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Abstract

Cellular senescence is a state of stable cell-cycle arrest with secretory features in response to cellular stress. Histori-
cally, it has been considered as an endogenous evolutionary homeostatic mechanism to eliminate damaged cells,
including damaged cells which are at risk of malignant transformation, thereby protecting against cancer. However,
accumulation of senescent cells can cause long-term detrimental effects, mainly through the senescence-associated
secretory phenotype, and paradoxically contribute to age-related diseases including cancer. Besides its role as tumor
suppressor, cellular senescence is increasingly being recognized as an in vivo response in cancer patients to various
anticancer therapies. Its role in cancer is ambiguous and even controversial, and senescence has recently been pro-
moted as an emerging hallmark of cancer because of its hallmark-promoting capabilities. In addition, the prognostic
implications of cellular senescence have been underappreciated due to the challenging detection and sparse in and
ex vivo evidence of cellular senescence in cancer patients, which is only now catching up. In this review, we highlight
the approaches and current challenges of in and ex vivo detection of cellular senescence in cancer patients, and we

Prognosis

discuss the prognostic implications of cellular senescence based on in and ex vivo evidence in cancer patients.
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Background

Cellular senescence in cancer

Cellular senescence is a cell state characterized by four
interdependent hallmarks: (i) a durable and generally
irreversible cell-cycle arrest; (ii) a senescence-associated
secretory phenotype (SASP); (iii) macromolecular dam-
age; and (iv) an altered metabolism [1]. Apart from the
involvement in physiological processes, such as devel-
opmentally-programmed senescence [2, 3], tissue repair
and wound healing [4, 5], cellular senescence is mainly a
cellular stress response designed to eliminate damaged
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cells [6], and it is induced by numerous damage-inducing
triggers, including ageing, DNA damage, reactive oxygen
species, activation of oncogenes or inactivation of tumor-
suppressor genes and inflammatory cytokines [1, 7].
Senescence was first described in vitro in human fetal
diploid cell strains by Hayflick and Moorhead in 1961 to
explain the finite lifespan of normal human cells as these
do not proliferate indefinitely [8]. This phenomenon was
already linked to cancer early on [9], as most cancer cells
acquire the potential for unlimited cellular division and
gain an infinite lifespan. During the following decades,
the hypothesis that cellular senescence is an evolutionary
homeostatic mechanism designed to irreversibly limit
cell proliferation of damaged cells, which are at risk of
malignant transformation, and to protect against cancer
became more broadly accepted [10, 11]. However, the
beneficial effect of cellular senescence in the context of
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(pre)malignant transformation rather results from the
broader biological purpose of senescence, as an impor-
tant mechanism, next to apoptosis, to eliminate many
kinds of damaged cells in physiological and pathological
processes, in order to maintain tissue homeostasis [6].
During normal embryogenic development, cellular senes-
cence is a programmed mechanism that plays instruc-
tive roles [3], promotes tissue remodeling [2], and is also
involved in tissue repair and wound healing [4, 5]. Cellu-
lar senescence is also considered as a crucial endogenous
tumor suppressor mechanism. In this context, senescent
cells have been identified in non-malignant and prema-
lignant tissues in human tumor xenograft models such
as lung adenomas [12], human benign melanocytic nevi
[13], benign prostatic hyperplasia (BPH) [14], colon ade-
noma [15-17], precancerous urinary bladder [17] and
intraepithelial prostatic neoplasia (PIN) [18] specimens.
Oncogene-induced senescence (OIS) (i.e., senescence as
a response to the activation of an oncogene or inactiva-
tion of a tumor-suppressor gene [19]) in transgenic mice
has shown to suppress tumorigenesis of T cell lymphoma
[20], prostate cancer [21], melanoma [22], lung adenocar-
cinoma [23] and pancreatic ductal adenocarcinoma [24].
This clearly marks the benefit of the senescence-associ-
ated growth arrest for preventing the expansion of pre-
or fully malignant cells.

In fact, the idea that senescence only has a net positive
effect on suppressing tumor growth was contradicted
by the findings that senescent malignant [25] as well as
non-malignant cells [26—29] are capable of driving tumor
growth. Senescent cells stay metabolically active and can
secrete a plethora of largely pro-inflammatory cytokines,
chemokines, growth factors and matrix-remodeling pro-
teases, collectively known as the SASP [30], capable of
creating a protumorigenic microenvironment and driv-
ing tumorigenesis [31, 32]. Due to their genomic insta-
bility and the possibility to acquire additional mutations,
cancer cells can also override the senescence-associated
cell-cycle arrest and escape from the non-proliferative
compartment [33-37]. Hence, the generally irreversible
senescence-associated cell-cycle arrest is not necessary
terminal for senescent cancer cells [1]. In addition, both
non-malignant senescent cells and premalignant cells
accumulate with ageing [38] due to an impaired clear-
ing of senescent cells by the immune system over time
[6] and accumulating oncogenic mutations acquired
throughout life [39, 40], respectively. As such, the possi-
bility of both occurring and interacting in close proximity
increases in late life [38]. When this occurs, the SASP of
non-malignant senescent cells can drive tumorigenesis of
premalignant cells [38] opposing the net beneficial effect
of senescent cells as a regulator of tissue homeostasis and
tumor suppressor, paradoxically contributing to cancer
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development [38]. Besides its role as tumor suppressor,
cellular senescence is increasingly being recognized as
an in vivo response in cancer patients to various antican-
cer therapies (i.e., therapy-induced senescence (TIS) [41,
42]).

Taken together, the role of cellular senescence in can-
cer is ambiguous and even controversial, and senescence
has recently been promoted as an emerging hallmark of
cancer because of its hallmark-promoting capabilities
[43]. In addition, the prognostic implications have been
underappreciated due to the challenging detection and
sparse in vivo and ex vivo evidence in cancer patients,
which is only now catching up.

In this review, we first highlight the approaches and
current challenges of ex and in vivo detection of cellular
senescence in cancer patients. Next, we provide a com-
prehensive overview of available data regarding senes-
cence in cancer patients, and discuss the prognostic
implications of both OIS and TIS based on ex and in vivo
evidence of cancer patients with solid tumors. Finally, we
propose a simplified model for the observed differential
prognostic outcomes of OIS and TIS in cancer patients.

Main text

Detection of cellular senescence in cancer patients
Identification and quantification of senescent cells in can-
cer patients in a clinical context is a challenging task since
there are no specific and universal markers for senescent
cells yet [1, 44]. Nonetheless, as an emerging hallmark of
cancer [43], ex and in vivo evidence for cellular senes-
cence residing in human tissue has gained more attention
in the last decade [1] and efforts are made to accurately
detect senescent cells in cancer patients. Below, we pro-
vide an overview of the different (pre)clinical approaches
to detect cellular senescence in human tissue, pointing
out the advantages and difficulties to implement these as
clinical tools for the diagnosis and follow-up on cellular
senescence in the context of a cancer patient.

Ex vivo detection in patient tissue samples

The best known and most widely used marker of cellu-
lar senescence is enhanced activity of acidic lysosomal
B-galactosidase in senescent cells [45, 46], as lysosomes
increase in number and size when cells become senes-
cent [47]. The senescence-associated beta-galactosidase
(SA-B-Gal) activity is often considered the gold standard
for identifying senescent cells, despite SA-B-Gal activ-
ity was reported as a non-universal marker for cellular
senescence [48]. Although absent in most proliferating
and quiescent cells [44], SA-B-Gal activity is expressed
in certain cell types (i.e., macrophages [49], bone marrow
cells [50], melanocytes and sebaceous and eccrine gland
cells [48]) and in vitro cells under certain cell culture
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conditions (i.e., confluence and serum starvation [51—
53]) independent of a senescent cell state. Also, SA-B-Gal
is not essential for senescence as cells can become senes-
cent without expressing SA-B-Gal [54]. Of note, SA-B-
Gal detection is only possible in fresh snap-frozen tissue
samples [45], thus hampering its use in a clinical context.

To overcome the disadvantages of SA-pB-Gal as marker
for senescence, a biotin-linked Sudan Black B (SBB)
analogue was designed to detect lipofuscin accumula-
tion in senescent cells [45]. Lipofuscin is a non-degra-
dable aggregate of oxidized lipids and proteins [55],
that accumulate in lysosomes of senescent cells due to
senescence-related lysosomal malfunction, and is con-
sidered a hallmark of cellular senescence [1, 56]. In con-
trast to the enzymatic SA-B-Gal activity, lipofuscin is
preserved in fixed materials [51]. As such, detection of
cellular senescence is feasible in formalin-fixed paraffin-
embedded (FFPE) archival tissue samples using the SSB
histochemical stain [45]. The interpretation of the assay
requires some experience, as lipofuscin aggregates can
be very small and background dirt can be wrongly inter-
preted as positive SBB-positive lipofuscin aggregates,
comprising the overall sensitivity [45]. Interestingly,
endogenous lipofuscin is linked to chronic liver disease
and can be detected by autofluorescence in biopsied sam-
ples of human liver tissue [57]. As such, autofluorescence
of lipofuscin in the context of cellular senescence could
potentially be exploited to detect senescence in patient
samples.

Other commonly used markers of cellular senescence
are the cell cycle inhibitors p16™K% and p21WAFI/CipL
as most senescence-inducing triggers lead to the activa-
tion of the cell cycle inhibitor pathways p53/p21%AFY
Cpl and/or p16™K% [7] (Fig. 2). While p21WAFL/Cipl
expression occurs early after senescence induction and
is reversible upon tumor suppressor protein p53 inac-
tivation, p16™K* expression is frequently induced late
after senescence induction and is irreversible upon p53
inactivation [44, 58, 59]. p21WAFV/CiPL expression is there-
fore more likely to represent early cellular senescence,
whereas p16™4 expression represents a more estab-
lished and durable senescence response [44]. However,
p21WAFL/CIPL can be expressed by non-senescent cells in
case of DNA-damage [60] and the genes encoding for
p21WAFL/CIPL gnd p16™K4 (e, CDKNIA and CDKN2A,
respectively) were not identified within the core tran-
scriptome signature of senescent cells [61].

The senescence-associated cell cycle arrest, which
occurs in G1 and possibly in G2 phase of the cell cycle
[62], is marked by the absence of the proliferation marker
Ki67 [1]. However, Ki67 is also absent in other cell states
with a temporarily and durable cell-cycle withdrawal in
G, such as quiescence and terminally differentiated cells,
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respectively. 5-ethynyl-2’-deoxyuridine (EdU) is another
proliferation markers and a thymidine analog that, when
administered to cells, can incorporate into DNA during
replication [44]. Unfortunately, EAU is not applicable for
ex vivo tissue samples as active proliferation is required
after biopsy.

As SA-B-Gal activity [56], p16™*2 and p21WAFL/Cipl
expression [60] and absence of Ki67 expression [63] are
neither specific nor universal for cellular senescence,
the International Cell Senescence Association [1] and
others [44] recommend combining different markers
for the detection of cellular senescence with the high-
est accuracy. However, combining all the markers in the
same tissue sample is not yet possible without incurring
artifactual false positives or negatives [44]. Therefore,
current senescence validation in patient tissue samples
can be determined either in snap-frozen samples using
a sequential staining for SA-B-Gal and Ki67 on inde-
pendent sequential and adjacent sections, or in FFPE
tissue samples using a double-staining for lipofuscin
and/or Ki67, p21WAFVCIPL or 516N combined with a
sole staining of the remaining markers (Ki67, p21YAfY/
Cirl or p16™¥42) on sequential and adjacent Sects [44].
Additional immunohistochemical confirmation can be
achieved by detection of components of senescence-
associated heterochromatin foci (SAHF), including his-
tone variant macroH2A [64], di- or trimethylated lysine 9
histone H3 (H3K9me2/3), heterochromatin protein (HP)
1 o, B and y [64, 65] and high mobility group A (HMGA)
proteins [64, 66, 67], and DNA damage foci such as phos-
phorylated H2AX (YyH2AX) [68] (Fig. 1).

Using flow-cytometry, senescent cells can be identified
and quantified on single-cell level by combining SA-f-
Gal activity with staining of molecular markers for cel-
lular senescence (e.g., YH2AX) and absence of Ki67 and/
or high mobility group box 1 (HMGB1) protein [69].
Recently, a preliminary proof of concept method was
developed to detect senescent cells with imaging flow
cytometry based on measuring autofluorescence and
morphological parameters, and on applying recent arti-
ficial-intelligence (AI) and machine learning (ML) tools
[70], potentially facilitating cellular senescence detection
without a multi-marker strategy.

Indirect markers of cellular senescence such as mes-
senger RNA (mRNA) expression of pl6™NK4, po1WAFY
Cirl and lamin B1 (i.e., a nuclear lamina component and
downregulated in case of senescence [71]), and selected
senescence core genes can be determined by reverse
transcription—polymerase chain reaction (RT-PCR) [44]
(Fig. 1). However, both flow-cytometry and RT-PCR
techniques require tissue dissociation and case-specific
control samples, and do not provide any spatial infor-
mation on senescent cells residing in the tissue, limiting
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Fig. 1 Overview of approaches of ex and in vivo detection of cellular senescence with corresponding senescence markers in cancer

patients. IHC, immunohistochemistry; SA-B-Gal, senescence-associated beta-galactosidase; FFPE, formalin-fixed paraffin-embedded; SAHF,
senescence-associated heterochromatin foci; yH2AX, phosphorylated H2AX; FCM, flow-cytometry; HGMB1, high mobility group box 1; RT-PCR;
reverse transcription-polymerase chain reaction; MS, mass spectrometry; SASP, senescence-associated secretory phenotype; EVs, extracellular
vesicles; NGS, next-generation sequencing; ddPCR, digital droplet polymerase chain reaction; cfDNA, cell-free DNA; PET-imaging, positron emission

tomography-imaging

their clinical utility for solid tumors. Although various
senescence core genes have been determined [72], the
senescent phenotype is dynamic and heterogeneous and
depends on the tissue of origin and senescence-inducing
trigger [72-77]. It is currently unclear which specific
core genes should be included in order to confirm cel-
lular senescence in a disease- and tissue-specific context
[44]. Recently, using machine learning, a gene expres-
sion classifier (SENCAN classifier) was developed for
the detection of senescence in cancer samples. Using
transcriptome data as input, the SENCAN classifier was
able to classify whether cancer cells are senescent or
not. Unfortunately, whereas the SENCAN classifier is
able to accurately detect senescence in many cancer cells
in vitro, its accuracy to detect senescence in in vivo can-
cer samples is still unclear [76].

Of note, uPAR was recently identified as a cell sur-
face protein that is broadly and specifically upregulated
in senescent cells of mice using RNA-sequencing data-
sets derived from three independent and robust mouse
models of OIS as well as TIS [78]. uPAR is involved in
many intracellular signaling pathways that promote cell
motility, invasion, proliferation and survival [79] and is
expressed by tumor and stromal cells in a wide variety
of human cancers where its expression frequently indi-
cates poor prognosis [79]. In this context, uPAR expres-
sion and secretion (i.e., soluable uPAR) could be an
interesting biomarker of senescence in cancer patients
detected by immunohistochemistry, flow-cytometry

or enzyme-linked immunosorbent assay (ELISA) [78]
(Fig. 1).

Ex vivo detection in patient fluids

Detection of tumor-specific circulating material in
patient fluids by means of liquid biopsy is an emerging
field in oncology, with important clinical implications
for personalized medicine [80]. In contrast to surgical or
biopsy tissue samples, liquid biopsies are not subject to
sampling bias, tumor heterogeneity and can be obtained
repeatedly to monitor the evolution of the molecular
profile of the tumor which may cause drug resistance
[81]. However, the detection of cellular senescence via
liquid biopsy in patient blood or urine requires specific
senescence-associated circulating material including pro-
teomes, extracellular vesicles (EVs) and circulating cell-
free DNA (cfDNA).

First, SASP proteins can be measured by mass spec-
trometry or immunoassays (ELISA, western blot) in
patient plasma [44, 74]. A proteomic atlas of core SASP
secreted proteins originating from multiple senescence
inducers and cell types was recently determined [74],
enabling senescence detection by the presence of core
SASP proteins, such as growth/differentiation factor 15
(GDF15), matrix metalloproteinase-1 (MMP1), stannio-
calcin-1 (STC1), tissue inhibitor of metalloproteinases 1
and 2 (TIMP1 and TIMP2) [44] (Fig. 1). However, sev-
eral of these core soluble SASP proteins have also been
identified as biomarkers of human disease [75] and are
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Fig. 2 Molecular pathways of OIS and TIS. A Adequate senescence induction via participation of the DDR and the Ras-Raf-MEK-ERK, PI3K/AKT/
mTOR and p38/MAPK signaling pathways resulting in functionally activated cell cycle inhibitor pathways (solid arrows) and upregulation of tumor
suppressor proteins p53, p21"A7/<PT and p16™*4. Functional p21WATSP and/or p16™*4? induce a stable cell cycle arrest by inhibition of CDK (i.e.,
CDK1, CDK2, CDK4 and CDK6)—cyclin (i.e, cyclin A, E and D) complexes, thereby preventing phosphorylation of the retinoblastoma protein (solid
inhibitor lines), which blocks S-phase entry and induces senescence (solid arrow). B Inadequate senescence induction or escape from senescence
due to (acquired) mutations, deletions, secondary alterations and/or promoter silencing affecting cellular control genes TP53 (encoding p53),
CDKN1A (encoding p21VAF/CPTY CDKN2A (encoding p16™¥49), resulting in absent or dysfunctional cell cycle inhibitor pathway activation (dotted
arrow) and absent or dysfunctional tumor suppressor proteins to induce or maintain senescence (dotted inhibitor lines and arrow). Depending
on whether the DNA damage is repaired, the cell may resume proliferation or go into apoptosis. * p21"AF/P can also be activated by pathways
that are independent of p53 [125]. OIS, oncogene-induced senescence; TIS, therapy-induced senescence; DDR, DNA damage response; CDK,
cyclin-dependent kinase; pRb, retinoblastoma protein

positively associated with age, frailty and adverse post-  will become possible to attribute the secretion of certain
surgery outcomes [82]. For example, GDF15, MMP1  SASP factors to the presence of senescent cells in patients
and STC1 have been identified as a biomarker for car- in the near future.

diovascular disease [83], several cancers [84] and for Next to SASP proteins, senescent cells of human ori-
Alzheimer’s disease [85], respectively. SASP biomarkers gin (i.e., foreskin primary [86], normal lung [87] and
currently lack sensitivity to detect and attribute senes-  diploid [88] fibroblasts, prostate [87, 89], hepatocellular
cence in patient plasma to specific pathologies, includ-  [87] and triple negative breast [90] cancer cells, retinal
ing cancer [75]. However, SASP protein profiles differ = pigment epithelial cells [88] and human chondrocytes
among cell type, senescence-inducing trigger and inter-  [91]) are capable of releasing EVs in patient fluids such
val after senescence induction [62, 74, 75], as well as age  as blood and urine [92]. (Fig. 1). EVs are small, lipid-
category [82] as senescent cells accumulate with increas-  bilayer enclosed, cell-derived particles that bear surface
ing age [6]. By determining disease-, tissue-, and inducer-  molecules that allow them to target recipient cells and
specific SASP factors as well as robust core SASP factors  contain transmembrane and enclosing cytosolic pro-
secreted by senescent cells in multiple contexts [75], it  teins and RNA [75, 93]. Once internalized, EVs release
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their content into the cytosol modifying the physiologi-
cal state of the recipient cell [93] and enabling cell com-
munication with neighboring as well as distant cells. As
for SASP proteins, EV production and content drasti-
cally differ in physiological [94] and pathological [92]
conditions, making EVs an additional interesting source
of disease biomarkers. EVs of senescent cells are capable
of transmitting paracrine senescence to neighboring cells
[86, 91], contain chemotherapy and key proteins involved
in cell proliferation after chemotherapeutic challenge
[90] and can even promote cancer cell proliferation [88].
Interestingly, protein content of EVs secreted by senes-
cent cells differs from secreted SASP proteins [74, 86],
suggesting that SASP and EVs do not act as surrogate bio-
markers and have different clinical significance and value
[75]. However, as for SASP proteins, it is still unclear how
EVs secreted by senescent cells exactly behave in physi-
ologic and disease-specific contexts, and to what extend
they depend on age, tissue and senescence-inducing trig-
ger [75].

Detection and analysis of cfDNA by means of next-
generation sequencing, digital droplet polymerase chain
reaction, exome or whole-genome sequencing [95]
could be a third appealing strategy to detect and moni-
tor the senescence burden in cancer patients. Senescent
cells exhibit a DNA methylation pattern of promoter
hypermethylation mainly involving metabolic regula-
tors, whereas transformed cells exhibit a DNA meth-
ylation pattern of promoter hypermethylation involving
primarily pro-survival and developmental genes [96]
(Fig. 1). Also, using a machine learning based approach
trained with different early passage and senescent cells,
a DNA methylation fingerprint of cellular senescence
(DNAmSen) was developed and validated in clinical
patient samples, such as whole blood and skin tissue
[97]. With this approach, clear and robust correlations
were found between the patient’s age and DNAmSen
present in the corresponding sample. Interestingly, also
elevated DNAmSen were observed in lung samples from
patients with COPD and lung cancer compared to those
of healthy controls [97]. Not surprisingly, the release of
cfDNA is affected by type of treatment and timing from
treatment exposure, and also heavily depend on the cel-
lular response to treatment. Of note, it is thought that
blocks the release of cfDNA whereas apoptosis and
necrosis are key contributor of its release [98].

In vivo detection in patients

Currently, there is no established method to detect cel-
lular senescence in vivo in patients. Detection can be
achieved by chromogenic [99, 100] or fluorogenic [101—
107] probes, preferentially hydrolyzed by SA-B-Gal,
resulting in color- or fluorescence-enhanced senescent
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cells. Chromogenic [108] or fluorogenic [109] probes
hydrolyzed by other lysosomal hydrolases overexpressed
in senescent cells, such as a-L-fucosidase [110], can be
used as well. Nanoparticles containing fluorescent dyes
and probes have been developed that selectively release
their content when the cap of the nanoparticle is hydro-
lyzed by SA-B-Gal after endocytosis [111-113], or by
interaction with CD9 receptors [114] or 2 microglobu-
lin [115], both preferentially expressed by senescent cells.
Due to low tissue penetrance and autofluorescence the
clinical use of these fluorescent probes and nanopar-
ticles may be limited in patients [116]. An alternative
method could be the detection of endogenous lipofuscin
as endogenous lipofuscin, next to ex vivo in patient sam-
ples, can also be monitored in vivo and non-invasively via
imaging, as has been shown in mice with chronic liver
disease [57].

It should be noted that all these approaches were
validated only in vitro or in vivo in mice and its use in
patients should be further investigated. Currently, there
is one first-in-human trial in cancer patients evaluating
the safety and imaging characteristics of a novel senes-
cence-specific radiotracer [18F]FPyGal (i.e., a radioactive
form of SA-B-Gal) that can be tracked non-invasively in
the body through positron emission tomography (PET)
imaging (SenPET; NCT04536454) [117] (Fig. 1). Whether
this strategy is sufficient to detect all senescent cells [118]
due to the aforementioned limitations of SA-B-Gal as a
specific marker of senescence has yet to be determined.

Prognostic implications of cellular senescence in cancer
patients

Senescence is considered to exert beneficial effects by
halting cancer development and promoting survival in
early life, but it is proposed to have detrimental effects
later in life when senescent cells accumulate due to age-
ing and/or inappropriate removal [32, 38, 119]. Based
on preclinical cancer research, these antagonistically
pleiotropic effects of senescence are thought to be highly
dependent on the type of cancer and senescence trigger
[30, 32, 62]. The prognostic implications of cellular senes-
cence in cancer are therefore often unpredictable primar-
ily due to the dual role of the SASP [32].

Senescence burden

The senescence-associated cell cycle arrest is considered
fundamentally tumor-suppressive and the induction
occurs through the involvement of different signaling
and downstream cell cycle inhibitor pathways. Genotoxic
stress induced by anticancer therapies results in a DNA-
damage response (DDR) which leads to p53 and p21YAfY/
Cipl activation whereas oncogenic signaling and tumor
suppressor inactivation results in downstream activation
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of both p53/p21WAFVCIPL and p16™€42 via participation
of the DDR and the Ras-Raf-MEK-ERK, PI3K/AKT/
mTOR and p38/MAPK signaling pathways [6, 7, 62]. As
such, TIS is primarily induced through p53/p21%AFY
Cipl pathway activation whereas OIS is induced through
either p53/p21WAFVCPL and/or p16™NK% pathway acti-
vation (Fig. 2A). Upregulation of functional tumor sup-
pressor proteins p53, p21WVAFVCIPL and p16™K% jnhibit
downstream cyclin-dependent kinase (CDK)—cyclin
complexes, such as CDK2—cyclin E and CDK CDK4/6—
cyclin D, preventing phosphorylation of the retinoblas-
toma protein [7]. Hyperphosphorylation of this tumor
suppressor protein blocks S-phase entry [120] and is
responsible for the induction of senescence [6] (Fig. 2A).
Of note, despite tumor suppressor proteins p53, p21VAFY/
CipL and/or p16™%4 are primarily involved in TIS and
OIS (Table 1), senescence can be induced [121] as well as
bypassed [7, 16, 122—124] independent of p53/p21VAF/
Cipl and/or p16™¥42 pathway activation and inactivation/
abrogation, respectively. Also, p21WAFV/CIPL can be acti-
vated by pathways that are independent of p53 [125].

There is abundant ex and in vivo evidence in several
tumor types that OIS acts as a tumor-suppressive mecha-
nism preventing the expansion of pre- or fully malignant
cells (Table 1). OIS is found in precursor lesions and in
low TNM stage tumors with more favorable clinico-
pathologic features [13, 202, 209], whereas in full-blown
malignant lesions OIS-related markers are often dysregu-
lated or completely lost [173] and correlate with higher
TNM stage tumors and poor clinicopathological param-
eters [136, 164, 211, 212] (Table 1). Tumor suppressor
protein p16™X4 often comes forward as the main regu-
lator for maintaining the OIS-associated cell cycle arrest
which is considered to be more crucial for maintaining
the senescence-associated cell cycle arrest whereas p53/
p21WAFV/CIPL hathway activation is more involved in the
initiation of senescence [59]. Mutations, deletions, sec-
ondary alterations and/or promoter silencing of cellu-
lar control genes (i.e., TP53, CDKNIA and CDKN2A)
encoding for tumor suppressor proteins p53, p21 WAF/Cipl
and p16™5* may result in inadequate senescence induc-
tion or escape from senescence due to absent or dysfunc-
tional cell cycle inhibitor pathway activation and absent
or dysfunctional tumor suppressor proteins to induce
or maintain OIS. Hence, dysregulated (i.e., decreased
or overexpressed) expression or complete loss of tumor
suppressor proteins pl16™N<4e, p2]WAFL/CiPL 5nd p53 are
often correlated with increasing grade of malignancy and
tumor progression, and associated with a negative prog-
nostic outcome [139, 140, 158, 170, 187, 205-207, 213,
214, 236] (Table 1) (Fig. 2B).

However, in certain tumor types, the (abundant) pres-
ence of OIS or expression of senescence-associated
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markers is also linked to worse prognosis [132, 197, 221,
237, 238, 248]. Perhaps even more surprisingly, both
absence and extensive presence of senescence in CRC
was associated with negative prognosis whereas mod-
erate presence was associated with the best prognosis
[174], demonstrating that an extensive senescence bur-
den can paradoxically impair clinical outcome in contrast
to a moderate senescence burden.

Concerning TIS, evidence demonstrates that TIS is an
in vivo relevant outcome of various anticancer therapies
in several tumor types (Table 1). For example, in breast,
colorectal and prostate cancer TIS was observed after
neoadjuvant genotoxic chemotherapy [150, 177, 178] and
antihormone therapy [204]. Therapy-induced senescent
cells were identified in residual drug-resistant tumors
[150] and in samples with partial or incomplete patho-
logical response to neoadjuvant therapy [149], suggesting
TIS might persist after neoadjuvant therapy [203] and is
responsible for incomplete tumor regression [204]. The
presence of TIS is however linked to contradictory clini-
cal outcomes and is associated with worse [135, 137] as
well as improved [163, 176, 178] prognosis depending
on tumor type. For example, while in non-small cell lung
cancer (NSCLC) TIS is associated with worse OS [135],
in CRC a higher proportion of therapy-induced senescent
cells after chemotherapy treatment was associated with a
longer progression-free survival (PFS) compared to when
the proportion of senescent tumor cells did not change
before and after chemotherapy [178]. Thus, regardless of
the type of cancer, the senescence burden of OIS and TIS
seems to be an important determinant affecting the out-
come in cancer patients.

Secretion, composition and time-dependent impact of SASP

Whereas the senescence-associated cell cycle arrest acts
tumor-suppressive, SASP factors secreted by senescent
cells can be both tumor-suppressive and tumor-pro-
moting [255]. The main signaling pathways involved in
SASP regulation include NF-xB, p38, mTOR, C/EBPj
and JAK2/STAT3 [16, 256—260]. Interleukin (IL)-1a is
secreted by oncogene-induced and therapy-induced
senescent cells and initiates the production of key SASP
proteins such as IL-6 and IL-8 through activation of
NF-«xB and C/EBPp [62, 261]. The senescent phenotype
is subsequently enforced autocrinally by IL-6 [16] and
IL-8 [122] and transmitted paracrinally to neighboring
cells by IL-1a [262], further enhancing the production of
these SASP factors. Abundant SASP factors IL-6 and IL-8
have both anti-tumorigenic and pro-tumorigenic effects
[263]. For example, both interleukins mediate the recruit-
ment of macrophages, T cells and natural killer (NK)
cells supporting immune surveillance and elimination
of senescent cancer cells [32] but also create a chronic
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inflammatory TME driving cancer development [73] and
attract myeloid derived suppressor cells that suppress T
[264] and NK cells [196] and blocks IL-1a signaling, pre-
venting paracrine senescence in neighboring cancer cells
[265]. Next to pro-inflammatory cytokines, the SASP
may consist of a variety of chemokines (e.g., CCL2 and
CXCL1), angiogenic factors (e.g., VEGF), growth factors
(e.g., HGF, PDGEF, EGF and TGFa), matrix-remodeling
enzymes (e.g., MMP1 and MMP3) and bioactive lipids
[62, 263]. However, its composition is highly dynamic
[263], complex and variable and depend on the cell type,
senescence-inducing trigger and type of senescence [62,
74, 75], resulting in cancer-specific and context-depend-
ent effective SASP levels. Besides its variable composi-
tion, the SASP is suggested to have a time-dependent
impact [31]. Whereas the short term presence of SASP
is suggested to be primarily tumor-suppressive, the long
term presence of pro-inflammatory SASP factors can
drive cancer [31, 32]. Thus, depending on the secretion,
composition and the duration of its presence, the net
effect of the SASP may be tumor-suppressive or tumor-
promoting, thereby either enhancing or opposing the
tumor-suppressive property of the senescence-associated
cell cycle arrest.

Evidence from patients with various tumor types show
that oncogene-induced senescent cells are capable of
secreting a tumor-promoting and immune-suppressive
SASP that is linked to impaired clinical outcome. NSCLC
patients with an elevated senescence-related gene sig-
nature score overexpressed an immune-suppressive
SASP and demonstrated decreased infiltration levels
of cytotoxic T cells and NK cells and increased levels
of immune-suppressive cells (i.e., neutrophils, cancer-
associated fibroblasts, regulatory T cells, and resting
NK cells), disease progression and worse OS [133]. The
importance of the interaction between the SASP and
immune surveillance of senescent tumor cells is further
emphasized by the finding that, in CRC, both a lower
average distance between senescent cells and T cells
as well as a higher percentage of T cells near senescent
cells were linked to improved survival, suggesting that
the tumor-suppressive potential of cellular senescence
is determined by the TME and immune cell-mediated
elimination of senescent tumor cells [174]. The SASP of
senescent cells can also direct neighboring cells and drive
cell transformation and tumor initiation [231, 232] and
mediate collective invasion and metastasis [219], as evi-
denced in adamantinomatous craniopharyngioma and
papillary thyroid cancer. Also in precursor lesions of pan-
creatic ductal adenocarcinoma (PDAC) (i.e., pancreatitis
and pancreatic intraepithelial neoplasias), a senescence-
associated inflammatory SASP was linked to PDAC pro-
gression [189].
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Increasing evidence demonstrates that also therapy-
induced senescent cells can produce a tumor-promoting
and immune-suppressive SASP that might impair clinical
outcome. For example, in response to genotoxic chemo-
therapy, TIS and a protumorigenic SASP were observed
in prostate cancer resection samples [73], and overex-
pression of SASP factor were associated with impaired
outcome in head and neck squamous cell carcinoma
patients [254] as early TIS and SASP production upon
radiotherapy was demonstrated in a preclinical model. In
an elucidative study, therapy-induced senescent cells of
breast and prostate cancer patients were found to evade
immune clearance by shedding of natural killer group 2D
(NKG2D) ligands and paracrine suppression of NKG2D-
receptor-mediated immunosurveillance [150]. Of impor-
tance, since TIS depends on p53/p21YAFVCIPL pathway
activation (Fig. 2), the tumoral p53 status indirectly
determines SASP production and outcome after treat-
ment with senescence-inducing anticancer therapies.
This was illustrated in an in vivo p53 wild-type breast
cancer model where TIS was induced instead of cell
death after chemotherapy treatment and resulted in min-
imal regression of the tumor and early relapse through
the secretion of protumorigenic SASP [266]. Accord-
ingly, breast cancer patients harboring a TP53 mutation
showed an improved response to anthracycline-based
chemotherapy [267, 268].

In contrast, abundant evidence links both OIS [165,
202] and TIS [163, 176, 178] to improved outcome
(Table 1). In this scenario, it is conceivable that oncogene-
induced and therapy-induced senescent cells secrete
moderate to low effective SASP levels and/or secrete a
SASP with a net tumor-suppressive and immune-pro-
moting effect. For example, in pilocytic astrocytoma
(PA), a low grade glioma and most common brain tumor
in children, SASP factors were upregulated, and high lev-
els of IL-1p and SASP expression were associated with
favorable PFS [224]. The SASP was therefore suggested
to regulate OIS in PA [225] and held responsible for the
slow growth pattern, the lack of progression to higher-
grade astrocytomas and the high OS of affected patients
[224]. In addition, no oncogene-induced or therapy-
induced senescent cells were identified in chemother-
apy-naive and neoadjuvant chemotherapy treated breast
cancer samples, suggesting tumoral senescent cells either
were already cleared by the immune system or bypassed
senescence [151].

Senescence in the TME

There is mounting evidence that senescence also occurs
in the TME and has prognostic implications. In gas-
tric cancer, CRC and esophageal cancer patients, an
enriched senescence gene signature in noncancerous
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cells, but not in cancerous cells, of the TME (e.g.,
endothelial cells, enteroendocrine cells, macrophages
and fibroblasts) resulted in a longer disease-free sur-
vival and OS [168]. In contrast, identification of senes-
cent cancer-associated fibroblasts (CAFs) adjacent to
epithelial ovarian cancer cells in ovarian cancer speci-
mens were suggested to promote ovarian cancer tumor-
igenesis [161]. The presence of a senescence-associated
gene signature in peritumoral tissue of hepatocellular
carcinoma (HCC) patients was also associated with
early recurrence and poor survival as peritumoral OIS
induced an accumulation of C-C chemokine recep-
tor 2% myeloid cells through secretion of C-C motif
chemokine ligand 2, resulting in NK cell inhibition and
enhanced HCC growth [196]. Interestingly, in a murine
rectal cancer and patient-derived tumor organoids
model, IL-1a was found to predispose inflammatory
CAFs to p53-mediated TIS upon irradiation, which in
turn resulted in chemoradiotherapy resistance and dis-
ease progression through the secretion of cytokines
and extracellular matrix constituents supporting the
invasion and metastasis of cancer cells and counter-
acting the irradiation-induced tumor cell death [184].
Consistently, the presence of inflammatory CAFs in
pre-therapeutic patient biopsies resulted in poor chem-
oradiotherapy response and low IL-la receptor antag-
onist serum levels, which enhances IL-1 signaling and
predisposes inflammatory CAFs to TIS, correlated with
poor prognosis in rectal cancer patients [184].
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Hence, cellular senescence is not solely limited to can-
cerous cells but also occurs in cells of the TME as well as
of the immune system [269].

Model for differential prognostic outcomes of OIS and TIS

in cancer patients.

Evidence of several cancer types (presented in Table 1)
suggests that the prognostic implications of OIS and TIS
are highly context-dependent and primarily depend on
the (i) the senescence burden; (ii) the secretion; and (iii)
the composition of the SASP and/or duration of SASP
presence. Therefore, in a simplified schematic model,
we present different scenarios that could provide a
rationale for the differential outcomes of cellular senes-
cence observed in cancer patients, based on the inter-
play between these three factors, i.e., (i) the senescence
burden (i.e., low, moderate or high); (ii) the secretion
(i.e., low or high); and (iii) the composition of the SASP
(i.e., net tumor-promoting and immune-suppressive or
net tumor-suppressive and immune-promoting) and/or
duration of SASP presence (i.e., short term or long term)
(Fig. 3).

The senescence-associated cell cycle arrest is consid-
ered tumor-suppressive whereas the composition of the
SASP and/or duration of SASP presence determines
whether the senescence-associated cell cycle arrest is
reinforced or opposed. The degree of SASP secretion and
levels, which depend on the senescence burden, deter-
mines to which extent the senescence-associated cell

(See figure on next page.)

Fig. 3 Model for differential prognostic outcomes of cellular senescence (OIS and TIS) in cancer patients. Tumor-suppressive and
immune-promoting SASP—Short term beneficial SASP effect. In case of a net tumor-suppressive and immune-promoting SASP or short term
presence of SASP, immune recruitment will result in immune clearance of senescent cancer cells as well as non-senescent cancer cells, thereby
reinforcing cellular senescence to provide adequate tumor suppression. However, in case of a (A) low senescence burden, the effects of the
SASP are expected to be less profound as the overall SASP levels secreted by the low number of tumoral senescent cells are lower compared to

SASP levels in case of a moderate or high senescence burden. Therefore, the senescence-associated cell cycle arrest as well as the SASP levels are
expected to be insufficient to provide an adequate tumor suppression. In case of a (B) moderate senescence burden, the senescence-associated
cell cycle arrest can increasingly be reinforced in case of low and high SASP secretion, respectively, to provide adequate tumor suppression. In case
of a (C) high senescence burden, the senescence-associated cell-cycle arrest can be reinforced by the tumor-suppressive and immune-promoting
SASP in case of high as well as low SASP secretion due to the large number of tumoral senescent cells. As such, in case of a net tumor-suppressive
and immune-promoting SASP, a high senescence burden result in improved outcome. Tumor-promoting and immune-suppressive SASP—

Long term detrimental SASP effect. In case of a net tumor-promoting and immune-suppressive SASP or long term presence of SASP, the
senescence-associated cell cycle arrest can be opposed by the SASP by molding an immune-suppressive and protumorigenic TME and
stimulating immune evasion. However, in case of a (D) low senescence burden, the effects of the SASP are expected to be less profound as the
overall SASP levels secreted by the low number of tumoral senescent cells are lower compared to SASP levels in case of a moderate or high
senescence burden. Therefore, the senescence-associated cell cycle arrest in case of a low senescence burden is not opposed by the SASP,
however, the senescence-associated cell cycle arrest is insufficient to prevent tumor proliferation. In case of a (E) moderate senescence burden,
the senescence-associated cell cycle arrest can be opposed by the SASP in case of high SASP secretion, whereas in case of low SASP secretion

the senescence-associated cell cycle arrest overrules the lower SASP levels, resulting in differential tumor-promoting and tumor-suppressive
effects, respectively. In case of a (F) high senescence burden, the senescence-associated cell cycle arrest can be opposed and overruled by the
protumorigenic effects of the SASP in case of high as well as low SASP secretion, as the overall SASP levels produced by the large number of
tumoral senescent cells are elevated, even in case of low SASP secretion. As such, in case of a net tumor-promoting and immune-suppressive SASP,
a high senescence burden can paradoxically result in worse outcome. ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; VEGF,
vascular endothelial growth factor; NK cell, natural killer cell; SASP, senescence-associated secretory phenotype; 4, high;=, moderate; |, low; >,
greater-than; <, less-than; IZI time
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cycle arrest is reinforced or opposed. As such, OIS and
TIS can have tumor-suppressive and tumor-promoting
properties (Fig. 3A-F).

The proposed model provides a rationale for the dif-
ferential outcomes of OIS and TIS observed within the
same cancer type, such as in [174], as well as between dif-
ferent types of cancer (Table 1). Accordingly, cancer cells
originating from urinary systems, glands and soft tissues
(e.g., prostate cancer, adenoid cystic carcinoma, RCC and
melanoma) exhibited relatively higher cellular senescence
gene scores than tumors originating from reproductive
organs (e.g., breast cancer, cervical SCC and OC) [136],
and were correlated with SASP factors and immune
related genes, suggesting SASP-induced immune

infiltration. The infiltration of immune cells varied how-
ever in a cancer-specific pattern [136], contributing to
the context-dependency of the proposed model and the
interplay between the senescence burden, the secretion
and composition of the SASP.

Of note, as senescent cells can reinforce their senes-
cent phenotype in an autocrine fashion [16, 122] and
paracrinally transmit the senescent phenotype to adja-
cent malignant and non-malignant cells [262, 270],
the tumoral senescence burden can increase over time
resulting in altered tumoral repercussions (Fig. 3, ver-
tical arrow hourglasses) in addition to the differential
time-dependent impact of SASP (Fig. 3, horizontal arrow
hourglasses). Thus, cellular senescence in cancer should
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be considered as a dynamic, rather than an irreversible,
static condition [271], with antitumorigenic and protu-
morigenic features that can change over time.

Conclusion

Conclusions and future perspectives

Clinical evidence of cellular senescence in cancer patients
has long been underestimated, in part due to the diffi-
cult detection, since currently no specific and universal
markers for senescent cells exist. Historically, cellular
senescence was primarily considered as an endogenous
tumor suppressor mechanism halting the proliferation
of damaged cells which are at risk of malignant trans-
formation, thereby protecting against cancer. However,
during the last two decades, a more nuanced view on
the involvement of cellular senescence in tumorigen-
esis and response to therapy has emerged. Here, we
provided a comprehensive overview on the prognostic
implications of cellular senescence in cancer patients
with solid tumors. Increasing clinical evidence add to
the antagonistic pleiotropy of cellular senescence as dif-
ferential prognostic outcomes, ranging from improved
to impaired outcome, are demonstrated. In a simpli-
fied model we propose that the prognostic implications
of OIS as well as TIS are highly context-dependent and
primarily depend on the senescence burden, the secre-
tion and the composition of the SASP and/or duration
of SASP presence, thereby providing a rationale for the
differential outcomes of OIS as well TIS observed within
the same cancer type as well as between different types
of cancer discussed in this review. However, (pre)clini-
cal research is warranted to provide adequate evidence
to further support this model, and to better comprehend
when and how senescent cancer cells give rise to a benefi-
cial or detrimental outcome.

The detection of cellular senescence in cancer
patients can be achieved by various methods and using
various markers. Despite clear algorithms to accurately
assess and quantify senescent cells in vitro and in vivo
[1, 44], a plethora of different senescence markers, sin-
gle or combined with other markers, at different trans-
lational levels are currently used to demonstrate the
presence of cellular senescence (Table 1). Hence, it is
difficult to compare clinical data and to draw reliable
conclusions regarding the prognostic implications of
cellular senescence, as well as the implementation of
emerging senolytics (i.e., targeted removal of senescent
cells) [42, 78, 263, 271] and senomorphics that modify/
suppress the SASP [32, 263, 272], underlining the need
for a uniform and consistent application of recognized
and validated markers of cellular senescence at different
translational levels. Of note, as Al-based computational
pathology is making its way into medicine and clinical
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practice [273], an Al-based detection of cellular senes-
cence might potentially make multi-marker detection
of senescent cells redundant in the near-future. Since
the prognostic impact of senescence is mainly mediated
by the SASP, extensive profiling of the SASP in specific
disease contexts (i.e., organ- and trigger-specific (OIS
versus T1S)), as well as the identification of biomarkers
representing the senescence burden will be paramount
[75]. Especially longitudinal monitoring of senescent
cells and their SASP will be of particular interest, as
preclinical models are not able to capture the beneficial
or detrimental effects exhibited by senescent cells and
the SASP over an extended period of time.

Since the TME, containing cancer-associated fibro-
blasts and infiltrating immune cells, is believed to be
a major contributor to therapy resistance and disease
progression [274], the interaction of TME with senes-
cent cells as well as the SASP should be investigated
more closely. This can be achieved using appropriate
preclinical models that precisely recapitulate this com-
plex heterogeneity, such as in vitro 3D culture tech-
nologies (e.g., organoids), thereby resembling a more
physiological human cancer model [275]. Interestingly,
by combining single-cell RNA-sequencing with spatial
transcriptomics [276], it is feasible to map the location
of distinct cell types and subpopulations in the TME
and investigate the interaction of senescent cancer cells
with the TME more in-depth.

As an emerging cancer hallmark, the involvement
of cellular senescence in cancer is complex and highly
context-dependent, exerting potential beneficial and/
or detrimental effects. Therefore, senescence must be
approached in a nuanced way regarding its repercus-
sions in cancer. Only in this way it is possible to opti-
mally exploit cellular senescence as an anticancer
therapeutic strategy.
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