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Historically, senescence has been considered a safe program in response to multiple
stresses in which cells undergo irreversible growth arrest. This process is
characterized by morphological and metabolic changes, heterochromatin
formation, and secretion of inflammatory components, known as senescence-
associated secretory phenotype (SASP). However, recent reports demonstrated
that anti-cancer therapy itself can stimulate a senescence response in tumor
cells, the so-called therapy-induced senescence (TIS), which may represent a
temporary bypass pathway that promotes drug resistance. In this context, several
studies have shown that EGFR blockage, by TKIs or moAbs, promotes TIS by
increasing IL-1 cytokine production, thus pushing cells into a “pseudo-senescent”
state. Today, senotherapeutic agents are emerging as a potential strategy in cancer
treatment thanks to their dual role in annihilating senescent cells and simultaneously
preventing their awakening into a resistant and aggressive form. Here, we summarize
classic and recent findings about the cellular processes driving senescence and SASP,
and we provide a state-of-the-art of the anti-cancer strategies available so far that
exploits the activation and/or blockade of senescence-based mechanisms.
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Introduction

The field of cellular senescence (CS) dates back to 1961, with the work of Hayflick and
Moorhead, who proved that fetal fibroblasts derived from human tissue, displayed a limited
replicative capability in vitro (Hayflick limit) (Hayflick and Moorhead, 1961). This discovery
changed the dominant view that cultured cells would grow indefinitely, and for the first time,
the proliferative difference between normal cells (or cell strain) and tumor cells (or transformed
cells) was highlighted. Finally, in 1990 Calvin Harley demonstrated that telomeres shortening
during aging was responsible for cellular senescence, a process that could be blocked in
immortalized germ cells by maintaining a significant telomerase activity (Harley et al., 1990).
Nevertheless, the telomere hypothesis alone was non-sufficient to explain the stochastic
variation in cell division among the same cell population and in clonally derived cells.
Nowadays, we count multiple mechanisms involved in cellular aging namely oxidative
stress, DNA damage, radiations, and expression of some oncogenes among others
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(Gorgoulis et al,, 2019). In this context, a plethora of DNA-related
damages have been identified to culminate in the senescence
phenotype.

A detailed timeline of landmark discoveries about senescence is
depicted in Figure 1. The identification of markers for senescent cells
in vitro and in vivo has been widely debated and to some extent is still
ongoing. The first biological marker of senescence was identified in
1995 by Dimri and colleagues (Dimri et al., 1995), who reported a
prominent ( -galactosidase lysosomal enzymatic activity in
senescent cells. During the last 2 decades, histological and
molecular studies described several cellular senescence hallmarks.
For example, the increased production of cell cycle arrest markers
p53/p21 (Duli¢ et al., 2000; Beauséjour et al., 2003) and p16-pRB
(Ben-Porath and Weinberg, 2005) axis, identified in 2000 and
2003 respectively, are considered defining traits of cellular
senescence. Indeed, the cell cycle arrest observed in senescent
cells represents a logical consequence of the lack of proliferation
and DNA synthesis. For this reason, when absent KI67 and BrdU
markers were considered signs of senescence. Also, markers related
to cell size (enlarged cells) and morphology (flattened cells), DNA
damage (yH2AX), ROS production, telomere shortening, and
secretion of signal molecules became relevant for the
identification of the senescence phenotype both in vitro and in
vivo. The major limitation is the lack of a single, universal
biomarker hampering the ability to detect senescent cells
confidently. This reflects the heterogeneous phenotype that may
differ from the triggering insult and the analysed cell type. Instead, a
multi-marker approach can discriminate between stably arrested
senescent cells and proliferating cells in order to evaluate the efficacy
of senolytic agents (Gorgoulis et al., 2019). A comprehensive list of
(i.e., SA-P-galactosidase, pl6™ %, — p21,
morphology, cell size, SAHF formation) was reviewed by
Gonzales-Gualda et al. (Gonzilez-Gualda et al., 2021).

Most senescent cells undergo alteration activating the so

senescent markers

called “senescence-associated secretory phenotype” (SASP),
that involves the production of a large set of active molecules
such as growth factors, proteases, cytokines, chemokines, and
extracellular matrix components. The nature and composition of
SASP are not unique and depend on the senescence trigger, cell
type, environmental context and time elapsed since senescence
initiation.

Moreover, the production of such molecules strongly impacts
neighboring cells (bystander effect), amplifying and spreading the
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original generation of senescent cells. The effects of SASP on tissue
homeostasis are dependent on multiple factors. SASP can exert a
beneficial or even essential effect on embryonic patterning, tissue
repair, wound healing, cell stemness and plasticity, hepatic fibrosis
control, immune surveillance, and containment of uncontrolled cell
growth. On the other hand, SASP can have highly detrimental
outcomes when affects non-damaged, healthy cells, with negative
repercussions in terms of chronic inflammation (Kowald et al,
2020), degenerative diseases, and carcinogenesis. Broadening the
molecular characterization related to senescence and the link with
age-related diseases would allow intercepting senescent cells as a
this last
have employed to

therapeutic target. For reason, over the 5 years,

pharmacological agents been eliminate
(senolityc) or ameliorate the detrimental cell-nonautonomous effect
(senomorphic) of senescent cells with promising results (Di Micco

et al., 2021).

Senescence phenotype in development
and healthy tissue

The beneficial role of senescence is mainly attributable to
tumor suppression activity. Nevertheless, this positive role
clashes with the discovery of SASP and its bystander effect in
neighboring cells, which promotes chronic inflammation and
tumor progression. Indeed, sustained IL-1 secretion may be
also responsible for the tumor senescence escape, reflecting
thus
leading to tumor formation. A mechanism already reported as

into the attenuation of the senescence surveillance,

SASP mediated paracrine senescence, which can impact on
tumour suppression and senescence in vivo (Acosta et al., 2013).

Embryonic development, tissue repair (Reyes de Mochel et al.,
2020), and remodeling displayed a form of senescence characterized
by the activation of molecular pathways not related to those triggered
by DNA damage response. In these contexts, senescence displayed
specific lineage-dependent molecular mechanisms that vary based on
the tissue/organs involved (Flavell et al., 2010; Mufioz-Espin et al.,
2013).

A gene expression analysis showed that during development
senescence is strictly dependent on the expression of p21 and
regulated by TGFB/SMAD and FOXO/PI3K signaling pathways,
the epithelia of the mesonephros
endolymphatic sac (Mufoz-Espin et al., 2013; Gibaja et al,

particularly in and
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2019). Also, developmental senescent p21-expressing cells can re-
enter the cell cycle and contribute to the adult tissue (Li et al,,
2018).

In differentiated cells, senescence occurs in a programmed manner
with a physiological role. For example, megakaryocyte and placental
syncytiotrophoblast undergo senescence as part of their physiological
maturation  programs. In  megakaryocytes, thrombopoietin
recapitulates the oncogene-induced senescence by inducing a
sustained activation of the RAS/MAPK axis. One hypothesis is that
senescence, in this context, could have a key role in the post-mitotic
arrest, thus inhibiting proliferation, without inducing cell death
(Besancenot et al., 2010).

Mechanisms of senescence in EGFR
inhibition

EGEFR is a powerful oncogene commonly found overexpressed or
catalytically altered by gene mutations in many types of solid tumors
(Brennan et al., 2013; Maron et al., 2019; Srivastava et al., 2019;
Marrocco et al., 2021). EGFR (also known as ERBBI/HER1) belongs,
together with HER2 (ERBB2), HER3 (ERBB3), and HER4 (ERBB4), to
the tyrosine kinase family of ERBB receptor (Lemmon and
Schlessinger, 2010). Ubiquitously expressed, it plays a crucial role
in embryogenesis and post-natal development (Chen et al., 2016). The
binding with one of its ligands EGF, Transforming Growth Factor
(TGF)-a, Heparin-binding Epidermal Growth Factor (HBEGF),
Betacellulin, Amphiregulin, Epiregulin, Epigen, and the recently
Growth  Factor
conformational change of the receptor from an inactivated

described Connective Tissue determines a
monomeric form into an asymmetric dimeric one forming homo
or heterodimers with the other members of the family. The receptor
activation results from trans-autophosphorylation, performed by the
“receiver” kinase, of certain tyrosine residues present in the C-terminal
tail of the “activator” kinase (Kovacs et al., 2015). This process allows
the recruitment of specific adaptors and propagates EGFR signaling
towards several downstream pathways, which are essential regulators
of cell proliferation, migration, differentiation, survival, and
metabolism: the Ras/Raf/Mitogen-activated protein  kinases
(MAPK) pathway, the phosphatidylinositol 3-kinase (PI3K)/
AKT8 virus oncogene cellular homolog the (AKT)/Mammalian
target of rapamycin (mTOR) pathway and the signal transducer
and activator of the transcription (STAT) are the most important
ones (Yarden and Sliwkowski, 2001; Jorissen et al., 2003; Wee and
Wang, 2017).

There are two main therapeutic approaches to target EGFR:
humanized monoclonal antibodies (moAbs) or tyrosine kinase
inhibitors (TKIs). The first class, binding to the extracellular
domain, is able to recruit and activate immune-effector cells, to
neutralize signal activation by blocking ligand binding and
inducing receptor internalization and degradation (Marrocco et al.,
2019). They usually have a long half-life requiring only one
administration per week. The first moAb anti-EGFR approved was
cetuximab (Erbitux™) used in clinical practice in combination with
chemotherapy for RAS wild-type advanced colorectal cancer (CRC)
and with radiotherapy or chemotherapy for locally advanced patients
unfit for platinum, and for recurrent/metastatic patients, without PD-
L1 expression, with head and neck squamous cell carcinoma
(HNSCC), respectively (Baselga et al., 2000). Since the discovery of
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activating EGFR mutation, TKIs are currently the standard of care for
advanced NSCLC patients which provide strong anti-tumor activity
compared to platinum-based chemotherapy (Hanna et al, 2017;
Yoneda et al.,, 2019). TKIs are small molecules, mutant selective,
that compete with adenosine triphosphate (ATP) binding of the
intracellular kinase pocket preventing signal transduction. Orally
available, they require daily administration due to their short half-
life. Erlotinib and gefitinib are the first generations of reversible TKIs
approved, however, the onset of acquired resistance led to the design of
new generations of irreversible-TKIs, which covalently bind the
receptor, like afatinib (second generation) and osimertinib (3™
generation). The latter showed to be superior even in first-line
treatment, with less toxicity compared to afatinib, which targets
also the wild-type EGFR (Park et al,, 2016; Soria et al., 2018). The
inevitable drug resistance represents a major challenge for successful
treatment and many efforts have been done for a deeper
understanding of the tangled gear of recurrence. In the oncologic
field, it has been shown that even tumor cells can undergo senescence
in response to stressful stimuli derived from anticancer treatment
exposure, known as therapy-induced senescence (TIS). Indeed,
genotoxic agents, like etoposide or cisplatin, were shown in several
cell types to induce TIS at lower doses (Ewald et al., 2010).
However, recent findings demonstrated that also targeted
therapies including anti-EGFR inhibitors are able to trigger TIS
(see next paragraphs). This effect is caused either by TKIs or
moAbs (Hotta et al., 2007; McDermott et al,, 2019). In our work
we explored the effect of cetuximab in colorectal cancer in vitro models
and the antibody was able to increase senescence markers. In addition,
our investigation also revealed that cetuximab was acting by inducing
the production of the pro-inflammatory cytokine IL-1 and released in
the microenvironment (Romaniello et al,, 2022). Considering the
known role of IL-1 in inducing senescence, is tempting to consider
it as one of the mechanisms of action for CTX, that will achieve a cell
cycle arrest by immediate autocrine production of IL-1 (Figure 2).
Further analysis and experiments are needed in order to understand all
the dynamic puzzles, which might be different between TKIs and
moAbs, that in the end convert senescence cells into resistant ones.

The two sides of a coin: IL-1 and
senescence-induced response and
resistance to EGFR blockage

In cancer therapy, systemic treatments with chemotherapeutic
agents engage a sustained cell cycle arrest. These stresses proceed by
inducing a double-strand break (DSB) and persistent DNA damage
induces several cellular dysfunctions such as an imbalance of signaling,
oxidative stress, proteotoxicity, and altered chromatin structure
resulting in cellular senescence (Mongiardi et al., 2021).

In 1970, it was reported that 5-fluorouracil causes a senescence
phenotype in fibroblast (Holliday and Tarrant, 1972) and during the
last 5decades a plethora of anti-cancer agents able to induce
senescence have been identified. Several drugs causing DNA
damage have been reported as inducers of senescence, among them
chemotherapeutic agents like topoisomerase inhibitors, alkylating
agents, platinum-based agents, antimetabolites microtubule
inhibitors and hormonal therapy (Saleh et al., 2020). More recently
targeted therapies, such as tyrosine kinase inhibitors and monoclonal

antibodies were described to cause DNA damage (Russo et al., 2019;
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et al,, 2021; Romaniello et al., 2022).

Saleh et al., 2020) and senescence. For example, lapatinib, an EGFR-
HER2 inhibitor, when employed in HER2-positive drug-sensitive
breast cancers was able to induce senescence (McDermott et al.,
2019). Also, the pan-HER neratinib and afatinib proved to induce
senescence, corroborating a role of the ErbB receptors family in TKIs-
induced senescence (McDermott et al., 2019; Chaudhary et al., 2021).
Previous observations from our laboratory shown that CRC cells
exposed to monoclonal antibody anti-EGFR, displayed an increased
expression of EMT markers and an array of cytokines, IL-1a, IL-1f
and IL-8 (Gelfo et al,, 2016). Interestingly, the CTX-treated CRC cell
line displayed a senescence phenotype, and conversely, IL-1
neutralization was able to revert the CTX-resistant cells into a
senescence-mediated growth arrest (Romaniello et al., 2022).
Stemming from these observations, we drew a model for IL-1
production by CTX, which drives cancer cells into a cell cycle arrest,
reminiscent of a pseudo-senescence state, which indicates a reversible

Frontiers in Cell and Developmental Biology 04

°
XN L) Tpolymerases
<D

10.3389/fcell.2022.1083743

Cetuximab

Osimertinib

DNA damage
XDapOgoQ 0"
I

Low fidelity | DNA repair
pathways

Resistant
cancer cells

Cellcycle )
\ entry

N &

Senomorfic| | Senolytic

Senescence activated by environmental stress causes resistance to EGFR blockade. EGFR targeted therapy activates stress response in cancer cells
characterized by IL-1 and ROS production. By creating a pro-inflammatory environment with immunosuppression function and by inducing DNA damage,
they both contribute to the establishment of senescence in autocrine and paracrine manner. During this time, the increased levels of error-prone DNA
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senescence, employed by the cancer cells to protect themselves from
drug toxicity, to finally re-enter into a proliferative state (rebound
grow) through downregulation of p53 or pl6 INK4A, expressing
surviving, stemness marker or restoring nuclear and morphological
structure (Chakradeo et al., 2015; Mastri et al., 2018; Saleh et al., 2018).
In this context, chronic exposure to IL-1 would reprogram CTX-
resistant cells in a poorly differentiated phenotype, compatible with
EMT associated to cell cycle re-entry, tumor relapse, and
aggressiveness. Also, Gefitinib and Erlotinib, two anti-EGFR TKIs,
have been correlated with the induction of senescence in EGFR-
mutant and non-mutant NSCLC cell lines (Hotta et al., 2007;
Wang et al, 2011; Sugita et al, 2015). In details, higher
concentrations of Gefitinib were shown to induce extended
apoptosis in EGFR-mutated PC-9 cells and EGFR wild-type cells,
whereas clinically relevant concentrations of gefitinib induced
prominent, premature senescence, characterized by an increase of
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pl , p2 , and p27°"" levels and subsequent G cell cycle
arrest (Hotta et al., 2007). Conversely, these effects were not observed
in gefitinib-resistant cells. Among monoclonal antibodies,
pertuzumab and trastuzumab were also shown to promote
senescence in breast cancer models, particularly when combined
with pro-inflammatory cytokines like TNF-a and IFN-y (Rosemblit
et al, 2018). Interestingly, targeted therapies to ErbB proteins present
transcriptional modifications and microenvironment changes, that
may contribute to therapeutic failure. In this context, TIS could play a
key role in the mechanism of action of ErbB targeting agents and may
be a reasonable route for the emergence of resistance, although this

remains to be proven.

The senescence-associated secretory
phenotype (SASP): Role for IL-1

SASP has been described as a temporally regulated dynamic
program that can be divided into an initial rapid phase followed by
an early self-amplification phase, eventually leading to a late mature
phase (Kumari and Jat, 2021). During the last decade, extensive
analysis of SASP components identified a plethora of molecules
secreted, such as pro-inflammatory cytokines, chemokines, growth,
angiogenic factors, proteases, bioactive lipids, extracellular factor
components and metalloproteases as components of SASP (Coppé
et al., 2010; Hernandez-Segura et al., 2017). The SASP components
depend on the inducer of senescence, duration, environment, and cell
type. SASP factors can reinforce and spread senescence in a non-cell-
autonomous fashion, including the manifestation of senescence in
healthy, proliferating-competent cells and stimulating changes in the
phenotype of neighboring cells (Coppé et al, 2008; 2010) a
phenomenon referred to as paracrine senescence, that may
reinforce  senescence, activates immune surveillance and
paradoxically also has pro-tumorigenic properties (Acosta et al,
2013). Among the component of SASP, the secretion of pro-
inflammatory cytokines including IL-la, IL-6, and IL-8 are
controlled by NF-kB and CEBPP in an autocrine feedforward
manner (Huggins et al., 2013; Zhang et al,, 2018). IL-1a secreted
by endothelial cells, fibroblasts, and chemotherapy-induced senescent
epithelial cells plays a key role in the establishment of senescence
exerting also harmful effects on the tissue microenvironment. The
tissue microenvironment might affect tumor development and
growth.  Indeed,

environment can promote cancer progression. For example, an

tumors  producing a  pro-inflammatory
inflamed tumor microenvironment (TME) favors migration and
expansion of immunosuppressive components namely myeloid-
derived suppressor cells (MDSCs), tumor-associated macrophages
(TAM), tumor-associated neutrophils (TAN), regulatory B (B,cg)
cells and Th,; (Coppé et al, 2010; Gelfo et al., 2020). Chronic
inflammation and an infiltrated immunosuppressive TME promote
cancer initiation, progression, and resistance to therapy. Interestingly,
senescence surveillance of pre-malignant cells usually limits cancer
development, by activating CD4" T-cell, which are important for
tumour suppression in vivo, representing an extrinsic component of
the senescence anti-tumour barrier. The senescence inducer IL-1 is
known to be a cytokine triggering T-helper immune response and
being an innate mediator of T cell immunity. IL-1 may also enhance
immune surveillance, which, in turn, accounts for the clearance of
senescent cells. This was, for turn

example, exploited to
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immunologically “cold” tumors into T cells infiltrating one, thus
creating the conditions for boosting PD-1 checkpoint activity
(Ruscetti et al., 2020; Hao et al., 2021). Sustained IL-1 secretion
may be also responsible for the tumor senescence escape, reflecting
into the attenuation of the senescence surveillance, thus leading to
tumor formation. A mechanism already reported as SASP mediated
paracrine senescence, which can impact on tumour suppression and
senescence in vivo (Acosta et al., 2013).

Senescent cells induced by irradiation, drug treatment, oncogenic
stimuli, and other stressful conditions cause adverse effects on cancer
cells and surrounding tissues (Vernot, 2020). As mentioned, the SASP
of a particular senescent cell type may have a tumor-promoting effect
depending on the host tissue. For instance, high levels of the pro-
inflammatory cytokines IL-1, IL-6, and IL-8 are among the main
soluble factors found in the SASP, responsible for increasing the
invasiveness of a panel of breast cancer cell lines (Coppé et al,
2008); or for impairing the response to EGFR neutralization by
monoclonal antibody (Gelfo et al, 2016; 2018; 2020) and kinase
inhibitors (Stanam et al., 2016). However, results are controversial
since IL-1a alone was also reported to increase and predict the efficacy
of anti-EGFR in head and neck squamous cell carcinoma (Espinosa-
Cotton et al., 2019). Of note, SASP factors were also found to alter
epithelial differentiation and induce EMT (Coppé et al, 2008).
Moreover, the SASP reinforcing senescence, activating immune
surveillance has been paradoxically linked to pro-tumorigenic
properties. In this context, the expression of the SASP is controlled
by inflammasome-mediated IL-1 signalling. The inflammasome has
been considered both a pro-carcinogenic and anti-carcinogenic factor,
as it suppresses immunosurveillance and NK cell-and T cell-mediated
antimetastatic actions; it favours tumor cell aggressiveness and
neoangiogenesis, but also limit carcinogenesis by sustaining innate
immune reactions against potentially carcinogenic microbiota; and
facilitating antitumor immune responses (Zitvogel et al., 2012).

Senescence upon DNA damage
response (DDR)

Both senescence intrinsic factors, namely telomere shortening or
oxidative damage as well as extrinsic factors, namely genotoxic drugs
and ionizing radiation, can trigger senescence as a DDR (D’Adda Di
Fagagna, 2008; Kumari and Jat, 2021). The presence of a single-
stranded DNA or the generation of double-strand breaks (DSBs)
activates specific protein kinases sensors (ATR, ataxia telangiectasia
and Rad3-related or ATM, ataxia-telangiectasia mutated) causing the
cis phosphorylation of H2AX histone (yH2AX) (Shiloh, 2006; Zou,
2007). Finally, the recruitment of several DDR mediators at the site of
DNA damage culminates in the activation of decision-making factors,
such as p53 and the cell-division cycle 25 (CDC25) phosphatases
(Mailand et al., 2000; Turenne et al., 2001). All these events induce the
formation of detectable nuclear DDR foci and a stable cell cycle arrest
when the damage is irreparable. There is some evidence that
demonstrated cells undergoing senescence even by simply
colocalization of DDR sensors without DNA damage (Bonilla et al.,
2008). In the case of replicative senescence, the telomere shortening is
responsible for the loss of ATM-ATR inhibitors recognized as DNA
breaks at the end of the chromosomes (D’Adda Di Fagagna et al.,
2003). During oncogene-induced senescence (OIS), normal cells

accumulate DNA damage due to their hyperproliferative activity
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and allow the recruitment of DDR machinery (Di Micco et al., 2006;
2007). Activations of RAS, BRAF, E2F1, and loss of PTEN are an
example of oncogenes able to induce persistent cell division and DNA
damage pushing cells into senescence (Di Micco et al., 2006). Thus,
transient inactivation of DDR checkpoint genes allows cellular
proliferation by blocking their persistent
activation may have a tumor suppressive effect (Visconti et al., 2016).

senescence, while

In tumor cells, it is known that chemotherapeutic drugs directly
induce DNA damage. Indirectly, even targeted therapy against
oncogenic signaling, such as EGFR and BRAF inhibitors, have
demonstrated to trigger cellular stress and consequently DNA
damage. For example, Russo et al. (2019) described in CRC models
that treatments with cetuximab (moAb anti-EGFR) or dabrafenib
(BRAF inhibitor) increase ROS production, down-regulate DNA-
repair pathways and up-regulate low-fidelity polymerases. Similarly,
this mechanism has been proved for EGFR-mutated NSCLC treated
with TKIs (Noronha et al.,, 2022). These mutagenic mechanisms able
to confer cell plasticity and drug tolerance induced by therapy-related
stress may be correlated with the increase in IL-1 production under
CTX treatment, coherent with a therapy-induced post-senescence
previously described by our laboratory and others (Milanovic et al.,
2017). A CTX-induced proinflammatory environment triggers cellular
stress, consistent with ROS production and DNA damage, and the
temporary establishment of senescence, a reversible state through
which persistent cells are able to adapt and survive thanks to
mutagenic plasticity (Figure 2).

Senescence to survive: Reversible
mechanism and plasticity

Cellular plasticity identifies the ability of cells to change
phenotypic identity. Initially described as the main signature in
embryonic cell differentiation, to date, it has been widely
detected in adult cells both during physiological and pathological
conditions.

The senescence has aroused particular interest in its involvement
in cell plasticity in the TME. In general, senescence results in stable cell
cycle arrest thus functioning as a potent defense mechanism against
cancer (Hernandez-Segura et al., 2018). However, cancer cells can
escape this tumor-suppressive state, highlighting senescence as a
dynamic modification (Milanovic et al, 2017; Lee and Schmitt,
2019). Several investigators are currently trying to identify genes
responsible for this plasticity, mostly through RNA interference-
based or CRISPR (clustered regularly interspaced short palindromic
repeats)-Cas9 (CRISPR-associated protein 9)-based senescence
screens (Wang et al., 2017). For instance, it has been observed that
the acute loss of all three members of the Rb family allows RAS-
senescent fibroblasts to re-enter the cell cycle (Huang et al., 2003). Yu
et al. (2018) demonstrated that two different types of active histone
H3 lysine 9 (H3K9) demethylases, LSD1 and JMJD2C, override
oncogenic RAS or B-RAF-induced senescence, by producing E2F
target genes and enabling transformation. Conversely, blocking
H3K9 demethylases restores senescence and controls tumor
growth. Moreover, p53 was shown to be necessary for therapy-
induced senescence in several malignant tumors (Milanovic et al.,
2017). Nevertheless, human cancers have been shown to express EMT-
TFs that are capable to repeal senescence effectors (p53, Rb, and
p16™%**) and interact with oncogenic signals to fully induce an EMT
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program and acquire invasive properties (Ansieau et al., 2008; Tran
etal,, 2012). In this regard, not only intrinsic senescence in cancer cells
and its reversibility is crucial for disease progression, but any change in
the tumor stroma could also affect tissue homeostasis and contribute
to the aggressive outcome of cancer.

Recent evidence indicates that, at least in the context of tumor
formation and anticancer therapies, the establishment of cellular
senescence might involve epigenetic mechanisms reprogramming
cancer cells towards a certain degree of stemness in a cell-
autonomous fashion, with the potential to develop more aggressive
tumors (Milanovic et al., 2017).

Immunosenescence, IL-1 and immune
checkpoint

Firstly introduced by Walford in 1994, immunosenescence,
regarding both adaptive and innate immunity, is characterized by a
readjustment of the microenvironment composition, including the
complex cytokines landscape (Franceschi et al, 1999). In elderly
people, bone marrow, thymus, and lymph nodes undergo
morphological atrophy reducing their size and affecting the
immune cells’ diversity. This process seems to be associated with
decreased expression of sex hormones and an increased level of the
hematopoietic growth factor IL-7, released by the stromal cells (Aiello
et al., 2019). Therefore, the immune response against pathogens and
tumor cells declines and the stromal cells network results disorganized
(Becklund et al., 2016; Ruhland and Alspach, 2021). Also,
macrophages and neutrophils reduce their phagocytosis activity
and cytokine production. Even the quality and quantity of B and
T cells are affected with a low number of peripheral naive cells
compared to young individuals due to the involution of the
primary lymphoid organs. On the contrary, the number of relative
late-differentiated memory T-cell subset increases over time, due to
long-time exposure to pathogens and is found in replicative
senescence (Chou and Effros, 2013). It has been demonstrated that
those memory T-cells are characterized by CD28 negativity, co-
stimulatory molecules, shorter telomeres, and by the expression of
the receptor-programmed cell death protein PD-1. Thus,
immunosenescence is strictly correlated with the development of
aging diseases including tumorigenesis and the response to
immune checkpoint inhibitors (ICIs) (Ferrara et al.,, 2017; Palmer
etal., 2018; Thomas et al., 2020). Palmer et al., by analyzing 100 tumor
distribution, confirmed the role of immunity in tumor growth (Palmer
et al., 2018). As well, Pelissier Vatter et al. (2018) studying mammary
epithelial cells from 57 different women, found a correlation between
the high level of progenitor cells with increased cancer risk. However
preclinical, and clinical data are still controversial about the role of
senescence in tumor development. Indeed, different studies have
shown that senescence impairs cancer growth and invasiveness
improving cancer prognosis, in comparison with younger patients
(Pili et al., 1994; Fisher et al., 1997), reflecting the conflicting outcomes
detected in elderly patients treated with immunotherapy approaches.
On the other hand, immunotherapy, by controlling the immune
system through specific moAbs (ICIs) able to block inhibitory
receptors or the expression of specific proteins, has marked a
paradigm shift in the therapeutic strategy of cancers. PD-1
downregulating T-cell responses, and CTLA-4, a T-lymphocyte
antigen able to suppress T, functions, are examples of ICIs

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1083743

Romaniello et al.

modulated by specific moAbs for an anti-cancer effect. Thus,
immunosenescence may influence the idea to activate an immune
response against tumor cells in elderly patients. Clinical studies in
metastatic melanoma using Nivolumab, a moAb anti-PD-1, and
ipilimumab, moAb anti-CTLA-4, improved response independently
on age. Controversial data concerning the immune response in elderly
patients are reported in many tumors and clear evidence is still lacking
(Elias et al., 2016).

In this context, IL-1p, has also been shown to play an important
role in tumor-mediated inflammation. IL-1 is a pro-inflammatory and
immunostimulatory cytokine, extensively present in the tumor
microenvironment. Since widespread inflammation supports
invasiveness as well as inhibits anti-tumor immune responses, IL-1
targeting has been thought to be a possible immunotherapeutic
approach. Specifically, great interest has been given to IL-1p which
is increased in several cancers and has proven to promote
(Zhou et al, 2022) and
immunosuppression (Krelin et al, 2007; Carmi et al, 2013;
Voronov and Apte, 2020; Zhou et al., 2022).

Nevertheless,

canakinumab alone failed in a phase III trial in previously

tumorigenesis, tumor invasiveness

Novartis’s IL-1B-neutralizing antibody
untreated NSCLCs, despite the striking results showing that
targeting the interleukin-1p pathway significantly reduces lung
cancer incidence and mortality (Ridker et al., 2017).

By using a mouse breast cancer model with IL-1p deficiency or
upon treatment with anti-IL-1p Abs, Kaplanov et al. showed that
blocking IL-1p induces tumor regression, improves antitumor cell
immunity and synergizes with anti-PD-1 incrementing its action
(Kaplanov et al, 2019). So far, these data not only confirm its
pivotal role in tumor progression, but also suggest a possible role
for anti-IL-1f as a checkpoint inhibitor (Lee et al., 2022).

Finally, SASP was shown to have remodelling activity on the
tumor microenviroment, raising the possibility to exploit it to
improve susceptibility to otherwise ineffective chemo- and
SASP
targeting endothelial cells was reported to stimulate the access

immunotherapies. For example, induced therapy
of CD8" T cells into otherwise immunologically “cold” tumors,
thus creating the condition for boosting PD-1 checkpoint
blockade activity (Ruscetti et al., 2020). Similarly, in ovarian
cancer, therapy-induced SASP was suggested to overcome
blockade. Indeed, by

transferring cisplatin-induced SASP and boosting senescence,

resistance to immune checkpoint
it was possible to sensitizes ovarian tumor to anti-PD-
1 antibody and improving the survival of tumor-bearing mice
in an immunocompetent, syngeneic model, probably thanks to
the infiltration of activated CD8" T cells and dendritic cells in the
tumor surrounding (Hao et al., 2021). Sensitization of ovarian
tumor to immune checkpoint blockade by boosting senescence-
associated secretory phenotype). For an extensive overview, we

suggest to refer to (Ruhland and Alspach, 2021).

Senolytic agents as therapy

As discussed above, the appearance of therapy-induced
senescence after treatment is now a widely known and
established phenomenon. Considering its key and detrimental
role in tumor progression, the discovery of drugs capable to
eliminate therapy-induced senescent cells represents a new
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promising field for anticancer therapies. There are two main

categories  of  senotherapies: senolytic ~ drugs, which
preferentially cause the death of senescence cells selectively,
and senostatic (or senomorphic) drugs which inhibit

senescence indirectly by suppressing the release of SASP
factors. Although it is a new field of research and the
knowledge of the exact mechanism of action at the molecular
level is limited, both groups are promising with a particular
with
chemotherapy. Senescent cells are characterized by changes in

interest for senolytic drugs, in combination
chromatin structure, leading to alterations in gene expression,
which in turn can affect fundamental cellular processes, like
apoptosis. In details, senescent cells often exhibit elevated
levels of the anti-apoptotic BCL-2 family proteins (Yosef et al.,
2016), which has been intensively studied as a possible target in
senolytic therapy.

With this purpose, several molecules have been studied, dasatinib
a tyrosine-kinase inhibitor targeting several tyrosine kinases among
which Ber-Abl and the SRC kinase family, which has been shown to be
effective in killing senescent cells. Moreover, Quercetin, a natural
flavonoid, appears to have senolytic activity, acting on anti-apoptotic
protein BCL-XL through inhibition of upstream pathways, including
PI3K. A combination of both (D + Q) was shown to impair senescent
cell levels in various in vitro and in vivo mouse models. In aged mice,
the co-administration resulted in senescence cell removal, improved
cardiovascular function and survival (Zhu et al., 2015; Paez-Ribes
et al., 2019). Nonetheless, no clinical data are available so far on the
effectiveness of dasatinib and quercetin co-treatment, although it
showed promising results in pulmonary fibrosis, a life-threatening
disease associated with the development of senescent cells in the lungs
(Justice et al., 2019). However, the lack of mechanistic insights on how
these drugs induce senolysis still represents an obstacle to their use in
the clinical practice.

On the other hand, targeting SASP also represents a possible strategy
to interfere with senescence. Indeed, senomorphics display no effect on
senescent cell proliferation but are involved in the expression of factors that
regulate specific biomarkers of senescence. For example, Apigenin and
Kaempferol, two flavonoids structurally related to Quercetin, proved to act
as senotherapeutic agent through SASP factors inhibition (Lim et al., 2015).
Another attempt was made by testing approved drugs, like glucocorticoids,
corticosterone and cortisol, which were found to be a potent suppressor of
the senescence phenotype (Laberge et al., 2012).

As noted previously, combination therapies may also hold great
potential, especially since they can prevent the emergence of resistance,
by targeting on one side the oncological driver and on the other side the
senescence bypassing pathway, responsible for a failed response. Table 1
reports a list of the ongoing clinical trials employing both senolytics and
senomorphics agents, combined with anti-EGFR therapies.

A one-two punch model where pro-senescence therapy was
followed by a senolytic therapy was proposed by Bernards’
laboratory (Wang et al.,, 2017). Sequential drug treatment regimens
would allow for a combination of a wider range of drugs, avoiding
direct toxicity which is certainly one of the most important limitations
of combinatorial strategies. However, the spectrum of drugs with high
efficacy in the induction of senescence is still limited, and agents with
clear selectivity for cancer cells compared to normal cells are not
available so far. Considering the tumor heterogeneity, a further
challenge to be solved is the lack of broadly acting senolytic drugs;
indeed, the efficacy of senescence induction in tumors may be
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TABLE 1 Listed are all clinical trials with senolytics and senomorphics combined with anti-EGFR therapies applied to different tumor types. Radiotherapy (RT);
Chemotherapy (CT); Non-Small Cell Lung Cancer (NSCLC); Head and Neck Squamous Cell Carcinoma (HNSCC); Glioblastoma Multiforme (GBM); Triple Negative Breast
Cancer (TNBC).

Drug combination with senolitycs Tumor type ClinicalTrial.gov
identifier (NCT)

Cetuximab + Dasatinib EGFR + SRC Kinase Advanced solid tumors NCT00388427
Afatinib + Dasatinib EGFR + SRC Kinase NSCLC NCT01999985
Cetuximab + Dasatinib + FOLFOX EGFR + SRC Kinase + CT = Metastatic Colorectal Cancer NCT00501410
Osimertinib + Dasatinib EGFR + SRC Kinase EGFR-mutated Advanced NSCLC = NCT02954523
Erlotinib Hydrochloride + Dasatinib EGFR + SRC Kinase Advanced NCT00895128

Tumors
Cetuximab + Dasatinib + RT w/o Cisplatin EGFR + SRC Kinase/CT HNSCC NCT00882583
Erlotinib Hydrochloride + Dasatinib + Gemcitabine Hydrochloride = EGFR + SRC Kinase + CT = Metastatic NCT01660971

Pancreatic

Cancer
Cetuximab + Dasatinib EGFR + SRC Kinase Colorectal Cancer NCT00835679
Erlotinib + Dasatinib EGFR + SRC Kinase Recurrent NSCLC NCT00444015
Erlotinib + Dasatinib EGFR + SRC Kinase Glioblastoma and Gliosarcoma NCT00609999
Cetuximab + Dasatinib EGFR + SRC Kinase HNSCC NCTO01488318
Erlotinib + Dasatinib EGFR + SRC Kinase Glioma NCT02233049
Erlotinib + Navitoclax EGFR + BCL-2 Solid Tumors NCT01009073
Osimertinib + Navitoclax EGFR + BCL-2 EGFR-mutant Advanced NSCLC =~ NCT02520778
Lapatinib + Vorinostat HER2/EGFR + HDAC Breast Cancer NCT01118975
Erlotinib + Vorinostat EGFR + HDAC EGFR-mutant Advanced NSCLC = NCT00503971
Erlotinib + Vorinostat EGFR + HDAC EGFR-mutant Relapsed NSCLC NCT00251589
Erlotinib + Vorinostat + Temozolomide EGFR + HDAC + CT Recurrent GBM NCT01110876
Gefinitib + Vorinostat EGFR + HDAC EGFR-mutant NSCLC NTC02151721
Drug combination with senomorphics  Target Tumor Type  ClinicalTrial.gov Identifier (NTC)
Erlotinib + Metformin EGFR + metabolism (mitochondrial complex I) TNBC NTC01650506
Erlotinib + Metformin + Gemcitabine EGFR + metabolism (mitochondrial complex I) + CT | Pancreatic Cancer = NTC01210911

impaired by tumor heterogeneity, which represents the primary source of
inconsistent pharmacological responses. Similarly, we should consider the
effects of the SASP of senescent cells on the local tumor microenvironment
as well as on the immune system. Overall, given the relevance of
senescence-based therapies and the many questions raised, intense and
well-orchestrated multi-level studies will certainly be needed to show their
true potential.

Discussion

It is well consolidating that under drug pressure, tumor heterogeneity
and cell plasticity, play an important role in generating multiple escaping
routes and establishing resistance to therapies.

We previously described that in a pro-inflammatory environment, IL-1
often triggers cellular stress activating senescence. In details, anti-cancer
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drugs targeting ERBB family proved to induce senescence by triggering IL-1
production and release. This may represent the friendly role for senescence
in inducing cell cycle arrest. On the other hand, after a while, the IL-1
chronic production will reprogram the senescence tumors to re-enter the
cell cycle, in a condition known as “post-senescence” acquiring stemness
properties and promoting tumor relapse (Gelfo et al, 2016; 2018; 2020;
Milanovic et al., 2017; Lee and Schmitt, 2019; Saleh et al., 2019; Romaniello
et al., 2020; Jochems et al., 2021).

These findings challenge the consolidated theory about senescence
as the conclusion of the life cycle followed by permanent growth arrest,
and unveil a dynamic post-senescence process, which represents a defy
for therapeutical agents. Thus, the contemporary targeting of
senescence by senotherapeutic drugs along with target therapy
toward ERBB family members may boost the efficacy of future
cancer treatment (Zhu et al., 2015; Schafer et al., 2017; Ovadya and
Krizhanovsky, 2018; Romaniello et al., 2022).
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