some cytokines in the
CD45+ or CD45- population depending on the presence of senescent cells.
Logarithmic fold change in the CD45+ sorted population (green) and in the CD45-
sorted population (black, compairing 9-weeks samples treated with vehicle or
AP21967, of CCL7, CCL2, CCL3, IL-6 and IL-17.

4.3 scRNA-seq reveals macrophages as sources and
responders to CCL2, CCL3 and CCL7

To prove that the increse of CCL2, CCL3 and CCL7 correlates with
the increase in the macrophage population after senolysis, we
analyzed our scRNA-seq data to identify the cell population
expressing these cytokines. The analysis confirmed that the
predominant population secreting these cytokines at 9 weeks was
indeed the macrophages. Their expression slighlty increased after
senolysis, though these cytokines were also expressed by
macrophages in vehicle-treated samples (Figure 33). Notably,
CCL2 was also expressed by the epithelial and fibroblast populations
after AP21967 treatment (Figure 33, A), consistent with RNA-seq
data. The expression of this cytokine in this population is usually
related with a more pro-tumorigenic profile (101), suggesting that
elimination of senescent cells also afects directly to the selection of
more aggressive tumor cells.

It is noteworthy that distinct subpopulations of macrophages secrete

CCL2 and CCL3, while the same subpopulation exhibited secretion

of CCL2 and CCL7 (Figure 33). These two last cytokines are
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described as chemoatractant for macrophages and can induce the
secretion of certains cytokines in other macrophages, such as CCL3
(100). These results suggest an interaction between macrophages
that depends on the cytokines released by this population .

To further investigate these macrophage interactions, we analyzed
the expression of cytokines receptors. The presence of CCR2, the
receptor for CCL2, as well as CCR1 and CCR5, which have been
previously described as capable of binding both CCL3 and CCL?7,
was investigated. The analysis of the sample treated with AP21967
reveals that all receptors are also predominantly expressed by
macrophages, with subpopulations exhibiting varying levels of
expression, being CCR1 and CCR5 expression more homogeneous
(Figure 34, B) compared to CCR2 (Figure 34, A). These findings
confirm that macrophages are both the source and the receptors of
the cytokines upregulated after senolysis.
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Figure 33. CCL2, CCL3 and CCL7 are mainly expressed by the macrophage
population.

UMAP plots of single-cell RNA sequencing data showing the expression of CCL2
(A), CCL3 (B) and CCL7 (C) in the TMEof 9-week-old mice treated with vehicle (left
column) or AP21967 (right column). Each plot represents individual cells, with red
indicating higher expression levels of the respective cytokines. Cell type populations
are labeled as N (Neutrophils), E (Epithelial cells), MO (Macrophages), CD4 (T cell
CD4+) CD8 (T cell CD8), and EN (Endothelial cells)
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Figure 34. Senescent cells removal creates a feedback positive loop of CCL2,
CCL3 and CCL7 secretion that will retain macrophages in the tumor.

A. UMAP plots of single-cell RNA sequencing data showing in red the expression
of CCL2 (left) and CCR2 (right) in the TME of 9-week-old mice treated with
AP21967. B. UMAP plots of single-cell RNA sequencing data showing in red the
expression of CCL3 (up left), CCR1(up right), CCL7 (down left) and CCR5 (down
right) in the TME of 9-week-old mice treated with AP21967. Cell type populations
are labeled as E (Epithelial cells), M@ (Macrophages), F (Fibroblasts) and N
(neutrophils).

In summary, these findings show that CCL7, CCL2 and CCLS3 are
secreted by the macrophages, and suggests the existence of a
feedback loop that ultimately results in the expansion of pro-
tumorigenic macrophages (Figure 35).
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Figure 35. Early senolysis promotes a pro-tumorigenic microenvironment
driven by macrophages.

Working model where p16/IL-6 senescent cells maintain a balanced immune
environment necessary in early stages for tumor surveillance. Elimination of these
cells promotes a more pro-tumorigenic microenvironment through the differentiation
and survival of pro-tumorigenic macrophages, which release CCL2, CCL3, and
CCL7, and the disappearance of the T cell population.

4.4 Pro-tumorigenic microenvironment derived from early
senolysis favors metastatic tumor cell selection

We further sought to determine whether the change in the cytokine
pattern release could also affect metastasis. To this end, we
analyzed the cytokine data from the 13-week timepoint and we could
observe that CCL2 and CCL7 remained upregulated in the
AP21967-treated samples at this stage. In addition, the following
cytokines exhibited a logarithmic fold change above one: LIF
(Leukimia Inhibitory Factor), G-CSF (Granulocyte Colony-
Stimulating Factor), BAFF (B-cell Activating Factor), CXCLA1,
CXCL10, M-CSF (Macrophage Colony-Stimulating Factor) and IL-6
(Figure 36, A). LIF, CXCL1 and CXCL10 are often associated with
promoting tumor progression, by supporting cancer cell survival,
when secreted by tumor cells (100). G-CSF and M-CSF promotes
the differentiation and survival of macrophages, contributing to
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immune evasion(102). Moreover, all of these cytokines are known to
facilitate metastasis by aiding tumor cell migration and invasion
(103).

To elucidate which type of population was secreting these cytokines
within the TME, we looked at their expression in our RNAseq data of
sorted populations. We confirmed their upregulation in the CD45-
population (Figure 36, B) and we saw a change in the pattern of
expression of these cytokines depending on the presence of
senescent cells in the tumor development. Thus, in vehicle samples
these cytokines are mainly expressed by the CD45+ sorted
population, while in the case of AP21967 treated samples, is the
CD45- sorted population the one expressing these cytokines (Figure
36, C).

To complete the analysis on the epithelial and stromal population,
we also performed a Gene Set Enrichment Analysis (GSEA) on the
RNAseq 13-week CD45-. The analysis revealed that the top five
upregulated gene hallmarks in samples treated with AP21967 were
TNFa signaling via NFkB, epithelial mesenchymal transition (EMT),
coagulation, apoptosis, and IL-6/JAK/STAT3 signaling (Figure 36,
B). Among these hallmarks, TNFa signaling via NFkB, EMT, and IL-
6/JAK/STAT3 signaling shared multiple upregulated genes related
to metastasis. Specifically, beyond IL-6, these hallmarks include
multiple MMPs, including Mmp2, Mmp3, Mmp11, and Mmp14,
among other genes that further confirm the higher metastatic profile
of tumor cells that grew without senescent cells.
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Figure 36. The pro-tumorigenic microenvironment created by senescent cells
early removal favor selection of metastasis-prone tumor cells.

A. Logarithmic fold change in cytokine concentration of 13-weeks samples treated
with vehicle or AP21967 greater than 1.5. B. Percentage representation of cytokine
expression in CD45+ (green) and CD45- (black) sorted populations. Discontinuous
lines represent vehicle-treated samples, and full-color bars represent AP21967-
treated samples. C. Logarithmic fold change greater than 1.5 in RNA counts from
the CD45- population of 13-week-old samples treated with AP21967 in comparison
with vehicle. D. GSEA plot showing the hallmarks of genes upregulated and
downregulated of 13-week-old samples, comparing AP21967-treated samples to
vehicle-treated samples.

In summary, these findings suggest that the protumorigenic
microenvironment promoted by macrophages at 9 weeks after early
senolysis, favors the selection of primary tumor cells more prone to
metastasize, which continue to secrete pro-tumorigenic cytokines at
later stages.
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4.5 CCL2 blockade mitigates pro-tumorigenic effects of early
senolysis and exhibits anti-tumor activity when combined

To validate the hypothesis of macrophages being retained in the
TME by the increased releasing of the aforementioned cytokines by
this population, we performed functional analyses. Of the three
cytokines, we chose to block CCL2 using a monoclonal antibody
against it, as it has also been described to play a role in metastasis
(104).

We started treating the mice with the anti-CCL2 antibody, alone or
in combination with the AP21967, at 4 weeks (Figure 37, A). The
outcome showed that combining senolysis with CCL2 blockage not
only prevented the pro-tumorigenic effect seen after the AP21967
treatment, but also had an anti-tumor effect compared to vehicle-
treated mice (Figure 37, B). Additionally, treatment with the anti-
CCL2 antibody alone showed a small anti-tumor effect compared to
the vehicle arm, but not as pronounced as when combined with
senolysis. This could be due to the elimination of pre-existing
protumorigenic macrophages, that are further increases when
senescent cells are eliminated.

To confirm that anti-CCL2 treatment was in fact reducing the number
of macrophages within the tumor, we performed IF staining for CD68
and CCL2 in the end-point samples. As expected, As expected,
CCL2 blockade reduced the number of macrophages that had
increased after senolysis (Figure 37, C). Regarding CCL2
expression, we observed no significant differences in the percentage
of cells expressing this cytokine between samples treated with
vehicle and the anti-CCL2 antibody alone. However, the number of
tumor cells stained for CCL2, which increased in AP21967-treated
samples, was reduced when combined with anti-CCL2 (Figure 37,
C).
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To correlate the reduction in the macrophage population with the
anti-tumor effect seen, we also performed IHC staining for CD3 and
CD8 in the same samples. The results revealed that the infiltration
of CD3+ and CD8+ T cells was higher in samples treated with the
combination of AP21967 and the anti-CCL2 antibody than in those
treated with the anti-CCL2 antibody alone (Figure 37, D).
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Figure 37. Blocking CCL2 prevents the pro-tumorigenic effect of early
senolysis.

A. Treatment strategy. Vehicle, AP21967 and anti-CCL2 antibody were treated i.p
from week 4 to week 13, twice a week, alone or in combination B. Tumor growth
was measure twice a week and mean tumor volumes are represented along with
their corresponding standard deviations. C. IF staining of CD68 (red) and CCL2
(green) in 13-weeks mammary gland samples of mice treated with vehicle (-,-),
AP21967 (+,-), anti-CCL2 (-,+) or the combination of AP21967 and anti-CCL2 (+,+)
D. IHC staining for CD3 (top) and CD8 (bottom) in 13-week-old samples treated with
anti-CCL2 antibody alone (+,-) or in combination with AP21967 (+,+). Quantification
is represented as the mean percentage of positive cells for CD3 (top) and CD8
(bottom) with their standard deviations. Statistical comparisons were performed
using two-way ANOVA for B and Student’s t-test for C and D. A p-value <0.05 was
considered statistically significant.

105



Finally, when analyzing metastasis, results showed that blocking
CCL2 not only prevents the effect of AP21967 treatment in the tumor
growth but also reduced the number of metastases (Figure 38, A).
Interestingly, blockade of CCL2 alone had no effect on metastasis,
as the average of metastasis in these samples was comparable to
that observed in the vehicle-treated samples (Figure 38, B). This
result reinforeces the role of CCL2 in the pro-tumorigenic phenotype
derived from early senolysis, providing a potential therapeutic target.
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Figure 38. Blocking CCL2 in combination with early senolysis reduces the
number of lung metastasis.

A. IHC of pan-K in lungs from 13-week mice treated with anti-CCL2 alone (-) or in
combination with AP21967 (+). B. Quantification of number of metastasis is
represented as means for four mice with their standard deviations. Statistical
comparisons were performed using Student’s t-test. A p-value <0.05 was
considered statistically significant.

In summary, we have proven with our PyMT/SuSe model that the
high senescence activity seen in the early stages of tumor
development maintain an immune microenvironment necessary for
tumor surveillance. When senolysis is applied in this stage, changes
in the cytokine release pattern promote the expansion of pro-
tumorigenic macrophages that will maintain an immunosuppressive
environment that will favor tumor growth and metastasis. Elimination
of these macrophages, either through clodronate or anti-CCL2
treatment, can reverse the pro-tumorigenic effect and restore a
beneficial effect of senolysis in cancer treatment (Figure 39).
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Figure 39. Early senolysis has a pro-tumorigenic effect driven by
macrophages.
Working model showing that at 4 weeks, p16/IL-6+ senescent cells (yellow) are
surrounded by anti-tumorigenic immune cells, like CD4+ and CD8+ T cells.
Treatment with AP21967 induces apoptosis of these senescent cells, leading to a
reduction in anti-tumorigenic immune cell infiltration. By 9 weeks, this shift in the
TME results in an increase in pro-tumorigenic macrophages, releasing cytokines
such as CCL2, CCL7, and CCL3, promoting tumor growth. At 13 weeks, continued
tumor progression, accompanied by the release of additional cytokines like CXCL2
and LIF, leads to increased metastasis. Blocking CCL2 with a-CCL2 restores
immune control and reduces tumor growth and metastasis formation.
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5. Understanding the role of TIS in cancer treatment
efficacy

The final objective of this thesis was to explore the role of senescent
cells in the context of TIS. It is important to highlight that while many
chemotherapy treatments initially result in complete responses,
patients frequently experience relapse. This recurrence may be
attributed to the presence of residual cells, which could be
senescent. We aimed to elucidate if eliminating senescent cells
could potentially prevent such relapses.

5.1 Utilizing the SuSe model to study TIS in syngeneic tumor
systems

To investigate the independent impacts of chemotherapy on tumor
cells and the surrounding non-tumor cells, we establish two different
syngeneic models based on our SuSe system. First, we implanted
PyMT/SuSe-derived cells into wild-type (WT) mice to study the
effects of eliminating senescent tumor cells (Figure 40, A). Second,
we implanted PyMT/+ cells into SuSe mice to assess the impact of
eliminating senescent cells from the TME

A —_— — Model for eliminating
tumor senescent cells
PyMT/SuSe SuSe tumor cells WT mouse

PR P
o) — Model for eliminating
non-tumor senescent cells

PyMT cells Tumor cells SuSe mouse

Figure 40. Scheme design of two syngeneic mouse model used for studying
TIS.

A. PyMT/SuSe tumor cells were explanted, cultured, and implanted into WT mice.
B. PyMT tumor cells were explanted, cultured, and implanted in SuSe mice.
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We successfully established and cultured tumors from both
PyMT/SuSe and PyMT/+ mice. We then validated the induction of
senescence in these cells following chemotherapy treatment in vitro.
Doxorubicin was chosen as the senescence inducer, and a dose-
response experiment was conducted to identify the optimal dose that
would prevent cell proliferation without inducing cell death. After five
days of treatment, a dose of 92 nM was selected as optimal, based
on cell count and morphology. We confirmed that this doxorubicin
dose induced senescence in PyMT/SuSe tumor cells, as evidenced
by positive SA-B-gal staining and mCherry and GFP expression
(Figure 41, A). Quantification revealed that 80% of the cells
expressed both reporters following doxorubicin treatment (Figure
41, B). Interestingly, chemotherapy induced a similar percentage of
cells expressing either mCherry or GFP alone as those expressing
both simultaneously, indicating that in this context, there is no
significant difference between cells expressing p16 alone and those
expressing both p16 and IL-6.
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Figure 41. Doxorubicin treatment induces senescence in PyMT/SuSe cells in
vitro.

A. SA-B-gal staining and IF of GFP and mCherry in PyMT/SuSe cells treated with
PBS (top) or doxorubicin at a concentration of 92nM (bottom) for 5 days. B.
Quantification of the percentage of cells expressing mCherry and GFP, alone and
in combination, after treatment with PBS (grey) or doxorubicin (green). Results are
represented as mean of two biological replicates with their standard deviations.

After confirming that we could induce the expression of the SuSe
construct after TIS, we moved forward to examinate the impact of
senolysis in combination with TIS in vivo.

5.2 Targeting therapy-induced tumor senescent cells with the
SuSe system demonstrates anti-tumor efficacy

We established the first syngeneic grafting model, implanting
PyMT/SuSe cells in FVB WT mice and we treated the mice with
either vehicle, AP21967, doxorubicin or doxorubicin in combination
with AP21967 (Figure 42, A). The results indicated that senolysis
alone had no effect on tumor growth, likely due to the enhanced
proliferative capacity of the cultured tumor cells, which bypassed
OIS. In contrast, doxorubicin, effectively halted tumor growth
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compared to the vehicle, and importantly, senolysis combined with
doxorubicin treatment exhibited an enhanced anti-tumor effect
(Figure 42, A). To confirm that these effects were due to
senescence induction and subsequent senolysis, we performed
immunofluorescence staining for mCherry and GFP in endpoint
samples (Figure 42, B). Importantly, doxorubicin treatment induced
60% of the tumor cells to express both reporters, while the
combination with AP21967 reduced the number of positive cells near
zero (Figure 42, B). These results confirmed both the induction of
senescence in the tumor cell population and successful senolysis.

To further understand the impact of senolysis in tumor growth we
performed IHC staining for CD8 in the same samples and observed
that tumors treated with the combination of doxorubicin and
AP21967 exhibited higher CD8+ T cell infiltration compared to those
treated with any of the individual treatments (Figure 42, A). This
suggests that eliminating therapy-induced senescent cells enhances
tumor immunosurveillance of the tumor driven by CD8 T cells.
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Figure 42. Killing therapy-induced senescent tumor cells has an
antitumorigenic effect.

A. Scheme of the treatment schedule for WT mice implanted with PyMT/SuSe cells.
Doxorubicin was administered via i.p once a week, starting 14 days after cells
implantation. AP21967 or vehicle were treated twice a week, also starting at day 14.
B. Tumor growth was monitored from the day of implantation (0) for 40 days.
Measures are represented as the mean of 6 tumor volumes, with their standard
deviation. C. IF staining of mCherry (red) and GFP (green) in tumor samples of the
mice treated. Quantification of the percentage of cells expressing mCherry and GFP
is represented as mean of 6 tumors with their standard deviations. D. IHC staining
of CD8. Quantification of the percentage of CD8 positive cells is represented as
mean of 6 tumors with their standard deviations Statistical comparisons were
performed using two-way ANOVA for B (p-values of last points of the curves are
represented in the graph) and Student’s t-test for C and D. A p-value <0.05 was
considered statistically significant.

To further confirmed that the anti-tumor effect of senolysis is
mediated by CD8+ T cells, we added an anti-CD8 blocking antibody
to the combination of doxorubicin and AP21967, following the same
treatment strategy as before (Figure 43, A). The results showed that
the anti-tumor effect of senolysis combined with chemotherapy was
reversed when CD8+ T cells were blocked (Figure 43, B), confirming
the necessity of CD8+ T cells for the reduction in tumor burden
observed after eliminating senescent tumor cells.
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Figure 43. Blocking CD8 T cells prevents the anti-tumor effect of senolysis.
A. Scheme of treatment schedule. Doxorubicin was administered via i.p once a
week, AP21967 and a-CD8 antibody were treated twice a week, starting at day 14
after implantation. B. Tumor growth of mice implanted with PyMT/SuSe cells was
monitored from the day of implantation (0) for 40 days. Measures are represented
as the mean of 6 tumor volumes, with their standard deviation. Statistical
comparisons were performed using two-way ANOVA. A p-value <0.05 was
considered statistically significant.

Next, we used the second syngeneic model to assess the effects of
inducing senescence and promoting senolysis in the tumor
microenvironment, while avoiding direct targeting of the tumor cells.
In this model, PyMT cells were implanted into SuSe mice, and the
mice were treated with vehicle, AP21967, doxorubicin, or their
combination, following the same treatment schedule as before
(Figure 44, A). In this case, senolysis of non-tumor cells had no
effect in tumor growth, as tumors treated with doxorubicin grew
similar to those treated with the combination of doxorubicin and
AP21967 (Figure 44, B). These findings suggest that while senolysis
of  therapy-induced senescent tumor cells enhances
immunosurveillance and reduces tumor burden, senolysis in the
TME has a lesser impact on tumor growth.
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Figure 44. Eliminating senescent cells from the environment doesn't have an
effect on tumor growth.

A. Scheme of the treatment schedule of SuSe mice implanted with PyMT cells.
Doxorubicin was administered via i.p once a week and AP21967 was i.p
administered twice a week. Treatments started in day 14 after implantation. B.
Tumor growth was monitored from the day of implantation (0) for 40 days. Measures
are represented as the mean of 4 tumor volumes, with their standard deviation.

Up to this point, we have explored the role of senescent cells
identifying the optimal timings for their elimination in both OIS and
TIS. Throughout this thesis, the SuSe cassette has been employed
as a tool to selectively eliminate senescent cells. However,
advancing these findings toward clinical application requires
investigation of more translational approaches.

5.3 PD-L2 blockade enhances anti-tumor efficacy by enabling
CD8 T cell elimination of therapy-induced senescent cells

We further characterized the impact of eliminating TIS cells through
collaborative research with Manuel Serrano’s laboratory at the IRB,
published in Nature Cancer in 2024 (81). This study demonstrated
that therapy-induced senescence in tumor cells leads to
upregulation of PD-L2, which helps senescent cells evade immune
clearance by CD8+ T cells. The accumulation of senescent cells in
the tumor recruits myeloid-derived suppressor cells through the
SASP, aiding tumor immune evasion. My contribution to this
research was using our PyMT model to demonstrate the efficacy of
blocking PD-L2 with a commercially available anti-PD-L2 antibody

(aPD-L2, TY25) in a therapy-induced senescence context.
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We initiated treatment in 9-week-old PyMT mice with PBS, anti-PD-
L2, or a combination of doxorubicin and PD-L2 or an anti-IgG
antibody. Doxorubicin was administered once a week, and
antibodies every three days, both intraperitoneally (Figure 45, A).
We first observed abundant senescent cells in tumors, identified as
SA-B-Gal positive, after therapy at 13 weeks of age. Notably, these
cells were also PD-L2+ using IHC, further confirming that PD-L2 is a
marker of TIS (Figure 45, B). Regarding tumor growth, we showed
how only the combination of both treatments, anti-PD-L2 antibody
and doxorubicin, resulted in complete tumor regression (Figure 45,
C). To characterize the antitumor effect of combined chemotherapy
and PD-L2 antibody, we analyzed lymphocytic infiltration using IHC
in residual tumors at 13 weeks of age and observed a highly
significant increase of CD8+ T cells, but not CD4+ T cells (Figure
45, D). These results matched the ones obtained with our SuSe
system, implying the need for CD8+ T cells infiltration for tumor
regression.

To confirm the role of CD8+ T cells in the remission elicited by anti-
PD-L2 treatment in combination with doxorubicin, we again
performed an experiment including anti-CD8-depleting antibody and,
in this case, we also tested anti-CD4-depleting antibodies.
Accordingly, while targeting CD4+ cells had little effect, absence of
CD8+ cells led to tumor regrowth, confirming the role of this
population in tumor regression (Figure 45, E).

These findings, combined with those obtained with our PyMT/SuSe
syngeneic model, demonstrate that the elimination of therapy-
induced senescent tumor cells can be an effective therapy.
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Figure 45. Combining TIS and PD-L2 blockade has an anti-tumoral effect.

A. Scheme of treatment schedule of PyMT mice. Doxorubicin (4mg/Kg) was
administered via i.p once a week (from week 9 until week 12) in combination with
a-PD-L2 antibody (10 mg/Kg) or with an IgG control at the same concentration.
Antibodies were administered via i.p every 3 days, in combination or alone. B.
Tumor growth was monitored once a week from week 9 until week 13. Measures
are represented as the mean of 20 tumor volumes, with their standard deviation. C.
SA-B-Gal staining and IHC staining for CD3, CD4 and CD8 were performed in 13-
weeks mammary samples. Quantification of positive cells is represented as means
of samples analyzed along with their standard deviations. D. Tumor growth of 2
mice treated with doxorubicin, alone or in combination with a-PD-L2. Doxorubicin
and a-PD-L2 were also combined with a-CD8 or a-CD4. Statistical comparisons
were performed using two-way ANOVA in C and Student’s t-test for D. A p-value
<0.05 was considered statistically significant.

116



In summary, this thesis presents a novel model for monitoring
senescent cells in vivo, utilizing both p16 and IL-6 markers. This
dual-marker approach overcomes the limitations of identifying
senescent cells with a single marker, providing a more accurate
representation. Using this tool, we have established the significant
role of senescent cells in tumor progression, both in the context of
OIS and TIS. In both scenarios, we demonstrated that optimizing the
timing of senolysis or employing an induction-plus-killing strategy
holds therapeutic potential. More importantly, we have identified that
the influence of senescent cells on tumor growth is mediated by the
immune system, unveiling potential therapeutic targets such as
CCL2 or PD-L2.

117



DISCUSSION

Cellular senescence is a complex and multifaceted process defined
by a stable cell cycle arrest and the secretion of a variety of pro-
inflammatory factors collectively known as the SASP (21). In recent
years it has gained significant interest within the scientific community
as a potential contributor to cancer development and is now
recognized as one of the emerging hallmarks of cancer (10).

Previous studies have demonstrated the dual role of senescent cells
in cancer: they can act as a crucial tumor-suppressive mechanism
by preventing the proliferation of damaged cells, but their
accumulation can also promote tumor progression through the
SASP (9,18). Despite extensive research, the mechanisms
underlying this duality remain incompletely understood. Therefore,
gaining new insights into the role of senescent cells at different
stages of tumor development is crucial for advancing anti-cancer and
senolytic therapies.

In vivo models are invaluable for studying the dynamic processes
and systemic effects of senescent cells. However, current models
that detect and eliminate senescent cells typically rely on a single
marker, such as p16 (55,88,90). This approach is limited by the
inherent heterogeneity of senescent cells, making it challenging to
accurately identify them using only one marker, which complicates
their therapeutic targeting in clinical settings

In this thesis, | describe a novel transgenic mouse model capable of
tracking and eliminating cells expressing the senescence markers
p16 and IL-6. By combining these two markers, we aimed to
selectively target senescent cells in vivo, providing deeper insights
into their contributions to breast cancer biology. Furthermore, this
model has enabled us to unravel potential molecular pathways
influenced by senescent cells, thereby opening new avenues for the
use of senolysis as an anti-cancer strategy.
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Senescent cell identification: the challenge of lacking a
universal marker

The term "senescence" comes from the Latin word "senex" that
translates to "old." The concept was originally employed to describe
the phenomenon of cellular aging, whereby cells undergo a gradual
deterioration of the machinery that regulates their division over time
(11). However, evidence from studies of OIS and TIS demonstrates
that senescence is a process that can be triggered by a variety of
factors beyond aging (9,27).

Similar to cancer, which exhibits a spectrum of mutations and
behaviors depending on tissue origin and environmental influences
that makes it challenging to apply a singular approach for diagnosis
and treatment (6), senescent cells also display a wide range of
characteristics. Cells may enter into senescence through different
mechanisms, manifesting diverse phenotypes influenced by cell
type, prior stress, tissue environment, and the specific inducing
factors that complicate their identification as senescent cells (40).

In retrospect, the idea of the existence of a universal marker of
senescence seems overly simplistic. After all, senescence involves
complex networks of genetic and epigenetic changes, such as the
upregulation of the proteins controlling the cell cycle, chromatin
remodeling, and alterations in the secretome, referred to as the
SASP (21). Thus, considering the diverse and dynamic nature of this
cellular state, defining senescence requires a multifaceted
approach.

In vivo models are critical tools for studying the complexity of

senescence. However, most current in vivo models for studying the

role of senescence in aging-related pathologies typically rely on a

single marker to identify senescent cells (42,85-87). For example,

models developed by researchers such as Prof. Jan van Deursen
119



and Prof. Campisi use p16 as the sole marker to track and eliminate
these cells (88,92). While their studies have independently
demonstrated the benefits of senescent cell elimination and provided
valuable insights into the potential use of senolytics, using p16 a
singular marker for senescence evidence some limitations. For
instance, p16 is frequently overexpressed in highly proliferative
tumors, including breast cancer, making these models hardly useful
to study the role of senescence in this context (24).

Our SuSe model overcomes the limitation of using p16 as a single
marker, adding the condition of expressing IL-6, one of the main
effectors of the SASP, allowing us to track and eliminate senescent
cells more accurately. We claim that using pro-inflammatory
markers, as IL-6, is crucial for predicting the pathological function of
senescent cells in vivo. Our strategy involved using the promoters of
Cdkn2a and il6 to control the expression of a suicide system,
ensuring we did no interfere with the biological function of p16 and
IL-6. This system acts both as a surrogate of p16 and IL-6
expression and a means to induce apoptosis in cells expressing both
genes.

Results from our model reveal differences between the number of
cells reporting for p16 and those reporting for p16 and IL-6, being
the ones that express p16 alone more abundant than those co-
expressing both surrogate markers (Figure 20, B). Notably, only the
percentage of cells reporting for both markers aligns with the
percentage of SA-B-Gal-positive cells (Figure 20, B) confirming the
accurate identification of these cells as senescent. These findings
highlight a critical consideration for previous models that rely solely
on pi6-driven reports, as they may inadvertently target non-
senescent cells or senescent cells lacking a SASP.

Given the lack of specificity and universality of senescence-
associated features, using multiple markers remains the best
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approach for accurately validating senescence in cultured cells and
in vivo. Beyond the traditional markers, there is a pressing need to
identify new ones that can not only detect senescent cells but also
serve as targets for therapeutic intervention. In this line, our findings,
which validate previous work by Serrano’s Lab in identifying PD-L2
as a TIS marker, suggest new strategies for targeting senescent
cells. However, it is important to note that PD-L2 upregulation has
been observed primarily in TIS, and not in OIS.

This discrepancy underscores the need to further explore the
heterogeneity of senescent cells. In this regard, technological
advances such as scRNA-seq may provide valuable insights. For
example, Kim et al. conducted scRNA-seq analysis on human
senescent fibroblasts induced by various stressors and identified
distinct subpopulations of senescent cells. They defined two
divergent senescence programs, one expressing the traditional
marker p16 and the other characterized by long non-coding RNA
expression and dysregulated splicing (105). These results
evidenced one more time the challenges of accurately identifying
senescent cell populations even coming from the same tissue.
Moreover, the inherent complexity of analyzing scRNA-seq data
presents another layer of difficulty. The high-dimensional nature of
the data and the variability introduced during sample processing
requires robust selection of reference datasets and algorithms used
to define cell populations by the use of this technique.

In our scRNA-seq analysis, we were unable to detect senescent
cells. Initially, we hypothesized that this absence might be due to
misclassification or omission caused by suboptimal reference data
or analytical pipelines. However, when attempting to identify this
population using Cdk2na and il6, based on the results obtained from
characterizing our PyMT/SuSe model, we found that cdkn2a was not
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represented in the analysis, and the expression of il6 was too broad
to serve as a specific identificatory marker. Additionally, we used
other canonical markers of senescence, such as cdkn1a (encoding
for p21), as well as established SASP factors like il8 and il1, to
identify this population. Despite these efforts, cdknia was not
represented in the tumor population, and the expression of canonical
SASP factors was not specific enough to clearly identify a distinct
population. The inability to identify senescent cells using well-
stablished features suggests that technical issues during sample
processing may be a more likely explanation. In fact, SA-B-Gal
staining and IF for mCherry and GFP in tumor sections of the same
samples employed in the scRNA-seq analysis confirmed the
senescent cells presence.

It is well-documented that traditional methods of tissue
disaggregation can introduce stress and affect the viability of cells,
especially large or fragile cells like senescent ones. The fragility of
these cells and their tendency to undergo apoptosis during the
preparation process can make their detection particularly
challenging in scRNA-seq studies (106,107). Our findings lead us to
conclude that current disaggregation protocols may not be optimized
for preserving the integrity of senescent cells, thereby leading to their
absence in our scRNA-seq dataset.

Given the challenges encountered with scRNA-seq in identifying
senescent cells, another promising approach to find novel markers
of senescence would be the use of spatial imaging techniques,
particularly spatial transcriptomics and proteomics. Spatial
transcriptomics enables the measurement of gene expression
across a tissue section while preserving the spatial context of the
cells. Similarly, spatial proteomics allows for the localization and
quantification of proteins within the tissue architecture (108). These
methods offer a significant advantage over scRNA-seq by providing
not only the molecular information but also a spatial map that shows
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where each cell type is located within the tissue (109). Moreover,
paraffin-embedded tissues are more stable and easier to handle
than fragile scRNA-seq or bulk RNAseq samples, preserving tissue
architecture, including senescent cells, as demonstrated in our IF
(Figure 20).

A recent review in Nature Aging discusses the potential of spatial
transcriptomics to more accurately identify senescent cells within
tissues (110). It focuses on potentially mapping the expression of
SASP-related protein, which could provide deeper insights into how
senescent cells contribute to the microenvironment (110).
Understanding the spatial context might be crucial for deciphering
interactions between senescent cells, neighboring cancer cells and
the surrounding stroma.

In our study, the application of spatial imaging could be particularly
effective when combined with our reporter model (p16-mCherry and
IL6-GFP) (Figure 15). Our SuSe model has proven to fluorescently
label senescent cells (Figure 20) making them easily identifiable
within tissue sections. Spatial imaging would enable us to identify
senescent cells with high specificity and use a broad array of
antibodies to detect various characteristics, focusing on cytokines to
achieve a comprehensive SAPS characterization. Multiplex cytokine
assay results already showed differences in the cytokine pattern
depending on the presence of senescent cells in the TME (Figure
31). This approach would allow us to confirm their direct contribution
to the changes in the TME by analyzing their secretome in situ.

In summary, identifying senescent cells remains challenging due to
their inherent heterogeneity. To address this, we adopted a double-
marker strategy utilizing both p16 and IL-6, which has proven to be
more effective than relying solely on p16, as previous models have
done. However, our efforts to identify novel senescent markers
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through scRNAseq were technically inviable. As an alternative,
techniques such spatial proteomics may present a more viable
solution, offering a more detailed and context-specific understanding
of senescent cell populations.

Importantly, even if a universal and targetable marker for senescent
cells were identified, the dual role of these cells during tumor
progression necessitates careful consideration to optimize senolysis
as a cancer treatment.

To kill or not to kill senescent cells? In cancer, timing
holds the answer

Senescent cells, while playing a protective role in the short term by
halting the proliferation of damaged cells, contribute to aging and
age-related diseases when they accumulate over time (32).
Therefore, numerous studies on the aging field have highlighted the
significant benefits of eliminating senescent cells. For instance,
Baker et al. demonstrated that the clearance of senescent cells using
INK-ATTAC Van Deursen’s transgenic mouse model delayed the
onset of age-related pathologies, such as cataracts and sarcopenia,
extending the healthspan of these animals (88). This
groundbreaking study laid the foundation for the development of
senolytic drugs—compounds that selectively induce apoptosis in
senescent cells.

However, despite the growing approval of the use of senolytics in
broader contexts, their use in cancer treatment remains a subject of
ongoing debate. Senescent cells have been recognized for their dual
roles in cancer, acting both as tumor suppressors and promoters, so
eliminating them not always may be beneficial. To provide new
insights on the importance of choosing the right time for applying
senolysis as a cancer treatment, we used the well-characterized
PyMT model to determine how the role of senescent cells changes
throughout tumor progression.
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Our findings using our PyMT/SuSe model indicate that the number
of senescent cells is higher in the early stages of tumor development
(Figure 19, Figure 20) and that eliminating them at this point
promotes tumor growth and metastasis (Figure 22, Figure 23). This
observation aligns with studies that emphasize the protective effects
of OIS at the onset of tumorigenesis. Early research in this area,
such as studies by Braig et al, Collado et al. and Chen et al.,
highlighted OIS as a crucial mechanism that prevents the
progression of oncogene-activated cells into malignant tumors by
inducing a state of permanent cell cycle arrest (43,48,64). Later
studies linked this tumor-suppressive role to the secretion of factors
that not only reinforce cell cycle arrest but also stimulate the immune
clearance of potential cancer cells. A study by Kang et al. discusses
how senescent pre-malignant hepatocytes driven by Nras
expression can ftrigger an immune response, particularly by
attracting CD4+T cells (71). They showed that senescent cells
directly secrete cytokines such as IL-1 and CCL2, while others, like
IFNy, are secreted by infiltrating immune cells. The presence of
infiltrating immune cells, mainly NK cells and macrophages, was
associated with cytokine secretion by senescent cells.

Conversely, this perspective of OIS as a protection mechanism
against tumorigenesis contrast with findings from other studies, such
as those by Baker et al.. They suggest that eliminating senescent
cells using the INK-ATTAC model can prevent the incidence of lung
tumors, thereby supporting the use of senolytics as a preventive
cancer treatment (88). While this conclusion might seem to conflict
with our results using the SuSe model, it is important to note that our
model is more specific in targeting senescent cells within a
tumorigenic context. However, the difference in outcomes cannot be
attributed solely to the specificity of the model; instead, our findings
underscore that the timing of senolysis is a critical factor. In our
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study, we targeted senescent cells in tumors that had already
initiated, focusing on cells that arose under oncogenic pressure. In
contrast, the INK-ATTAC model used by Baker et al. primarily targets
normal, aged cells before malignant transformation.

This difference in timing, meaning eliminating senescent cells before
versus after tumor initiation, may explain the divergent outcomes
observed between our studies. Thus, while Baker et al’s findings
support the potential of senolytics in cancer prevention, our results
emphasize the need for a more accurate approach in already
initiated tumors, where the protective role of senescent cells in early
stages may outweigh the benefits of their elimination.

Moreover, we have demonstrated that eliminating senescent cells
that accumulate at advance stages (Figure 24) or in response to
chemotherapy (Figure 42) can reduce tumor burden, showing
significant differences in outcomes depending on both the timing of
senolysis during tumor progression and the method of senescence
induction. This is in line with other studies that have already
demonstrated that senescent cells accumulation can create a pro-
tumorigenic microenvironment through the SASP, contributing to
cancer progression (60). These differences suggest that the role of
senescent cells shifts from anti-tumorigenic in the early stages to
pro-tumorigenic in later stages, particularly when induced by
chemotherapy.

In summary, these results demonstrate that while senolysis might be
beneficial in late-stage tumors or when combined with therapies that
induce senescence, its application at early stages of cancer could
have adverse consequences. This understanding of the critical role
of timing in senolysis underscores the necessity of further exploring
the molecular pathways and interactions between senescent cells
and the TME to fully explain why senescent cells shift their role
during tumor progression.
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The immune system dictates the timing

Mechanistically, our data suggest that the role of senescent cells in
cancer progression is mediated through cytokine signaling and
modulation of the immune microenvironment. In our sc-RNAseq
analysis we observed the disappearance of the T cell population
following early senolysis (Figure 26), which correlates with the
aforementioned studies demonstrating the ability of senescent cells
to attract these cells (71). Additionally, we noted an increase in the
macrophage population (Figure 26) which not just increase in
number but, according to our RNAseq data on the CD45+
population, also became polarized to a more pro-tumorigenic
phenotype (Figure 28). This finding is consistent with other studies,
such as that of Lujambio et al., who reported that p53-dependent
senescent cells can polarize macrophages toward a tumor-inhibiting
state (111). They attributed this effect to SASP factors, though
specific factors were not detailed beyond IL-6 and IFNy secretion by
senescent cells. Accordingly, the downregulation of IL-6 expression
in samples treated with AP21967 (Figure 26) in addition to indicating
the elimination of the p16/IL-6 population, can also be related with
the shift in macrophage polarization toward a more pro-tumorigenic
phenotype (Figure 35).

Therefore, both the disappearance of T cells and the increase
presence of pro-tumorigenic macrophages highlight the importance
of senescent cells in maintaining the immunosurveillance at the
beginning of tumorigenesis (Figure 35). The implication of
senescent cells in modulating the TME is also evident in our findings
within a TIS context. Using our PyMT/SuSe syngeneic model, which
allows for the specific study of eliminating therapy-induced
senescent cancer cells, we observed an antitumor effect driven by
increased CD8+ T cell infiltration following the removal of these cells
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(Figure 42). These results coupled with the findings regarding PD-
L2 expression obtained in collaboration with Serrano’s group in
which we demonstrated that the protection of senescent cells from T
cell-mediated killing, due to the upregulation of PD-L2, not only
allows these cells to evade immune surveillance but also contributes
to shaping a pro-tumoral microenvironment (Figure 45). This
immune evasion is facilitated by the recruitment of MDSCs, which
are attracted by SASP factors secreted by senescent cells (81). All
these findings together have further clarified the role of therapy-
induced senescent cells within the TME.

The potential role of senescence in promoting tumorigenesis could
be further clarified by examining non-cancerous cells that also
undergo senescence as a result of chemotherapy. Demaria et al.
explored this in their study using the 3SMR mouse model, where they
implanted PyMT cells similarly to our approach with the SuSe model.
Their research targeted and eliminated normal host cells induced to
senescence by chemotherapy (55). Although they did not observe a
reduction in the growth of primary tumors—consistent with our
findings (Figure 44)— they demonstrated that eliminating therapy-
induced normal senescent cells delayed relapse and metastasis and
reduced chemotherapy side effects. This raises the possibility of
using our SuSe syngeneic mode to explore whether these benefits
stem from correcting the alterations in the TME caused by
senescence induction.

In summary, these findings highlight the potential of integrating
immune modulators, such as drugs targeting macrophages in the
early stages of tumorigenesis or combining immune checkpoint
inhibitors like anti-PD-L2 with senolytic agents, to counteract the
limitations posed by therapy-induced tumor cells. This approach of
selective elimination of pro-tumorigenic senescent cells or the
modulation of their mediators holds significant promise for advancing
cancer treatment.
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Future perspectives of senolysis as cancer treatment

Further research has shown that senolytics can improve the function
of multiple tissues and organs. For example, Xu et al. reported that
a combination of dasatinib and quercetin effectively reduced
senescent cell burden in aged mice, leading to improved
cardiovascular function, enhanced exercise endurance, and
increased lifespan (112). These findings have increased the interest
in translating senolytic therapies to human clinical trials, with the goal
of alleviating age-related diseases and improving the quality of life in
older adults. In fact, the enthusiasm for senolytics extends beyond
aging research, as studies have also explored their potential in
treating cancer. One notable example is the study published by
Collado’s group, which investigated the use of cardiac drugs such as
digoxin as senolytic compounds in cancer therapy (83).
Collaborative experiments conducted by our group demonstrated
that combining chemotherapy with digoxin reduced tumor burden by
eliminating senescent cells, demonstrating the potential use of
already approved drugs as senolytics.

As companies in the biotech industry are now heavily invested in the
development and testing of senolytic drugs that target the root
causes of aging (113), the notion that timing is crucial when
considering senolysis in cancer treatment extends beyond an
academic observation, carrying significant implications for clinical
practice. The results presented in this thesis underscore the
importance of understanding when senolysis can be beneficial and
when it might inadvertently exacerbate cancer progression.
Translating these findings into clinical practice will require carefully
designed clinical trials that consider the timing and context of
senolytic therapy. These trials should aim to identify not only the
efficacy of senolytic drugs but also the potential risks associated with
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their use, particularly in the context of early-stage cancers. This
concept aligns with the growing interest in personalized medicine,
where treatments are tailored to the specific biological context of the
patient. In this regard, the use of biomarkers to identify the stage of
tumor progression and the specific senescent cell populations
present could guide the decision on whether to implement senolytic
therapy. For instance, in patients with early-stage tumors, preserving
senescent cells might be advantageous due to their tumor-
suppressive effects. Conversely, in more advanced stages, where
the tumor microenvironment has been remodeled by senescent cells
to support malignancy, senolysis could prove beneficial. In this thesis
we propose that senescent biomarkers, such as p16 or IL-6, could
thus be employed to monitor both the presence of senescent cells
and the effectiveness of senolytic treatments.

Furthermore, the findings presented in this thesis underscore the
critical importance of identifying additional factors that influence the
dual role of senescent cells in cancer. In this regard, our PyMT/SuSe
model has proven to be an invaluable tool for gaining deeper insights
into the characteristics of senescent cells at various stages of tumor
progression and following senescence induction. Although we were
not able to definitively determine whether the change in their role is
intrinsic to the cells as they alter their SASP throughout tumor
progression, or if it is driven by environmental pressures within the
tumor, we have confirmed that eliminating senescent cells
significantly modulates the immune response during tumor
progression (Figure 39). Therefore, this model provides a robust
platform to test the effects of senolytic therapy across different
cancer types and stages, potentially aiding in the refinement of
treatment protocols. In line with this, our findings showing a
dependency of tumor growth on macrophage presence post-
senolysis offer new insights into the potential molecular pathways
influenced by senescent cells and their impact on the tumor
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microenvironment (Figure 35). More importantly, these findings
open the door to new strategies that could make the targeted
elimination of senescent cells a viable and efficacious approach in
cancer therapy.

In our study, the use of clodronate to eliminate macrophages after
early senolysis has proven effective in mitigating the adverse impact
of early senolysis on both tumor growth and metastasis. However,
while this treatment strategy did reduce the number of metastases
to levels seen in vehicle-treated animals, the size of these
metastases remained unchanged compared to those that developed
after senolysis (Figure 30). The persistence of large metastases
even after macrophage depletion suggests that the pre-metastatic
niche may have been disrupted by early senolysis, prior to
macrophage elimination. This implies that targeting macrophages
earlier, perhaps in conjunction with senolysis, could be necessary to
fully mitigate the pro-metastatic environment created post-senolysis.
However, from a clinical perspective, early and sustained
macrophage depletion is challenging and may not be feasible due to
the essential role macrophages play in normal immune function and
tissue homeostasis.

These results highlight the need for strategies that can specifically
target pro-tumorigenic macrophages without compromising overall
immune function. Notably, our scRNA-seq results show that
macrophages act as both sources and responders to CCL2 and
CCL3, thereby creating a pro-tumoral microenvironment that
supports the survival and outgrowth of tumor cells (Figure 33,
Figure 34). This idea is further supported by a study conducted by
Yoshimura et al., which demonstrated that CCL2 not only increases
the expression of the CCR1 ligand CCL3 in macrophages via CCR2,
but also that the signaling generated by the CCL3/CCR1 interaction
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enhances and stabilizes the presence of these macrophages in the
tumor microenvironment (104). Furthermore, we demonstrated how
the selective pressure of the tumor environment seems to favor the
emergence of more aggressive, metastasis-prone tumor cells, which
continue to express these cytokines as the tumor progresses to its
full carcinoma stage. Together, these findings, which highlight the
major role of CCL2 and CCL3 in the recruitment of the macrophage
population post-senolysis, suggest that these cytokines could be
effective targets for more precise modulation of macrophage activity
and, consequently, the effects of senolysis (Figure 39).

Building on this understanding, we explored the potential of targeting
CCL2 as a therapeutic strategy to complement senolysis. Previous
studies, such as those by Fujimoto et al., have demonstrated that
blocking CCL2 with antibodies can effectively reduce macrophage
infiltration, tumor growth, and angiogenesis in breast cancer models
(114). In our study, we extended this approach by combining CCL2
blockade with senolysis. Our results revealed that the combination
of anti-CCL2 treatment with senolysis not only further reduced tumor
burden (Figure 37) but also led to a significant decrease in
metastasis compared to senolysis and anti-CCL2 alone (Figure 38).
This suggests that targeting CCL2 may enhance the efficacy of
senolysis by disrupting the recruitment and stabilization of pro-
tumorigenic macrophages in the tumor microenvironment. These
findings underscore the potential of CCL2 as a valuable target,
particularly when used in combination with senolytic strategies
(Figure 39).

Therefore, the application of immunotherapies in combination with
senolytic strategies holds significant promise. An especially
interesting approach is the use of CAR-T cell therapy specifically
designed to target senescent cells. However, the success of this
approach hinges on the identification of precise biomarkers that can
guide the targeted elimination of these cells. As discussed, the lack
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of a universal marker for senescence presents a significant
challenge, necessitating the development of customized CAR-T
therapies tailored to the specific senescent phenotypes, making
impossible the use of a universal senolytic CAR-T.

While further research is required to fully realize this potential, there
have been promising advancements. For example, Corina Amor’s
study demonstrated the successful use of CAR-T cells to eliminate
senescent cells expressing uPAR, highlighting the feasibility of this
strategy (84). In this context, targeting molecules like PD-L2 could
also prove effective in developing CAR-T cells aimed at senescent
cells. Additionally, considering the role of CCL2 in regulating the
senescence-associated microenvironment, combining CAR-T
therapy with blocking antibodies against CCL2 could further
enhance the efficacy of these treatments by preventing the
recruitment and activation of pro-tumorigenic immune cells.

In conclusion, this thesis underscores the importance of timing in the
decision to target senescent cells during cancer therapy and
highlight the need for precise therapeutic strategies consider the
temporal dynamics of senescent cells in cancer progression.
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CONCLUSIONS

1.

We successfully developed a transgenic model that enables
the tracking of p16/IL-6 positive cells. This model, called
SuSe, is instrumental in studying the dynamics of senescent
cell populations in vivo.

Using the SuSe model, we demonstrated the capability to
selectively eliminate p16/IL-6 positive cells upon AP21967
treatment, providing a valuable tool for testing senolytic
therapies in vivo.

The PyMT/Suse model, derived from the cross between the
oncogenic model PyMT and our Suse model, confirm that
p16/IL-6 positive cells in a breast cancer model coincide with
SA-B-Gal positive cells, a classical marker of senescence.
This correlation supports the identification of these cells as
senescent.

We observed that eliminating p16/IL-6 positive senescent
cells at early stages of tumorigenesis promotes tumor growth
and metastasis. Conversely, senolysis in late-stage tumors
has an inhibitory effect on tumor progression, highlighting the
critical importance of timing in senolytic therapies.
scRNA-seq results show that early senolysis is associated
with significant changes in the immune microenvironment,
characterized by the disappearance of T cells and an
increase in the macrophage population. This shift contributes
to a more pro-tumorigenic environment.

The macrophage population observed post-senolysis
exhibited a more pro-tumorigenic phenotype, as indicated by
the expression of MRC1.

Depleting the macrophage population with clodronate
treatment  effectively reverted the pro-tumorigenic
phenotype, underscoring the pivotal role of macrophages in
mediating the effects of early senolysis.
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8.

10.

11.

12.

The observed changes in the immune cell population were
driven by alterations in the cytokine release pattern,
specifically an increase in CCL2, CCL3, and CCL7, and a
decrease in IL-6, IL-17, and IL-31. These cytokine shifts likely
contribute to the recruitment and polarization of pro-
tumorigenic immune cells.

The upregulation of CCL2, CCL3, and CCL7 was
predominantly observed in macrophages, as their receptors
CCR1, CCR2 and CCR5, suggesting these cytokines play a
central role in fostering a pro-tumorigenic microenvironment.
We found that blocking CCL2 effectively inhibited the
recruitment of pro-tumorigenic macrophages and mitigated
the adverse effects of early senolysis, presenting CCL2 as a
promising therapeutic target.

Our results demonstrate that TIS contributes to a pro-
tumorigenic environment. However, eliminating senescent
tumor cells led to an anti-tumor effect, largely due to an
increase in CD8+ T cell infiltration.

PD-L2 was identified as a marker associated with
senescence, particularly in the context of TIS. This finding
opens new avenues for targeting senescent cells in cancer
therapy.
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