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Persistent accumulation of therapy-induced senescent cells: an
obstacle to long-term cancer treatment efficacy
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In the ever-evolving landscape of cancer therapy, while cancer treatments such as chemotherapy, radiotherapy, and targeted
therapy aim to eradicate malignant cells, they also inadvertently trigger cellular senescence in both cancerous and
microenvironmental tissues. Therapy-induced senescence (TIS) can act as a barrier against tumor growth by halting cell

proliferation in the short term, but the long-term persistence of therapy-induced senescent (TISnt) cells may pose a significant
challenge in cancer management. Their distinct characteristics, like senescence-associated secretory phenotype (SASP), metabolic
dysregulation, and immune evasion, make them exhibit remarkable heterogeneity to orchestrate the tumor microenvironment
(TME), resulting in therapy resistance. However, how these TISnt cells functioning differently in cancer progression, and the intricate
mechanisms by which they remodel the senescence-associated immunosuppressive microenvironment present challenges for
improving anticancer therapy. Therefore, this review summarizes the heterogeneous TISnt cell phenotypes contributing to an
accumulated senescent state, outlines their multidimensional interactions in the senescent microenvironment, and discusses
current senescence-targeting strategies. Building on the current understanding of TIS, we propose potential avenues for improving
TIS-targeting methodologies in the context of head and neck cancer, a representative heterogeneous malignancy, which can

substantially enhance the efficacy of the “one-two punch” sequential treatment approach for head and neck cancer.
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INTRODUCTION

Therapy-induced senescence (TIS) is a form of cellular senescence
triggered by cancer therapeutics, such as radiotherapy, che-
motherapy or targeted therapy. This process arises from nonlethal
DNA damage, leading to cell cycle arrest—a hallmark shared with
replicative senescence and oncogene-induced senescence (Fig. 1).
In the short term, therapy-induced senescent (TISnt) cells act as a
barrier against carcinogenesis and a booster facilitating anticancer
treatments in the short term. In some cases, prosenescent
antitumor therapeutics' are strategically crafted to impede cancer
progression by activating specific prosenescent effectors,” and
inhibiting telomerase to amplify the senescent response.’ How-
ever, a growing body of evidence indicates that accumulated TISnt
cells within tumor microenvironment (TME) may exert paradoxical
effects, promoting therapy resistance, tumor relapse and
metastasis.

Research indicates that therapy-resistant cancer cells can evade
treatment by exploiting the DNA damage repair response, either by
entering senescence or easily escaping proliferation arrest to adopt
more malignant behavior upon recovery.*> TIS of cancer cells also
constitutes a critical mechanism of treatment resistance in head
and neck squamous cell carcinoma (HNSCC). Senescent HNSCC cells
that escape proliferative arrest exhibit enhanced heterogeneity and
correlate with poor prognosis.®” Cisplatin-based chemotherapy has
been experimentally confirmed to induce cellular senescence in
HNSCC. Therapeutically, senolytic agents may be employed to

; https://doi.org/10.1038/s41368-025-00380-w

eliminate residual senescent tumor cells post-chemotherapy,
potentially delaying disease recurrence in HNSCC patients®®
Meanwhile, benign stromal and immune cells within the TME—
such as cancer-associated fibroblasts (CAFs) and tumor-associated
macrophages (TAMs)—often display a sublethal or senescent status
due to their limited proliferation capacity,'® leading to a certain
insensitivity to cancer treatment.!' These diverse senescent cells
possess the capacity to sustain and intensify the TISnt state through
well-established mechanisms such as senescence-associated secre-
tory phenotype (SASP), mitochondrial dysfunction or altered cellular
communications,'? along with unique pathways involving specific
cell types.” In the context of HNSCC, radiation therapy induces a
distinct SASP that drives critical therapy resistance through NFkB-
dependent signaling,'' while radiation-induced senescent CAFs
maintain the ability to promote radioresistance in oral squamous
cell carcinoma (OSCC) cells even when their own proliferation is
inhibited.'® Accordingly, these TISnt cells—both malignant and
microenvironmental—engage in dynamic interactions that lead to
progressive accumulation and microenvironmental remodeling,
ultimately establishing a senescent microenvironment.'”” This
persistent senescent state, whether during sequence therapy or
for an extended period post-treatment, has been proposed as a
potential mechanism for sustaining minimal residual disease, which
may foster tumor recurrence or metastasis.

The senescent TME often manifests chronic inflammatory and
immunosuppressive characteristics.'®2° This process is primarily
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Fig. 1

Hallmarks of senescent cells. a Senescent cell: A senescent cell is typically larger and flatter in shape, with nuclear heterochromatin and

dysfunctional endoplasmic reticulum and mitochondria in cytoplasm. b Cell cycle arrest: As the classical phenotype of senescence, the cell

cycle is generally arrested in G1 phase, and a few cells are arrested in

G2 phase. ¢ SASP: The senescence-associated secretory phenotype

(SASP) represents hypersecretion of multiple cytokines, growth factors, chemokines and proteases by senescent cells. d DNA damage: The
most common trigger of cellular senescence is DNA damage, including DNA double-strand breaks (DSBs), DNA single-strand breaks (SSBs) and
oxidative injury; in turn, it is also the outcome index used to detect senescence. e Dysregulated metabolism: Upon exposure to senescence-
related stimuli, the ratios of AMP/ATP and ADP/ATP in senescent cells increase, promoting glycolysis activity to provide ATP for active

secretion. Dysfunctional mitochondria further increase reactive oxygen

species (ROS) levels, leading to lipofuscin formation to accumulate

lysosomes. These lysosomes struggle to clear dysfunctional mitochondria, leading to further damage. Lowest panels: Together with therapy-
induced senescence (TIS) caused by DNA damage from radiotherapy, chemotherapy and targeted therapy in cancers, the other common
types of senescence include replicative senescence (RS) triggered by telomere shortening during continuous cell proliferation, and oncogene-
induced senescence (OIS), as represented by H-RASG12V and BRAFV600E mutations in codon 12 and codon 600. Created with Adobe Illustrator
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mediated by SASP, which is highly heterogeneous and dynamic
dependent on the activation of specific cell types.2'™2* The effects
of the SASP extend beyond the senescent cells themselves,
influencing neighboring immune and mesenchymal cells.?*~2° The
propagation of cellular senescence, akin to an “infectious” process,
significantly contributes to the establishment of persistent
senescence within the tumor microenvironment.?’?® Further,
their interactions lead to the recruitment of immunosuppressive
cell populations, such as regulatory T cells (Tregs) and myeloid-
derived suppressor cells (MDSCs), thereby facilitating immune
evasion by cancer cells and promoting tumor progression. The
accumulation of TISnt cells prolongs chronic inflammation and
immunosuppression within the TME.'®#2%30 HNSCC employs
unique immune evasion mechanisms that confer resistance to
conventional and even combination therapies. These mechanisms
range from direct T-cell inhibition via soluble or surface-expressed
inhibitory factors to recruitment of immunosuppressive cell
populations.®' For instance, immunosuppressive cytokines includ-
ing transforming growth factor (TGF)-B, interleukin (IL)-6, and IL-10
potently inhibit T-cell proliferation and effector functions. Notably,
these same cytokines contribute to the establishment and
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maintenance of the senescent tumor microenvironment while
simultaneously antagonizing therapeutic efficacy in HNSCC.3?

Therefore, the recognition of the heterogeneous and detri-
mental nature of TISnt cells within the TME, has indeed become a
significant focus in cancer research and therapeutics. This review
summarizes the diverse phenotypes of TISnt cells that accumulate
within the TME, examines the intricate mechanisms through
which they interact with each other to sustain a persistent
senescent state, and reviews current and emerging approaches
targeting TISnt cells to effectively counteract their adverse effects
on cancer treatment. Particularly, we anticipate providing more
information for developing a “one-two punch” sequential strategy
that combines conventional anticancer therapeutics with TIS-
targeting methods particularly for head and neck cancer (HNQ),
thereby improving overall treatment outcomes.

HETEROGENEITY OF THERAPY-INDUCED SENESCENT CELLS

Notably, anticancer therapy can trigger senescence in various cell
types, including both cancerous and non-cancerous cells. Within the
dynamic TME, diverse cell populations and signaling molecules
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intricately interact>*>** This inherent complexity of the TME
contributes to the distinctive heterogeneity observed in both TISnt
cells and their molecular characteristics. Furthermore, heterogeneity
is modulated by specific types of anticancer therapies. Henceforth,
we will delve into the critical cellular constituents and senescence-
associated molecular profiles within tumors, contextualized within
prevalent DNA damage-inducing anticancer treatments, including
radiotherapy, chemotherapy, and targeted therapy (specific fea-
tures are also summarized in Table 1).

Cancer cells: senescence is susceptible to diverse therapies

The therapeutic response of cancer cells directly determines the
short-term anticancer effect of various treatments. Ideally,
increased DNA damage resulting from cancer therapy leads to
cell death, whereas nonlethal DNA damage preferentially induces
cellular senescence. This is particularly relevant in the context of
chemotherapy or radiotherapy, where single doses may be
modulated to mitigate toxic side effects, inadvertently promoting
cellular senescence over cell death.3>3¢

Radiotherapy, which utilizes ionizing radiation (IR) to cause DNA
double-strand breaks (DSBs), is a potent way to stimulate cellular
senescence®’; therefore, IR-induced senescent cancer cells have
been widely studied.3®**' The radiosensitivity of cancer cells
determines whether they become senescent or dead after
exposure to a specific IR dose. It has been reported that when
the IR dose is less than 10 Gy, cancer cells tend to undergo cellular
senescence, whereas higher doses typically induce cell apopto-
sis.*>*3 Research involving various cancer cell lines, has revealed
that most DNA double-strand breaks (DSBs) induced by IR doses
below 10 Gy can be repaired, leading to the survival of senescent
cancer cells. Moreover, an increase in senescence-associated
B-galactosidase (SA-B-Gal) expression was observed before cell
death,* suggesting that IR-induced senescence may be wide-
spread and dynamic in cancer cells. IR can also induce the
expression of p16™*? and maintain DNA damage in both human
and mouse models for several months,*® indicating the long-term
existence of TIS under real-world conditions.

Various genotoxic and cytotoxic drugs commonly used in
chemotherapy, such as cyclophosphamide, carboplatin, Taxol, and
cisplatin, have also been reported to induce cellular senescence in
cancer cells. Chemotherapy-induced senescence, as evidenced by
the significant upregulation of P53, SA-B-Gal, and SASP factors, has
been observed in melanoma cells,* in a lymphoma mouse
model,*” and in human biopsies of breast and lung cancer
patients.***°  Another report indicated that chemotherapy-
induced senescent lymphoma cells obtained increased glucose
utilization and ATP production, revealing a greater metabolic
characteristic of TISnt cells.>® Similarly, although a decrease in the
overall metabolism of senescent breast cancer cells occurred
shortly after doxorubicin treatment, metabolic pathways related to
energy, amino acid, and lipid metabolism recovered synchro-
nously as cells transition to a stable senescence state.”’

Molecular drugs targeting the cell cycle of cancer cells may
directly promote cellular senescence, representing a specific type
of TIS. For instance, cyclin-dependent kinase 4 and 6 (CDK4/6)
inhibitors have been demonstrated to induce dormancy or
senescence in various cancer cells.>> Combination therapies, such
as MEK inhibitors with CDK4/6 inhibitors, have also been shown to
induce durable proliferation arrest and to upregulate SASP factors,
including tumor necrosis factor-a (TNF-a) and intercellular
adhesion molecule-1 (ICAM-1).>* Additionally, inhibitors of Aurora
kinase, which disrupts mitotic spindle assembly and mitotic
progression, have been found to block cancer cell proliferation
and induce cellular senescence in glioblastoma, melanoma, and
pancreatic cancer.>*° Inhibition of the DNA replication kinase
CDC7 has also been shown to selectively induce senescence in
TP53-mutant liver cancer cells.>” Furthermore, poly (ADP—ribose)
polymerase (PARP) inhibitors, known as synthetic lethal anticancer
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drugs, can induce senescence in ovarian and breast cancer cells,
characterized by increased SA-B-gal and SASP factors of IL-6 and
IL-8.°

Cancer stem cells: unclear transition to senescence in response to
cancer treatment
Cancer stem cells (CSCs), with their robust self-renewal capabil-
ities, act as the seeds of cancer and significantly impacts treatment
outcomes.”*®' These CSCs, which are typically dormant, exhibit
inherent resistance to various anticancer therapies. Until recently,
some researchers considered that CSCs were unlikely to undergo
senescence, even in the presence of accumulated genetic
damage.®? However, emerging evidence challenges this notion,
revealing that CSCs can indeed enter a senescent state
characterized by increased cell volume, positive SA-B-gal, and
elevated expression of SASP.®®> Bone morphogenetic protein 7
(BMP7), which is secreted by stromal cells, has been shown to
trigger the senescence of prostate CSCs through SA-B-Gal activitx
and increased expression of p21.%* In addition, purified ALDH"9
mesothelioma cells, a subpopulation of CSCs, maintain a SASP-
induced phenotype through both cell-autonomous and cell-
nonautonomous mechanisms.®> A subpopulation of breast CSCs
becomes activated and enters the cell cycle following exposure to
3Gy irradiation for five consecutive days, accompanied by
increased SA-B-Gal activity.?® A subset of liver CSCs characterized
by epithelial cell adhesion molecule (EpCAM)/CD133 positivity
displayed a senescent phenotype in response to doxorubicin
treatment. These senescent CSCs exhibited increased SASP
secretion of IL-6 and TGF-B, along with upregulation of
senescence-related genes such as p16, p21, and p53. Interestingly,
despite showing features of senescence, these cells still main-
tained the expression of stem-reprogramming genes such as
SOX2, KLF4, and c-MYC.®®

Further, some evidences suggest that polyploid giant cancer
cells (PGCCs) may represent a unique type of senescent CSC
characterized by senescence, such as a flattened shape and SA-
B-Gal expression, and stemness, such as tumor-initiating capa-
city.5”%® Adult stem cells, which serve as potential precursors of
CSCs, may be driven into senescence by IR, resulting in impaired
differentiation function and altered biological behavior rather than
permanent proliferation arrest and expression of common
markers of cellular senescence. These findings provide indirect
evidence suggesting that the senescent phenotype of CSCs may
involve atypical cell cycle arrest and dysfunctional differentiation.
Overall, it remains uncertain whether senescent CSCs arise directly
in response to cancer therapy. However, when CSCs activated by
treatment and re-entered the cell cycle,**° the continuous
treatment could induce these activated CSCs to proliferate and
acquire a senescent phenotype similar to that of differentiated
cancer cells.

Fibroblasts: resistant to cancer therapy and sensitive to cellular
senescence

Fibroblasts are the most common stromal cell type within the
TME. Cellular senescence was first observed in lung fibroblasts by
Hayflick and Moorhead.”® Studies have consistently demonstrated
that these senescent fibroblasts exert a significant tumor-
promoting effect.”'~”* Following exposure to IR, human normal
fibroblast lines have been observed to undergo long-term
stagnation of proliferation.”* Subsequent studies have further
demonstrated that lung fibroblasts can survive 50 Gy irradiation,
displaying a pronounced senescent phenotype characterized by
increased cell volume, elevated SA-B-Gal activity, and substantially
upregulated expression levels of p21VAF! and p16™*2.7 Similarly,
mouse and human dermal fibroblasts are induced to undergo
senescence in response to chemotherapeutic drugs, such as
doxorubicin, paclitaxel, temozolomide, and cisplatin. These
senescent fibroblasts exhibit substantially decreased DNA
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synthesis, increased expression of p16™K* mRNA, and elevated
levels of numerous SASP components, including IL-1q, IL-6, matrix
metalloproteinase-3 (MMP-3), MMP-9, C-X-C motif chemokine 1
(CXCL1), CXCL10, and chemokine (C-C motif) ligand 20 (CCL20).”®
Furthermore, bleomycin-induced senescent fibroblasts exhibit
increased paracrine secretion of various growth factors and
MMPs.”"77

Some studies have shown that the SASP of senescent
fibroblasts, including IL-6, IL-8, and a variety of CXCLs, is similar
to that of the paracrine components secreted by CAFs. This
finding suggests that senescent fibroblasts may represent a
functional subtype of CAFs.”® CAFs are known to promote tumor
progression through their paracrine actions and interactions with
cancer cells.”?®® Several studies have examined the response of
senescent CAFs to anticancer therapy. For instance, in non-small
cell lung cancer (NSCLC), IR-induced senescent CAFs exhibit
increased SA-B-gal activity along with irreparable DNA damage
detected by 53BP1 foci.®* Similarly, in colorectal cancer, IR-induced
senescent CAFs displayed p53 activation and increased the
secretion of insulin-like growth factor-1 (IGF1), which contributed
to cancer progression®> Our previous study focusing on oral
cancer revealed that a single dose of 18 Gy induced senescence in
CAFs characterized by proliferation blockade, permanent DNA
damage, and increased SA-B-Gal activity.'® The long-term viability
of these senescent CAFs poses a risk of reducing radiosensitivity of
oral cancer cells, leading to their characterization as “zombie-like”
CAFs due to their detrimental effects. This notion is supported by
other researchers, who have referred to the persistent senescent
cells as “zombies” because of their accumulation resulting in
disease progression.2%%’

Additionally, fibroblasts play a crucial role in tumor progression
by interacting with various immune cells within the TME. Recent
studies have further proposed the role of fibroblasts as sentinel
cells in certain immune responses.®® IR-induced senescent human
fibroblasts express atypical major histocompatibility complex
(MHC) molecules. This expression pattern aids senescent cancer
cells in evading immunological detection by natural killer (NK)
cells and CD8 + T cells.®® These findings highlight the significant
immunomodulatory effects of senescent fibroblasts, underscoring
their crucial role in maintaining the immunosuppressive micro-
environment associated with TIS.

Endothelial cells: easily undergo senescence with paradoxical
effects on anticancer therapy

Endothelial cells (ECs) form a delicate epithelial layer lining the
inner walls of blood vessels.*® Within TME, tumor-associated ECs
play crucial roles in angiogenesis, maintaining barrier function,
and mediating paracrine signaling within tumors.’’ Theoretically,
because they are epithelial in nature, ECs are susceptible to
entering a senescent state induced by cancer therapy. For
instance, exposure to 6 Gy of IR leads to senescence in various
types of endothelial cells, characterized by low phosphorylation of
pRb, accumulation of p53/P21, increased SA-B-Gal activity, and
elevated secretion of multiple inflammatory chemokines.®? In this
study, low concentrations of doxorubicin (e.g., 50 ng/mL) were
also reported to induce senescence in the majority of ECs.

Given that ECs are responsible for forming vasculature within
tumors, senescent ECs might inhibit cancer progression by
impairing tumor angiogenesis. This is because senescent endothe-
lial cells are less likely to support the formation of new blood
vessels, which are crucial for tumor growth and metastasis.
However, senescent ECs induced by the antiangiogenic drug
sunitinib, have been found to have their potential pro-cancer
effects.”® These TISnt endothelial cells secrete increased levels of
SASP components, including CCL6, complement C5a and IL-16.
This creates an inflammatory microenvironment that promotes
the migration and invasion of breast cancer cells, thereby
increasing the risk of distal metastasis. Even in the absence of
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the typical SASP, senescent ECs induced by the chemotherapeutic
agent doxorubicin release acute levels of IL-6 through reactive
oxygen species (ROS)-mediated p38 activation, promoting che-
moresistance.”* Additionally, senescent ECs have been shown to
induce the formation of dysfunctional vessels with increased
permeability within the TME. These dysfunctional vessels may
facilitate the intravasation and extravasation of metastatic cancer
cells, contributing to the spread of cancer.”

Immune cells: nonclassical cells with a specific senescent
phenotype

In the context of anticancer therapy, immune cells can also exhibit
a senescent phenotype leading to functional impairment and
shortcomings in cancer treatments. NK cells, as one of the
important innate immune cells, monitor and kill cancer cells. A
specific senescence phenotype of NK cells, was characterized by a
lack of CD57 expression, a maturation marker commonly used to
identify late-differentiated senescent cells,”® and an increase in the
expression of NKG2A, an inhibitory receptor that typically
decreases the number of mature NK cells. These senescent NK
cells do not exhibit differences in either cell proliferation or
interferon-y (IFN-y) production or cell cytotoxicity.”® However,
persistent CD158d activation, which inhibits an NK-activated
receptor, can induce NK cells to exhibit all hallmarks of senescence
by causing DNA damage, including morphological changes,
survival without entering the cell cycle, and significant secretion
of SASP components.”” Additionally, NK cells exhibit irradiation
tolerance up to 30Gy, with potential partial dysfunction with
increasing IR, although they still retain some cytotoxic activity.'®%®

Some scholars have elucidated the occurrence of senescent
neutrophils in breast cancer patients undergoing chemotherapy.”
These senescent neutrophils specifically exhibit elevated exosome
production in a STAT3-dependent manner, consequently upregu-
lating the expression of adiposity- and obesity-associated proteins
(FTOs) in breast cancer cells via piRNA-17560. Moreover, a scarcely
explored subset of tumor-associated aged neutrophils (Naged),
has been identified as those with CXCR4TCD62L'" expression,
and as a significant contributor to breast cancer lung metasta-
sis.' These cells are completely different from non-aged or
inflammation-associated aged neutrophils, as they exhibit over-
segmented nuclei, disrupted metabolism, potent immunosup-
pressive capabilities, and heightened SIRT1 expression, which aids
in prolonged survival.

Mature macrophages and dendritic cells (DCs) stimulated with
granulocyte-macrophage colony-stimulating factors (GM-CSF) and
IL-4, demonstrate a robust capacity to repair DSBs induced by
anticancer agents, such as temozolomide, irradiation and oxida-
tive agents. Their precursor cells, monocytes, are sensitive to DNA
damage accumulation and deficiencies in DNA repair, often
leading to apoptosis.'®"'° This observation suggested that these
DNA damage-resistant macrophages and DCs may be prone to
entering a state of TISnt status rather than undergoing cell death.
Indirect evidence supporting this notion comes from a radiation-
induced pulmonary fibrosis model in which IR-induced senescent
macrophages displayed elevated expression levels of senescence
markers such as SA-B-Gal and senescence-related genes, including
P16, P21, BCL-2, and BCL-XL. These senescent macrophages
exhibit significantly increased secretion of proinflammatory
factors, chemokines, and matrix metalloproteinases—character-
istic features of the SASP.'%®

Compared with the innate immune response, the adaptive
immune response in cancer is highly specific for targeting cancer
cells. Lymphocytes, including CD8+T cells, are particularly
sensitive to the toxic effects of cancer therapy compared to other
cell types within the TME. Even low doses of IR, such as 3 Gy, have
been shown to significantly decrease the proliferation of
CD8 + T cells and reduce cytokine production upon T cell receptor
(TCR) stimulation.'® Additionally, significant upregulation of
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p16™** expression was observed in CD3+T cells following
chemotherapy and stem cell transplantation in some patients.
These senescent T cells exhibit a bias toward the expression of
transcripts associated with CD8 + T and NK cells.'®® This phenom-
enon has also been observed in breast cancer patients after
chemotherapy, where senescent CD8 + T cells were detected in
the tumor microenvironment.'%

THE DARK ROLE AND MOLECULAR MECHANISM OF THERAPY-
INDUCED SENESCENCE IN COMPROMISING CANCER THERAPY
The phenomenon of TISnt cells is intricate and multifaceted. The
dark side of these cells has gradually come to light. Elucidating the
underlying mechanisms governing the emergence of TISnt cells
and their persistent accumulation has become imperative for the
advancement of novel therapeutic strategies aimed at combating
cancer. Herein, we propose a comprehensive summary of five
putative mechanisms underlying TISnt cell-mediated impediments
to cancer therapy efficacy: SASP, metabolic dysregulation, immune
dysfunction and evasion, senescence escape and stemness
reprogramming, and an accumulated senescent state. These
mechanisms collectively present formidable challenges that must
be addressed to enhance the efficacy of cancer therapies (Fig. 2).

The deleterious effect of SASP

The SASP characterizes senescent cells, showcasing a secretome
encompassing numerous bioactive molecules, notably proinflam-
matory cytokines, growth factors, proteases, and protease
inhibitors.’1°71% |t is believed to foster a persistent, chronic,
and inflammatory microenvironment, perpetuate chronic inflam-
mation, drive angiogenesis, and enhance cancer cell aggressive-
ness, thereby fueling cancer progression and metastasis.?>%° As
typical components of the SASP and key mediators of the
inflammatory response, IL-1 and IL-6 are pivotal in triggering and
promoting inflammatory reactions to aggravate cancer progres-
sion.'% IL-32 and IL-11, also identified as proinflammatory factors
in the SASP, contribute to maintaining the inflammatory environ-
ment, thereby facilitating cancer progression.'’®'"" Exogenous
administration of the cytokines IL-6 and IL-8 in vitro induced a
senescent phenotype in MCF-7 cells, a low invasive breast cancer
cell line, thereby enhancing their migration and self-renewal
ability. This induction subsequently leads to the upregulation of IL-
6 and IL-8 secretion, establishing an autocrine loop.''? Consis-
tently, in cisplatin-induced senescent melanoma cells, the ERK1/2-
RSK1 pathway is activated through IL-1a expression to promote
the proliferation of nonsenescent cells and increase IL-8 secre-
tion,*® thus synergistically amplifying the SASP effect. Senescent
papillary thyroid carcinoma (PTC) cells exhibit enhanced invasion
potential attributed to elevated expression of IL-6, IL-8, and MMPs.
These cells facilitate the recruitment of non-senescent cancer cells
by activating the CXCL12/CXCR4 signaling pathway, consequently
promoting collective invasion in PTC."'® Apart from the intrinsic
secretion of TISnt cancer cells, SASP factors originating from the
surrounding TME predominantly exert deleterious effects on
cancer cells, with a significant portion derived from senescent
fibroblasts. For instance, senescent prostate fibroblasts induced by
bleomycin exhibit elevated levels of fibroblast growth factor 7
(FGF7), hepatocyte growth factor (HGF), and amphiregulin (AREG),
all of which increase the proliferation of cancer cells.”’ Senescent
mouse fibroblasts induced by adriamycin/paclitaxel treatment
aggravated the side effects of cancer treatment, including
inflammation, cardiac dysfunction, severe fatigue, and tumor
recurrence and metastasis. These effects are mediated by secreted
SASP proteins, such as IL-1q, IL-6, and CXCL1.7% IR-induced
senescent skin fibroblasts were also shown to increase sprouting
angiogenesis through SASP induced by IL-6 overexpression in 3D
microvessel-on-a-chip-containing fibroblasts.'* Senescent fibro-
blasts in human breast cancer showed upregulation of MMPs,
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accompanied by increased permeability of adjacent capillaries,
exposing cancer cells to higher levels of plasma products.”’
Furthermore, treatment with a CDK4/6 inhibitor in melanoma
resulted in increased SASP-associated transcripts, such as IL-6,
MMP3, CCL6, CCL8, and CCL11, in senescent fibroblasts. This
upregulation enhanced melanoma cell proliferation and tumor
growth in vivo, along with activation of NF-kB signaling.""”

The amount of SASP compounds released from TISnt endothe-
lial cells, such as the upregulation of CXCL11 and the secretion of a
large amount of proinflammatory cytokines, has also been
reported to promote the aggressiveness of breast cancer cells.*
Sunitinib has been shown to increase the expression of SASP
components in senescent endothelial cells. These components
included inflammatory chemokines, such as CCL6, complement
component C5a, chemerin, and IL-16. Their increase in SASP
production contributes to the enhanced recruitment of breast
cancer cells to vessels, thereby facilitating cancer cell migration.”®
The understanding of the TIS-related SASP originating from
immune cells within the TME remains limited. One study indicated
that CD158d-stimulated senescent NK cells secreted SASP factors,
promoting vascular remodeling and angiogenesis at sites expres-
sing HLA-G.”” IR-induced senescent macrophages in pulmonary
fibrosis exhibit increased SASP expression of profibrogenic and
proinflammatory factors, chemokines, and matrix metalloprotei-
nases.'”® These findings suggest the potential SASP of TISnt
immune cells can consequently impact treatment efficacy.

Metabolic dysregulation

Senescent cancer cells often exhibit a characteristic hypermeta-
bolic response, manifested as heightened metabolic activity,
notably increased glucose consumption and lactate produc-
tion.>>'"® In a murine lymphoma model, tumor cells displaying
TIS demonstrated augmented glucose uptake, enhanced fatty acid
catabolism, and elevated ATP generation through oxidative
phosphorylation. This metabolic shift was attributed to proteo-
toxic stress and the accumulation of SASP components following
cyclophosphamide and adriamycin chemotherapy. These effects
collectively activated an endoplasmic reticulum (ER) stress
response, initiating the unfolded protein response (UPR) and
triggering a ubiquitination-mediated autophagic cascade in
senescent cells.*® Investigations in melanoma have elucidated
the reciprocal relationship between metabolic alterations and
SASP. TISnt melanoma cells exhibit increased mitochondrial mass
and length, accompanied by increased energy metabolism and
coupling efficiency.''” This increase in mitochondrial energy
metabolism mediated by the mitochondrial fusion proteins
mitofusin 1 and 2 (MFN1 and 2) significantly potentiated the
secretion of IL-6, a key element of the SASP. Furthermore,
senescence-associated HMGAs regulated NAD+ metabolism
through enhanced glycolysis and mitochondrial energy metabo-
lism, thereby governing the proinflammatory SASP.''® Addition-
ally, it has been reported that human proliferative cells
experiencing mitochondrial dysfunction-associated senescence
exhibit reduced NAD +/NADH ratios, thereby leading to a
modified SASP that lacks the IL-1-dependent inflammatory arm.
This alteration occurs through AMP-activated protein kinase
(AMPK)-mediated activation of p53."" In breast cancer cells
treated with estrogen, mitochondrial dysfunction can induce a
senescent phenotype characterized by mitochondrial membrane
depolarization and increased accumulation of flattened lysosomes
and mitochondria. This phenomenon is accompanied by elevated
expression levels of LC3-I/ll, PTEN-induced putative kinase 1
(PINK1), and lysosome-associated membrane protein 2
(LAMP2)."2° Furthermore, ER stress represents another metabolic
trigger of TIS.">' SASP-producing TISnt lymphoma cells demon-
strate ER stress, the UPR, and increased ubiquitination. These TISnt
lymphomas are susceptible to interventions blocking glucose
utilization, leading to selective elimination through ER-related
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apoptosis mediated by caspase-12 and caspase-3.°° Notably,
augmented glutamine intake by cancer cells provides a nitrogen
source for nucleotide synthesis, aiding in evasion of the TIS state
and acquisition of CSC-like properties.'??

Stromal cells within the TME play a pivotal role in providing
nutrients and energy to cancer cells. Senescent stromal cells
exhibit a unique metabolic reprogramming phenotype character-
ized by pyruvate dehydrogenase kinase 4 (PDK4) -dependent
upregulation of aerobic glycolysis and elevated lactate secretion,
while preserving mitochondrial respiration and redox home-
ostasis. Notably, the accumulated lactate stimulates ROS genera-
tion through NOX1 activation, thereby driving the SASP.'?
Notably, senescent CAFs present in various cancers, contribute
to the establishment of a nutrient-rich microenvironment that
supports tumor growth through metabolic interactions between
catabolic fibroblasts and anabolic cancer cells. This metabolic
coupling is induced by ROS-induced metabolic stress responses,
resulting in heightened oxidative stress, autophagy, glycolysis, and
senescence in fibroblasts."**'?> Senescent fibroblasts, including
CAFs, undergo substantial metabolic changes, facilitating the
export of high-energy metabolites such as lactic acid, ketone
bodies, fatty acids, and glutamine through monocarboxylic acid
transporter 4 (MCT4). These exported metabolites serve as
essential energy sources for cancer cells.'?*"'?® Furthermore,
mitochondrial dysfunction in senescent fibroblasts contributes to
the accumulation of nitric oxide, ROS, and other bioactive
molecules within the surrounding TME, along with the production
of hydrogen peroxide.'®® Under conditions of oxidative stress,
senescent CAFs upregulate glycolytic flux, which not only sustains
their own SASP but also alters chemokine signaling—particularly
through enhanced CCL2 secretion. This chemokine gradient
promotes the recruitment of TAMs, facilitating immune evasion
and metastatic niche formation.'*® Furthermore, CAFs actively
remodel their senescent extracellular matrix (ECM) through
coordinated activation of glycolysis and glutamine metabolism
to regulate non-essential amino acid availability within the tumor
ecosystem.'*° This cascade fosters a positive feedback loop
between ROS release and cell senescence, thereby perpetuating
a distinctive metabolic microenvironment conducive to cell
senescence and enhanced cancer aggressiveness.

In contrast, impaired metabolism has been noted in T cells with
irreversible proliferation stagnation following low-dose IR expo-
sure, which is detrimental for T cell activation. This phenotype
manifests as a notable reduction in glucose uptake, glycolysis, and
metabolic efficiency.'® As CD8 + T cells rely on glycolysis during
terminal differentiation,’' these alterations underscore the
potential consequences of TIS-induced metabolic dysfunction on
the antitumor function of T cells. This scenario suggests a plausible
therapeutic vulnerability leading to immune evasion by the
majority of cancer cells. Evidence supporting this hypothesis
includes the observation of anergy in NK cells, weakening their
anticancer function following intense stimulation by cancer
therapy."? Furthermore, lactate-driven M2 polarization of TAMs
enhances pituitary adenoma invasiveness via SASP-mediated
CCL17 secretion.”® Consequently, metabolic dysfunction in
senescent immune cells may diminish their ability to compete
for nutrients or energy with cancer cells, thereby fostering
hypermetabolic reactions in cancer cells.

Immune dysfunction and evasion

Following anticancer therapy, senescent cells can elicit a potent
immunological response, potentially reshaping the immune TME
and enabling evasion of immune surveillance.”* Immunological
dysfunction is directly associated with TISnt immune cells. As
discussed above, when immune cells undergo TIS, they may lose
their normal function and become ineffective in carrying out their
roles in immune surveillance and defense against cancer cells. This
dysfunction could impair the ability of the immune system to
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recognize and eliminate cancer cells, potentially leading to
treatment resistance and disease progression.

The extrinsic impact of neighboring senescent cells holds
promise for modulating the immune TME. SASP activation, plays
pivotal roles in perturbing the surrounding TME.'®® It initially aids
in the clearance of senescent cells by the innate immune
system.'*® However, heightened SASP production by these
senescent cells can create a permissive microenvironment for
immune evasion by TISnt cancer cells.'®” In a murine lipid
metabolism model, p53 accumulation triggered hepatocellular
carcinoma (HCC) -associated SASP inflammatory responses—
including upregulation of hepatocyte growth factor (HGF), TNF,
IL-18, and CCL2—culminating in an immunosuppressive TME
conducive to HCC progression.'*® Emerging evidence highlights
the pivotal role of TISnt cells in reprogramming TAMs toward a
pro-tumorigenic M2 phenotype through distinct secretory
mechanisms. IR-induced senescent lung cancer cells can polarize
macrophages towards the M2 phenotype, and this polarization is
dependent on IL-13, regulated by the IGF-1 signaling pathway.'*’
In chemotherapy-induced senescent colon cancer cells, the
elevated M-CSF expression promotes the polarization of macro-
phages from the M1 to M2 phenotype.'*® Additionally, TISnt
cancer cells are characterized by their hypermetabolic nature,
leading to increased consumption of glucose and amino acids.
This metabolic behavior establishes conditions of nutrient
deprivation, impairing T cell metabolism and consequently
compromising immune cell function."*"'*? Notably, in patients
with refractory melanoma treated with adoptive T cell therapy,
tumor cells exhibit heightened glycolytic activity,'** indicating a
potential mechanism following anticancer therapy through which
cancer cells exploit T cell energy resources, leading to functional
impairment.

The dispersion and interactions of stromal cells around immune
cells in the TME are also crucial determinants of immune cell
function and ultimately influence the efficacy of immune-
mediated clearance of cancer cells. As discussed, the accumulation
of senescent stromal cells can lead to the reconstruction of
inflammatory microenvironments.'®'** Within such environments,
the functionality of CD8 + T cells can be hindered. This impairment
enables cancer cells to evade immune surveillance. Senescent
stromal cells from aging human skin exhibit a robust SASP
characterized by the release of canonical proinflammatory factors.
This SASP contributes to the development of an immunosuppres-
sive microenvironment by increasing the presence of MDSCs and
Treg cells, which also inhibits the function of CD8+T cells.”
CDK4/6 inhibitors in melanoma cause a potent SASP of TISnt
fibroblasts, leading to the recruitment of Gr-1-positive immune
cells that suppress antitumor immune response, thereby facilitat-
ing melanoma growth."'> Furthermore, irradiation triggered the
expression of atypical MHC molecules, such as MICA/B and HLA-E,
in senescent populations of both dermal fibroblasts and umbilical
vein endothelial cells. These molecules interact with NKG2A
expressed by NK and CD8+T cells. This interaction suppresses
immune responses to senescent cells.

Clearly, immune dysfunction triggered by senescent cells can
create a feedback loop that promotes the accumulation of TIS and
the development of an immunosuppressive microenvironment.
This condition, in turn, supports the immune escape of cancer
cells, fostering their cancer recurrence or metastasis. Although the
precise mechanisms underlying immune dysfunction and cancer
cell evasion following cancer therapy remain unclear, their
detrimental impact on cancer treatment warrants attention.

Senescence escape and stemness reprogramming

TIS can halt the proliferation of oncogenic cells.*” However, given
their genomic instability, some cancer cells can develop mechan-
isms to bypass senescence, allowing them to evade the growth
arrest induced by therapy. As reported, a small subset (1/106) of
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H1299 lung cancer cells lacking p16™*® and p53 evades
senescence induced by camptothecin and restores prolifera-
tion.*® Among adriamycin-induced senescent MCF-7 cells, a type
of breast cancer cell with wild-type p53 and null for p16'N**?, a
smaller population (1/27 000) managed to evade persistent
growth arrest, potentially acquiring resistance to therapies that
induce senescence.'® Subsequent research has further con-
firmed that cancer cells that evade the senescent state induced
by chemotherapy or radiation therapy.’''*® This evasion
mechanism reduces the effectiveness of treatment and increases
the risk of cancer recurrence, highlighting the importance
of understanding and addressing this aspect of cancer
biology.134’147

Emerging evidence highlights a paradoxical link between TIS and
CSC generation, where senescent cancer cells can acquire stem-like
properties to evade growth arrest and drive tumor recurrence. In
prostate cancer, doxorubicin-induced senescent cells exhibit
enhanced survival through CD133 +/CD44+ stemness markers,
suggesting senescence escape via stemness reprogramming.'®
Similarly in acute lymphoblastic and acute myeloid leukemia
models,> senescent lymphoma cells targeting H3K9me3 or p53
have been shown to spontaneously escape adriamycin-induced TIS.
Upon escaping senescence, these cells undergo reprogramming
into CSCs capable of initiating leukemia, exhibiting heightened self-
renewal ability and invasiveness dependent on the Wnt signaling
pathway.®> Furthermore, breast cancer cells that evade TIS exhibit a
flexible cancer stem cell-like identity, and distinct metabolic traits
rely on glutamine."”? Mechanistically, epigenetic regulation-
including DNA methyltransferases (Dnmt1, Dnmt3A), TET enzymes
(Tet1, Tet3), and chromatin remodelers (Jmjd3, Utx)- drive this
senescence-stemness reprogramming, enabling cancer cells to
bypass senescence and acquire stemness.'*® These findings also
indicate that the stemness reprogramming of TISnt cancer cells may
serve as a potential origin of CSCs.

This phenomenon, termed “senescence-associated stem-
ness”,"”® is further exemplified in liver cancer, where non-stem
(EpCAM-/CD133-) cells transition into Wnt/B-catenin-activated
CSCs post-senescence, enhancing tumor initiation.’® Another
study’" showed that some senescent breast cancer cells are able
to escape senescence and establish stable colonies with a CSC-like
aggressive phenotype characterized by elevated CD133 and Oct4
expression. This phenomenon was also observed in human breast
tumors following neoadjuvant chemotherapy.'®' Additional stu-
dies revealed a novel epigenetic synergism between the histone
variant macroH2A1 and DNA methylation in hepatocellular
carcinoma (HCC), facilitating the escape of cancer cells from
drug-induced senescence, thereby promoting the development of
a senescent-like phenotype.'>? Hypoxia further reinforces this link
by modulating the HIF-1a-TWIST-p21 axis to induced senescence
but sustain a pro-oncogenic CSC phenotype.’® In head and neck
cancer,'*® Pot1b loss triggers senescence, suppressing tumorigen-
esis in p53 + /+ mice but failing to block Lgr6+ CSC expansion in
p53—/— tumors, leading to metastasis. Depleting K15+ stem cells
or blocking Cxcr2/PI3K signaling reduces CSCs and induces
senescence, underscoring the dual role of senescence in both
tumor suppression and CSC-driven relapse.

However, further studies are needed to determine whether
other stromal cell types in the TME also have the potential to
evade senescence as well as stemness reprogramming. Indeed,
induced pluripotent stem cells (iPSCs) are established by
introducing specific transcription factors into somatic cells such
as fibroblasts. These factors reprogram the cells to a pluripotent
state. Research has shown that SASP components, such as IL-6,
can enhance the cellular reprogramming of iPSC generation.'*®
This discovery raises the possibility that certain senescent stromal
cells within the senescent microenvironment may also engage in
specific reprogramming mechanisms to evade senescence and
obtain stemness.
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An accumulated senescent state

The accumulation of age-related senescent cells within tissues or
organs can lead to deleterious consequences and the establish-
ment of a protumorigenic environment.>®'* TiSnt cells, char-
acterized by their enduring viability within the TME, exhibit traits
of cellular rigidity and immortality attributable to irreversible cell
cycle arrest. The accumulation of TISnt cells within the TME
orchestrates a senescence-amplified condition characterized by
chronic inflammatory and immunosuppressive attributes (Fig. 3).
Additionally, while a minority of TISnt cancer cells manage to
circumvent senescence, they have the capacity to undergo
reprogramming toward a CSC phenotype. The presence of
senescent reprogrammed CSCs exacerbates the cellular hetero-
geneity within the senescent microenvironment. These cells
disrupt the immunosurveillance mechanisms of the immune
microenvironment, thereby impeding the effective elimination
of cancer cells, including CSCs, to some degree."’

Stromal TISnt cells can maintain a long-term cell cycle arrest
state. For instance, lung fibroblasts induced to senesce by
fractionated 48 Gy irradiation have been shown to survive for
more than 6 months.”> A murine model engineered to accumulate
senescent fibroblasts through activation of the p27Kip1 allele has
been established, revealing the establishment of an inflammatory
microenvironment reliant on increased IL-6 levels, subsequently
fostering tumor growth.'*® The accumulation of senescent cells
has been associated with an increase in the stromal SASP."** The
stromal senescence-derived SASP further causes an increase in
immunosuppressive cellular subsets, such as Treg cells, along with
associated signaling molecules, culminating in the inhibition of
CD8 + T cell functionality. This immunosuppressive microenviron-
ment confers protection to cancer cells against immune-mediated
cytotoxicity.'® Senescent endothelial cells induced by sunitinib
chemotherapy exhibit prolonged survival and significant accumu-
lation.”® This TIS-associated accumulation contributes to the
secretion of SASP factors, which can attract breast cancer cells
to migrate toward blood vessels. Concurrently, the durative
downregulation of vascular endothelial cadherin (VEC) in senes-
cent endothelial cells may exacerbate the permeability of the
vascular endothelium, further enhancing the penetration and
dissemination of cancer cells.

Overall, the intricate secretory profiles of senescent cells
posttreatment underscore the significant contribution of the SASP
to cancer progression and treatment response. The SASP factors
also play a pivotal role in fostering the progression of senescence
within neighboring cells, thereby establishing a self-perpetuating
cycle culminating in the accumulation of senescent cells. Concur-
rently, inflammatory mediators, prominently interleukins and
chemokines constituting key constituents of the SASP, exert
pronounced effects on immune cell recruitment, particularly
favoring the influx of immunosuppressive cell populations (Fig. 3).
A persistent inflammatory state evokes compensatory immunosup-
pression, which inhibits proinflammatory processes by impairing
the functions of effector immune cells,'*® e.g., macrophages, T cells
and NK cells. Unfortunately, these cells are indispensable for
immune surveillance and the subsequent clearance of senescent
cells'®; ie., inflammation-induced immunosuppression prevents
the clearance of host tissues. The orchestrated interplay between
the SASP, chronic inflammation and immunosuppression, emerges
as a significant contributor to an increased senescence state.

TARGETING THERAPY-INDUCED SENESCENT CELLS IN CANCER:
OPPORTUNITIES AND CHALLENGES

Despite the detrimental effects of TISnt cells, they also represent a
potential focal point for improving cancer therapy efficacy. Efforts
to develop effective strategies targeting TISnt cells have gained
traction in recent years. These approaches aim to clear TISnt cells
or inhibit their function to improve cancer therapy (summarized in

SPRINGER NATURE



Persistent accumulation of therapy-induced senescent cells: an obstacle...
Luo et al.

10

Long-term response

Anticancer
therapies Short-term response
a TiSntcells b Tumor suppression c
‘St ) Immune recruitment

i /
Cell cycle stagnation DNA-damaged

cancer cell
""" N'i W TISnt cells

Epithelial cells (¢ Immunoeffective cells

Senescence escape
stemness e
reprogramming

A .
©) Immunosuppressive cells

@ Cancer stem cells AKX

Tumor promotion

Metabolic dysregulation

‘(f‘ (\JJ

= _ TIS- associated
immunosuppressive
miereenvironment

Cancer cells

< »

Fig. 3 A TIS-associated immunosuppressive microenvironment orchestrated by accumulated TISnt cells. a Anticancer therapy induces TISnt
cells. b In the early stages of cancer treatment, a tumor-suppressive effect is exerted by senescent cancer cells due to their arrested
proliferation and ability to recruit immune cells. ¢ As senescent cells persist within the TME for a long time, a persistently accumulating

immunosuppressive senescent state can be formed through multifaceted and interactive mechanisms,

including SASP, metabolic

dysregulation, senescence escape and stemness reprogramming, and immune dysfunction. Created with Adobe lllustrator Artwork

Fig. 4 and listed in Table 2). Combining such targeted approaches
with conventional treatments represents a synergistic approach,
namely a one-two punch therapy, to address the challenges posed
by TISnt cells.'®"

Senolytics to directly eliminate senescent cells

Killing senescent cells using pharmacological compounds, called
“senolytics”, is the most common strategy for clearing senescent
cells. Compared with nonsenescent cells, TISnt cells with DNA
damage are considered to be more likely to undergo apoptosis;
however, increased resistance to apoptosis enables them to
survive.'®>'%3 Multiple pro-survival proteins and pathways have
been explored as potential targets of senolytics (Table 2), most of
which have shown promising results in preclinical trials.

For instance, one of the most studied senolytics is Navitoclax
(ABT-263),'%* a BH3 mimetic targeting the antiapoptotic proteins
BCL2/BCL-XL/BCL-W, which has been confirmed to effectively
eliminate TISnt cancer cells in doxorubicin-treated mice exhibiting
breast cancer’®'®> and radiotherapy-treated mice exhibiting
glioma.'®® These preclinical studies showed that senolytics kill
TISnt cancer cells by inhibiting pro-survival signals, which can also
reduce tumor recurrence. Several natural products and their
derivatives exhibit potential as senolytic agents capable of
eliminating TISnt cancer cells and thereby enhancing cancer
therapy outcomes.'* GL-V9, a synthetic flavonoid analog of
wogonin, has been shown to eradicate senescent breast cancer
cells induced by doxorubicin, as well as senescent mouse
embryonic fibroblasts.'®” Indeed, senolytic agents designed to
target senescent cells within the TME have shown promise in
mitigating the adverse effects associated with TIS. FOXO4-p53
peptides have demonstrated efficacy in eliminating IR-induced
senescent fibroblasts. Moreover, these peptides have been found
to sensitize non-small cell lung cancer cells to radiotherapy,
potentially enhancing treatment outcomes.'®® However, senolytics
do not display high enough specificity to distinguish senescent
cells from normal cells, which may lead to secondary defects such
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as neutropenia and thrombocytopenia,'®®'”° limiting the clinical
application of senolytic therapies in human diseases.

A new senolytic strategy has been designed by exploiting the
SA-B-gal activity of senescent cells to enhance their sensitivity to
target senescent cells.'”" Cytotoxic drugs coated with galactoo-
ligosaccharides have been preferentially delivered to senescent
cells, achieving specific killing of TISnt cancer cells after
chemotherapy.'”?  Galactose-modified  duocarmycin  (GMD)
enhances the clearance of senescent cells that accumulate after
total body irradiation in mice, and the administration of GMD has
been shown to selectively reduce the number of (-catenin-
positive preneoplastic senescent cells in adamantinomatous
craniopharyngioma (ACP) mouse models.'”® A recent study also
revealed that a potent senolytic prodrug (Nav-Gal), which is a
combination of ABT-263 and galactose, significantly eradicates
TISnt lung cancer cells in vivo when combined with cisplatin
treatment, suppressing tumor growth and ABT-263-induced
platelet apoptosis.'”* Treatment strategies based on the char-
acteristics of senescent cells have great potential to improve the
specificity for killing TISnt cells, which contribute to improved
cancer treatment outcomes.

Strengthening immune cells to eliminate senescent cells
Mobilizing and enhancing the anticancer immunity of the TME
and further controlling and killing cancer cells has been proposed
as one of the most promising research directions in the field of
cancer therapy. A senescent TME with TISnt cells accumulated
develops during or after cancer therapy, resulting in an
immunosuppressive state.'”®® Therefore, restoring a functional
immune microenvironment might be another effective approach
for eliminating TISnt cells.'”®

Enhancing the activity of immune cells or rejuvenating the
senescent immune system is one approach that has been used to
assist in the surveillance of senescent cancer cells. The phenom-
enon of T cell dysfunction resulting from both senescence and
exhaustion poses a significant limitation to the efficacy of
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anticancer immunotherapy. One proposed strategy to mitigate
this limitation involves preventing senescence in tumor-specific
T cells through the inhibition of ATM and/or MAPK signaling
pathways. Concurrently, combining with anti-PD-L1 checkpoint
blockade is suggested to synergistically enhance antitumor
immune responses and thereby improve the overall efficacy of
immunotherapy.'’® IL-15 can regulate the delay or reversal of
senescence in CD8 + T cells through activation of the JAK3-STAT5
signaling pathway. This mechanism holds promise for rejuvenat-
ing immune cells, thereby enabling them to mount effective
antitumor responses, particularly in the context of TIS."””"'7® As
reported,’”® the combined treatment regimen involving a PARP
inhibitor and a CDK4/6 inhibitor effectively restructured an
antitumor environment characterized by heightened infiltration
of CD8 + T cells and NK cells, as well as a diminished presence of
macrophages and granulocytic MDSCs. Further complementing
this regimen with an anti-PD-L1 approach can target TISnt cells
triggered by these combined therapies. This one-two punch
approach reveals synergistic antitumor and immunomodulatory
effects, thereby augmenting therapeutic efficacy.

Updated protein and cell engineering strategies have made
great strides in enhancing the antitumor function of Engineered
tumor-specific chimeric antigen receptor (CAR) T cells, increasing
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cancer-targeting specificity, reforming the TME to improve
immunotherapeutic outcomes, and preventing tumor escape
and relapse.'® CAR-T cells also serve as effective senolytic agents
for targeting senescent cells.'®' In one study, CAR-T cells were
constructed specifically targeting urokinase plasminogen activator
receptor (UPAR), a cell surface protein widely expressed during
senescence. These uPAR-specific CAR-T cells effectively killed
senescent cells, prolonged the survival of mice with lung
adenocarcinoma treated with chemotherapy, and restored tissue
homeostasis to protect mice from liver fibrosis.'”®' Moreover, CAR-
T cells that target uPAR have been shown to have good
therapeutic effects on ovarian cancer.'®> However, a great
challenge in using CAR-T cells to eliminate senescent cells exists;
this strategy is highly dependent on the recognition of specific
senescent cell markers that are abundant and expressed at
different levels in cells of different origins.'®® Additionally, the
potential cytokine storm induced by CAR-T cell therapy requires
further investigation.'®*

Furthermore, Polyinosinic-polycytidylic acid, which mimics viral
infection, was administered to stimulate the innate immune
response and was shown to enhance the cytotoxicity of NK cells in
the liver to clear senescent cells, further controlling liver
fibrosis.'® Although this drug has not been considered for clinical
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use due to possible side effects, this result indicated that NK cell
activation may be an effective senolytic strategy. This strategy is
also supported by studies showing that IL-15 and IL-21, which are
SASP compounds, significantly promote NK cell-mediated anti-
tumor effects.'®'®” Chaturvedi et al. made a significant discovery
suggesting that the heterodimeric bifunctional fusion protein
complex HCW9218, which combines IL-15 immunostimulatory
and TGF-P antagonist activities, stimulated NK cells to reduce TISnt
cells and decreased SASP factors in nontarget tissues affected by
chemotherapy in mice with tumors.'®® However, in a senescent
TME, whether senescent NK cells are stimulated or cleared and
how senescent immune cells regulate tumor survival are more
complex remaining further exploration.

Enhancing the immunogenicity/antigenicity of senescent cells
The immunogenicity or antigenicity of cancer cells, which refers to
their capacity to elicit an immune response, plays a pivotal role in
activating specific immune cells, thereby stimulating their
proliferation and differentiation. This pivotal process dictates the
efficacy of immune surveillance in recognizing, monitoring, and
eradicating cancerous cells. Consequently, an alternative strategy
to target TISnt cells involves augmenting their immunogenicity,
thereby facilitating the recruitment of a greater number of
functional immune cells. Notably, the robust inflammatory profile
exhibited by senescent cells, reminiscent of cancer antigens,
represents one avenue through which this enhancement can be
achieved.

For instance, the coadministration of a CDK4/6 inhibitor with
trametinib yielded a more pronounced TIS state with proliferation
arrest in KRAS-mutant lung cancer cells. This combination therapy
amplified the secretion of SASP components such as TNF-a and
intercellular adhesion molecule-1 (ICAM-1). This heightened
expression of SASP factors further bolstered the surveillance of
NK cells, culminating in enhanced tumor regression.>® CCL2,
another prevalent component of the SASP, has been shown to
play a role in the recruitment of NK cells. This recruitment
mechanism has been shown to effectively eradicate senescent liver
cancer cells in murine models.'®® The concurrent administration of
CDK4/6 and MEK inhibitors in pancreatic ductal adenocarcinoma
(PDAC) has been shown to elevate the levels of vascular
endothelial growth factor (VEGF), leading to enhanced vascular
density. However, this treatment regimen also induces the
secretion of proinflammatory SASP molecules such as IL-6, CCL5,
and CXCL1, which in turn promote senescence in endothelial cells,
thereby increasing vascular permeability. Consequently, this
creates a favorable microenvironment for the infiltration of
CD8+T cells into the TME and facilitates the diffusion of the
chemotherapy drug gemcitabine, resulting in the effective
elimination of cancer cells.'”® Furthermore, the modified SASP
resulting from autophagy inhibition exhibited heightened efficacy
in inducing paracrine senescence in neighboring glioblastoma
multiforme (GBM) cells. It promoted a shift in macrophage
polarization toward the antitumor M1 state and hindered the
recruitment of protumor neutrophils to GBM tumor tissues.'®"

However, hastening the production of SASP may also exacer-
bate the senescent phenotype, potentially perpetuating the
remodeling of the senescent microenvironment. This phenom-
enon, in turn, is counterproductive for efficacious cancer treat-
ment. This also highlights the dynamic nature of the SASP, which
can shift depending on factors such as the stage of senescence,
the presence of other cell types in the microenvironment, and the
overall context of tissue physiology and pathology.?”'9% Therefore,
the development of methodologies capable of precisely regulat-
ing the equilibrium of the SASP within the senescent TME presents
a significant hurdle in realizing the optimal outcome of targeting
senescent cells to augment cancer therapy.

As mentioned above, senescent cells can be targeted for
elimination directly through the use of senolytics or indirectly
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through immune-mediated mechanisms. However, a major
challenge in clearing senescent cells lies in the low specificity of
senolytic agents observed in preclinical studies. Improving
specificity is crucial, as complete eradication of senescent cells
may introduce novel complexities to cancer therapy outcomes
and patient overall health. The comprehensive removal of
senescent cells may have adverse effects on tissue repair
processes, as evidenced by studies demonstrating wound healing
defects in mice subjected to senescent cell clearance.'®® Notably,
recent research has highlighted the deleterious consequences of
eliminating senescent hepatic sinusoidal endothelial cells in
murine models. This intervention results in the disruption of
blood-tissue barriers, exacerbating liver fibrosis and compromising
overall health. Importantly, the absence of replacement for
eliminated senescent sinusoidal endothelial cells underscores
the structural and functional deterioration observed.®* These
findings suggest that elderly cancer patients receiving treatments
aimed at eliminating TISnt cells may face heightened health risks,
as their physiological resilience to such interventions may be
compromised.

Targeting the SASP of therapy-induced senescent cells

The potential risks associated with the direct elimination of
senescent cells have prompted scholars to shift their focus toward
the senescence-associated secretory phenotype (SASP).'?> In
combination with predominantly proinflammatory and immuno-
suppressive factors, the SASP is a promising target for interven-
tion. Consequently, strategies aimed at modulating the SASP,
termed senomorphics (Table 2), have been developed. Unlike
senolytics, senomorphic drugs do not induce cell death but rather
aim to mitigate the detrimental effects of the SASP. According to
the targets of the SASP, senomorphics can be categorized into
four main groups: those aimed at inhibiting individual SASP
factors, those targeting key signaling molecules involved in SASP
regulation, those modulating SASP-related metabolic vulnerabil-
ities, and those SASP-regulated immune modulation.

Among SASP cytokines, both IL-1 and IL-6 are proinflammatory
cytokines. In the context of senescence, IL-1 and IL-6 contribute to
the establishment and maintenance of the senescent phenotype
by promoting inflammation and reinforcing senescence-
associated growth arrest.'”®"'%° Anakinra and tocilizumab, which
individually antagonize IL-1R and IL-6R, effectively block the self-
amplifying feedback loop of IL-1 and IL-6, thereby impeding the
senescence process.'”® A study utilizing a patient-derived
xenograft high-grade serous ovarian carcinoma model demon-
strated that the inhibition of the IL-6-mediated SASP feedback
loop can prevent PGCC formation, attenuate embryonic stemness,
and suppress the CAF phenotype, ultimately relieving cancer
progression and sensitizing tumors to chemotherapy.?®° Similarly,
IL-1 inhibition, an approach contributing to the prevention of
inflammatory CAF senescence in radiotherapy, could sensitize
mice bearing rectal cancer to irradiation.'*® Like IL-6 and IL-1, TGF-
B is one of the most prominent SASP factors associated with
chronic inflammation and immune suppression in cancer.2°'~2%
As reported,®®* cellular senescence can spread between hepato-
cytes in a loop driven by TGF-B released from macrophages.
Inhibiting TGF- signaling following acetaminophen-induced liver
injury decreased senescence, leading to enhanced regeneration
and increased survival in a mouse model of acute liver injury and
failure. Furthermore, in an immunocompetent mouse model of
lung cancer, TGF-3 induced a more profound senescent state
under hypoxic conditions, and blocking TGF-f signaling in tumors
eliminated naturally occurring senescent cells, reduced SASP
levels, and diminished immunosuppressive immune cell infiltra-
tion, ultimately leading to antitumor effects.”

Another effective method of senomorphics involves blocking
the key signaling pathways regulating SASP to attenuate the
negative effect on cancer therapy. For example, mTOR is the key
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molecule that mediates SASP pathways by regulating the
translation of upstream regulatory factors, such as the NF-kB
and MK2 kinases.?®>?° Some scholars have reported that
rapamycin, an mTOR inhibitor, selectively inhibits the SASP effect
in senescent mouse fibroblasts, limiting the tumor-promoting
ability of the SASP in vivo.2’> Metformin, which blocks cancer
metabolic plasticity and growth,?®” reduces SASP production by
regulating NF-kB signaling in aging-related diseases.?® The TIS-
induced reshaped TME in pancreatic ductal adenocarcinoma
(PDAC) suppresses the surveillance functions of NK cells and
T cells by epigenetically repressing proinflammatory SASP genes, a
process facilitated by EZH2 activity. Consequently, the blockade of
EZH2 has been demonstrated to promote the production of SASP
chemokines such as CCL2 and CXCL9/10. This augmentation leads
to increased infiltration of NK cells and T cells into the TME,
uItimateIg resulting in the eradication of PDAC in murine
models.?*

A sophisticated interplay between the SASP and cellular
metabolism has been revealed, suggesting the potential to
disrupt SASP effects by modulating cancer metabolism. Treatment
with the mitochondria-targeting antioxidant MitoQ inhibits the
SASP in senescent melanocytes, thereby reducing the associated
epidermal damage. This treatment further mirrored the effects of
the senolytic drug ABT737 in eliminating senescent melano-
cytes.?’® Upregulated expression of nicotinamide phosphoribosyl-
transferase (NAMPT) in senescent cells enhances glycolytic and
mitochondrial oxidative phosphorylation activities via NAD+
metabolism. Inhibiting NAMPT suppresses SASP production
through AMPK-p53 signaling, preventing senescent cells from
stimulating cancer cell proliferation.''® Cell survival after irradia-
tion hinges on boosting glutaminolysis-dependent energy meta-
bolism.2"" Inhibiting glutaminolysis led to the emergence of
B-galactosidase-positive and IL-6/IL-8-secreting cells within irra-
diated tumor cells. When ABT263 was administered in combina-
tion, these senescent cells transitioned into apoptotic cells. These
results reinforce the idea that combining a glutaminolysis inhibitor
with a senolytic agent can significantly improve the effectiveness
of radiotherapy.?'? In addition, Lactate fosters a pro-inflammatory
and pathogenic phenotype in aged B cells, contributing to the
release of SASP mediators and autoimmune antibodies such as
anti-dsDNA. Mediated by SLC5A12, these lactate-driven effects
also shift CD4 + T cells toward a pro-inflammatory state. Targeting
lactate metabolism in B cells presents a potential strategy to
reduce inflammation and senescence, thereby mitigating immune
dysfunction in cancer.?’>*'* Furthermore, inhibiting PDK4 redir-
ects cellular metabolism toward mitochondrial oxidative phos-
phorylation, curbing SASP-associated cytokine production and
enhancing the sensitivity of senescent cells to apoptosis-inducing
agents. Combining lactate export inhibition and PDK4 targeting
with senolytic drugs may enhance therapeutic efficacy in
addressing TIS and improving cancer treatment outcomes.'?*?'°

The interplay between SASP modulation and immune therapy
warrants further exploration. Some SASP factors, such as
chemokines like CCL2 and CXCL10, can recruit cytotoxic T cells
and NK cells, potentially enhancing the immune response against
tumors. Conversely, other SASP components, including TGF-$3 and
IL-10, contribute to immunosuppression b7y fostering regulatory
T cells (Tregs) and M2 macrophages.?'®?'” Selectively targeting
the immunosuppressive elements of the SASP while preserving its
immune-stimulatory effects could enhance the efficacy of immune
checkpoint inhibitors (ICls) and restore anti-tumor immunity. A
study demonstrated that enhancing the SASP in senescent ovarian
cancer cells using topoisomerase 1 (TOP1) inhibitors like
irinotecan  sensitized tumors to anti-PD-1 therapy.?'® This
approach resulted in elevated infiltration of activated CD8 +
T cells and dendritic cells into the tumor bed, leading to reduced
tumor burden and improved survival in a syngeneic mouse model.
TGF-B, a key SASP component, exerts potent immunosuppressive
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effects within the TME. By inhibiting CD8 + T cell activity, TGF-3
facilitates lung metastasis of HCC. However, the combination of a
TGFBR1 inhibitor with anti-PD-L1 therapy significantly suppressed
SOX18-mediated HCC progression and metastasis, demonstrating
a strong therapeutic synergy.>'® Furthermore, SASP-responsive
macrophages often adopt an M2-like phenotype, contributing to
tumor progression. Inhibiting the colony-stimulating factor 1
receptor (CSF1R) can repolarize macrophages towards a pro-
inflammatory M1-like phenotype, enhancing anti-tumor immunity
and counteracting the tumor-supportive effects of the SASP. A
study revealed that CSF1R inhibitors facilitated macrophage
repolarization by blocking cholesterol biosynthesis, which sig-
nificantly increased the efficacy of PD-1 antibody treatment in
colorectal cancer models.?*° These findings underscore the
potential of combining SASP-modulating therapies with ICls to
enhance anti-tumor immune responses. While direct evidence of
SASP-targeting strategies in combination with ICls remains limited,
these preclinical studies provide a solid foundation for further
research and the development of more effective cancer
immunotherapies.

Overall, the involvement of the SASP in anticancer therapy is
highly intricate, suggesting that indiscriminate targeting of the
SASP could lead to unintended consequences, such as impeding
immunological surveillance. Studies have shown that inhibiting IL-
1 signaling can disrupt immune surveillance, facilitating cancer
cell evasion and survival in the presence of therapies.??
Conversely, elevating certain SASP components has been found
to enhance the recruitment of immune cells, promoting the
elimination of TISnt cancer cells.'®® Therefore, it is crucial to
carefully modulate SASP components within the TME by
specifically targeting identified markers rather than arbitrarily
reducing them.

CONCLUSIONS AND PERSPECTIVES IN THE CONTEXT OF HEAD
AND NECK CANCER

TIS is a common response to cancer therapies, but accumulating
evidence shows that TISnt cells persist in the tumor microenvir-
onment (TME) and contribute to immunosuppression, hindering
treatment effectiveness. These heterogeneous TISnt cells, particu-
larly those expressing SASP factors, create a chronic inflammatory
environment that promotes tumor progression and therapy
resistance. Metabolically dysregulated senescent cells may further
suppress immunity by interacting with proinflammatory SASP
components, while also evading immune surveillance through
immune checkpoint molecules, such as PD-L1. Additionally,
senescent cells undergoing stemness reprogramming gain
resistance to apoptosis and contribute to a more heterogeneous,
immune-evasive microenvironment. To address this, targeting
TISnt cells with senolytics, combined with strategies to modulate
the SASP or enhance immune responses, may help reduce the
senescence-accumulated immunosuppression and improve can-
cer treatment outcomes.

However, navigating the complexities of TISnt cell biology and
interactions within the TME remains a formidable task, particularly
in the context of head and neck cancer with highly intrinsic
heterogeneity. Head and neck cancer is a prevalent malignancy
worldwide, with incidence and mortality rates varying across
regions due to differences in lifestyle and environmental factors.
Despite advances in diagnostic and therapeutic technologies,
overall survival rates have seen limited improvement. The primary
challenges lie in the high heterogeneity of the disease, late-stage
diagnosis in many cases, the immunosuppressive nature of the
tumor microenvironment, and the toxicity associated with
treatments.>'*?" Surgical intervention is often limited by the
complex anatomy and risk of functional impairment, leaving most
patients reliant on radiotherapy, chemotherapy, or targeted
therapies.”?? However, these conventional therapies, while initially
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effective in reducing tumor burden, are frequently hindered by
immune evasion and therapy resistance, and often induce
TISnt cells.

As previously reported, resistance to radio- and chemotherapy-
induced cell death constitutes a major determinant of treatment
failure in oncology®?® and remains a persistent clinical challenge in
head and neck squamous cell carcinoma (HNSCC), which accounts
for over 90% of all head and neck cancers.?** Scholars revealed
that resistance to radiotherapy was strongly associated with the
early induction of senescence in HNSCC cells, accompanied by NF-
kB-dependent production of senescence-associated cytokines,
particularly CXCR2 ligands.'® These cytokines, secreted in a non-
cell autonomous, paracrine manner, create an immune-evasive
microenvironment that fosters radioresistance.”?> The heteroge-
neity of HNSCC also influences the composition of SASPs during
treatment-induced senescence. Radiotherapy-resistant CAL-33
cells upregulate SASP factors, including IL-1q, IL-13, CXCL1, CXCL2,
CXCL3, CXCL6, CXCL8, GM-CSF, and IL-6. In contrast, the
radiotherapy-sensitive UDSCC2 cell line predominantly produces
interferon-related SASP molecules such as CXCL10 and CXCL11.
Additionally, Cal-27 and HSC6 cells secrete IL-1, IL-6, CXCL1, GM-
CSF, G-CSF, and MMP1, promoting the proliferation of surrounding
non-senescent cancer cells through the release of small extra-
cellular vesicles (sEVs).'>??® Senescent HNSCC cells regulate
cytokine production through the inflammasome/IL-10/NF-kB axis.
Pharmacological inhibition of NF-kB using metformin effectively
reduces the production of SASP cytokines, significantly enhancing
radiotherapy efficacy both in vitro and in vivo.??” Additionally,
during cis-diamminedichloroplatinum (ll)-induced senescence in
OSCC, the TME exhibits increased dense, thick collagen fibers. This
desmoplasia-like change is primarily driven by SASP factors, such
as CCL5 and IL-13, which induce the transformation of M1
macrophages into an M2 phenotype, further contributing to the
immunosuppressive TME.>? In light of these findings, the senolytic
agent ABT-263 (Navitoclax) has been investigated as a potential
therapeutic strategy to improve treatment outcomes in HNSCC,
particularly  following cisplatin-based  chemoradiotherapy.®
Furthermore, the combination of CDK4/6 inhibitor palbociclib
with ABT-263 has been shown to significantly enhance apoptosis
and reduce cell survival in HPV — HNSCC cell lines compared to
monotherapy.” In addition, oral fibroblasts undergoing senes-
cence due to cisplatin, other DNA-damaging agents, or aging, as
well as by inherently senescent CAFs, contribute to the develop-
ment of an inflammatory SASP, which promotes the pro-
tumorigenic effects of chemotherapy on the TME.>*®® However,
while TISnt cancer cells have been well studied in the context of
their impact on therapeutic efficacy, there is limited research on
the senescence of other cell types within the head and neck
cancer microenvironment and their subsequent effects on
treatment outcomes.

Undoubtedly, the heterogeneity of TISnt cell populations and
their dynamic nature underscore the need for comprehensive
research efforts to uncover optimal therapeutic targets and
strategies. Advances in genetic studies aimed at elucidating the
lifecycle of senescent cells hold significant promise for potential
breakthroughs. By utilizing single-cell RNA sequencing techniques,
researchers have made strides in unraveling the intricate changes
in cellular states throughout the lifespan of mice.?? This approach
has enabled comprehensive mapping of the single-cell transcrip-
tome and cellular specificity across diverse tissues and organs,*°
facilitating thorough exploration and identification of distinct cell
subpopulations implicated in age-related diseases.”*'233 Single-
cell sequencing methodologies offer a valuable tool for generat-
ing detailed insights into the landscape of TISnt cells within cancer
(Fig. 5a). By characterizing the gene expression profiles and
secretome of individual cell types at various stages of senescence,
researchers can construct a comprehensive map of TISnt cell
dynamics in the context of cancer progression. These techniques,
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such as the Cellular Senescence Network,>* enable the identifica-
tion of the predominant cell types among TISnt cells, facilitating a
focused approach that allows for the precise targeting of the
specific cell types driving senescence within TME. This holistic
understanding of TISnt cells, encompassing their molecular
signatures and functional attributes, is paramount for informing
the development of TIS-targeted therapeutic strategies aimed at
mitigating their deleterious effects on cancer treatment outcomes.

Secondly, the SASP produced by TISnt cells is also noted for its
diverse and dynamic nature. SASP factors play a significant role in
TME, contributing to both tumor progression and immune
modulation. Key SASP factors, such as pro-inflammatory cytokines
(e.g., IL-6, IL-8), growth factors (e.g., VEGF), and matrix remodeling
enzymes (e.g, MMPs), have been shown to promote tumor
progression and immune evasion by recruiting and activating
immunosuppressive cells like M2 macrophages and regulatory T
cells (Tregs). To effectively target TISnt cells and mitigate their
detrimental effects, it is crucial to identify the key SASP factors
involved in these processes (Fig. 5b). For instance, genomic
profiling can be used to identify differentially expressed genes in
TISnt cells, providing insights into the molecular pathways driving
SASP production. RNA sequencing (RNA-seq) allows for compre-
hensive mRNA expression analysis, enabling the identification of
novel SASP factors and their regulatory mechanisms. Proteomics,
including mass spectrometry, can be employed to analyze protein
expression and interactions, offering a deeper understanding of
the signaling pathways activated in TISnt cells. Metabolomics can
be used to profile metabolic alterations in TISnt cells, providing
insights into how cellular metabolism supports SASP production
and its role in tumor progression. Particularly, a key research
priority is understanding how TISnt cells interact with and remodel
the immune microenvironment, which is often immunosuppres-
sive due to SASP factors. Investigating ways to fine-tune SASP to
enhance immune clearance while mitigating its tumor-promoting
effects remains a crucial research priority. By discerning the most
critical components of the SASP, researchers can develop tailored
therapeutic strategies designed to disrupt the protumorigenic
effects exerted by TISnt cells. The use of senomorphics to
selectively suppress deleterious SASP components while preser-
ving immune-stimulatory factors could help achieve this balance.

Finally, while targeting TISnt cells holds promise for improving
cancer therapy efficacy, potential side effects and unintended
consequences must be carefully considered. Therapeutic inter-
ventions aimed at TISnt cells may inadvertently disrupt normal
tissue function or trigger immune-related adverse events.?>*
Therefore, a balanced approach that weighs the benefits against
potential risks is essential in the development and implementation
of TISnt cell-targeted therapies (Fig. 5c). Senolytics are agents that
selectively induce cell death of senescent cells, while seno-
morphics modulate the senescent cell phenotype to attenuate its
deleterious effects. The employment of these compounds can be
strategically optimized by leveraging insights into the predomi-
nant senescent cell populations and the functional composition of
the SASP. For example, pan-mTOR inhibitors could synergistically
enhance the senolytic activity of Navitoclax, effectively reducing
the accumulation of TISnt cells and mitigating SASP in both
cellular models and Drosophila.”*® Furthermore, integrating
strategies to enhance host immune responses offers a promising
avenue to augment the effectiveness of senolytic and seno-
morphic therapies. Approaches such as immune checkpoint
inhibitors, cytokine therapies, or vaccines targeting senescent
cell-specific antigens can bolster the immune system’s capacity to
identify and eliminate senescent cells. Identifying immunosup-
pressive biomarkers to distinguish TISnt cells from normal
senescent cells could improve precision targeting. Additionally,
agents targeting metabolic or epigenetic modifications may help
reprogram senescent cells for immune clearance or apopto-
sis." %37 These combinatorial strategies hold significant potential
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These compounds can be employed in various combinations, taking into account insights into the predominant senescent cell type and the
functional composition of the SASP. Additionally, strategies aimed at stimulating host immunity can enhance the efficacy of senolytic and
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for the efficient clearance of TISnt cells, thereby overcoming
therapeutic resistance.

Obviously, TISnt cells pose a considerable barrier to the long-
term success of cancer treatment, particularly in head and neck
cancers. However, they also represent a critical therapeutic target,
offering opportunities to innovate treatment paradigms to over-
come therapy resistance. How to develop “one-two punch” strategy
more precisely holds significant promise to overcoming therapy
resistance linked to TISnt cells. Computational modeling
approaches are revolutionizing our understanding of TISnt cell
dynamics and resistance mechanisms by bridging multiscale
biological data with predictive analytics. For instance, Whole-cell
models, such as those developed by Karr et al**%, can simulate
genotype-to-phenotype relationships in TISnt cells, predicting how
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driver mutations (e.g., TP53/CDKN2A) alter metabolic and secretory
profiles (e.g., NAD* dependency, SASP heterogeneity) to sustain
survival under therapy. 3D genome modeling platforms, such as
OpenNucleome?®® reveal that rare chromatin interactions; such as
NF-kB-enhancer loops, may perpetuate pro-survival SASP signals
despite senolytic pressure. Agent-based models (ABMs)**° can map
spatial crosstalk between TIS cells and immune infiltrates, identify-
ing optimal windows for combining senolytics (e.g., ABT-263) with
checkpoint inhibitors. Furthermore, machine learning approaches
can leverage published screening data to discover novel senolytic
compounds. For example, oleandrin has shown greater potency
and activity in targeting Na + /K+ATPase and its senolytic effector
NOXA compared to known cardiac glycosides with senolytic
properties.®*' A machine learning-based tool, Senescent Cell
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Identification (SenCID), can accurately detect senescent cells in bulk
and single-cell transcriptomic data, to distinguish senescence
baselines, assess stemness, predict gene functions, and evaluate
responses to senolytic treatments.?*> These computational and
machine learning strategies hold significant potential for advancing
personalized cancer therapies by optimizing senescence-targeted
treatments in HNC. In summary, by integrating these approaches,
we can not only improve direct cancer cell eradication but also
mitigate TIS-driven immunosuppression and recurrence. Continued
research into intricate molecular mechanisms driving TISnt cell
dynamics and therapy resistance is essential to optimize this
strategy. Ultimately, such targeted, computationally guided
approaches have the potential to transform therapeutic efficacy
and clinical outcomes in HNC.

ACKNOWLEDGEMENTS

This work was supported by Noncommunicable Chronic Diseases-National Science
and Technology Major Project (No. 2023ZD0503000), National Natural Science
Foundation of China (No. 82301095, 82301094), Sichuan Science and Technology
Program (No. 2025ZNSFSC0548, 2024YFFK0373), and the Research Funding from
West China Hospital of Stomatology, Sichuan University (No. RD-03-202410). We'd
like to thank Bachelor Yuanyi Xiang and Master Deyang Wu for their assistance in
Figs. 1 and 3. Additionally, we would like to express our great gratitude to the
professional language editing service from Elsevier Author Services (EAS) and
American Journal Experts (AJE).

AUTHOR CONTRIBUTIONS

Conceptualization and supervision, H.M.Z., J.J.Luo and X.K.S,; original draft, J.J.Luo and
T.X.S. review and editing, HM.Z,, XKS., ZH.L, and S.M.W.; Figures, T.X.S., J.J.Liu and
JJ.Luo; Tables, JJ.Luo, T.X.S., and Y.F.L,; literatures collection and organization, T.X.S.
and Y.F.L; Fundings, HM.Z,, XKS., JJ.Luo and S.M.W. All authors implemented and
approved the final manuscript.

ADDITIONAL INFORMATION

Competing interests: The authors declare no competing interests.

REFERENCES

1. Nardella, C., Clohessy, J. G., Alimonti, A. & Pandolfi, P. P. Pro-senescence therapy
for cancer treatment. Nat. Rev. Cancer 11, 503-511 (2011).

2. Vassilev, L. T. et al. In vivo activation of the p53 pathway by small-molecule
antagonists of MDM2. Science 303, 844-848 (2004).

3. Kelland, L. Targeting the limitless replicative potential of cancer: the telomerase/
telomere pathway. Clin. Cancer Res. 13, 4960-4963 (2007).

4. Alotaibi, M. et al. Radiosensitization by PARP Inhibition in DNA repair proficient
and deficient tumor cells: proliferative recovery in senescent cells. Radiat. Res.
185, 229-245 (2016).

5. Milanovic, M. et al. Senescence-associated reprogramming promotes cancer
stemness. Nature 553, 96-100 (2018).

6. Palazzo, A. et al. Transformed cells after senescence give rise to more severe
tumor phenotypes than transformed non-senescent cells. Cancer Lett. 546,
215850 (2022).

7. Wiesmann, N. et al. Zinc Oxide nanoparticles can intervene in radiation-induced
senescence and eradicate residual tumor cells. Cancers 13, https://doi.org/
10.3390/cancers13122989 (2021).

8. Ahmadinejad, F. et al. Senolytic-mediated elimination of head and neck tumor
cells induced into senescence by Cisplatin. Mol. Pharm. 101, 168-180 (2022).

9. Gadsden, N. J. et al. Palbociclib renders human papilloma virus-negative head
and neck squamous cell carcinoma vulnerable to the senolytic agent navitoclax.
Mol. Cancer Res. 19, 862-873 (2021).

10. Ragunathan, K., Upfold, N. L. E. & Oksenych, V. Interaction between fibroblasts
and immune cells following DNA damage induced by ionizing radiation. Int. J.
Mol. Sci. 21, https://doi.org/10.3390/ijms21228635 (2020).

11. Barker, H. E, Paget, J. T, Khan, A. A. & Harrington, K. J. The tumour micro-
environment after radiotherapy: mechanisms of resistance and recurrence. Nat.
Rev. Cancer 15, 409-425 (2015).

12. Lopez-Otin, C, Blasco, M. A,, Partridge, L., Serrano, M. & Kroemer, G. Hallmarks of
aging: an expanding universe. Cell 186, 243-278 (2023).

International Journal of Oral Science (2025)17:59

Persistent accumulation of therapy-induced senescent cells: an obstacle...
Luo et al.

13. Liu, H., Zhao, H. & Sun, Y. Tumor microenvironment and cellular senescence:
understanding therapeutic resistance and harnessing strategies. Semin. Cancer
Biol. 86, 769-781 (2022).

14. Li, Q. et al. Chemotherapy-Induced senescence reprogramming promotes
nasopharyngeal carcinoma metastasis by circRNA-Mediated PKR Activation. Adv.
Sci.10, e2205668 (2023).

15. Schoetz, U. et al. Early senescence and production of senescence-associated
cytokines are major determinants of radioresistance in head-and-neck squa-
mous cell carcinoma. Cell Death Dis. 12, 1162 (2021).

16. Liy, Y. et al. lonizing radiation-induced “zombie” carcinoma-associated fibroblasts
with suppressed pro-radioresistance on OSCC cells. Oral. Dis. 29, 563-573 (2023).

17. D'Ambrosio, M. & Gil, J. Reshaping of the tumor microenvironment by cellular
senescence: an opportunity for senotherapies. Dev. Cell 58, 1007-1021 (2023).

18. Pardella, E. et al. Therapy-induced stromal senescence promoting aggressive-
ness of prostate and ovarian cancer. Cells 11, https://doi.org/10.3390/
cells11244026 (2022).

19. Ruhland, M. K. et al. Stromal senescence establishes an immunosuppressive
microenvironment that drives tumorigenesis. Nat. Commun. 7, 11762 (2016).

20. Fane, M. & Weeraratna, A. T. How the ageing microenvironment influences
tumour progression. Nat. Rev. Cancer 20, 89-106 (2020).

21. Chambers, C. R, Ritchie, S. Pereira, B. A. & Timpson, P. Overcoming the
senescence-associated secretory phenotype (SASP): a complex mechanism of
resistance in the treatment of cancer. Mol. Oncol. 15, 3242-3255 (2021).

22. Acosta, J. C. et al. A complex secretory program orchestrated by the inflam-
masome controls paracrine senescence. Nat. Cell Biol. 15, 978-990 (2013).

23. Zhu, M. et al. Interleukin-13 promotes cellular senescence through inducing
mitochondrial dysfunction in IgG4-related sialadenitis. Int. J. Oral. Sci. 14, 29
(2022).

24. Giannoula, Y., Kroemer, G. & Pietrocola, F. Cellular senescence and the host
immune system in aging and age-related disorders. Biomed. J. 46, 100581
(2023).

25. Salminen, A. Feed-forward regulation between cellular senescence and immu-
nosuppression promotes the aging process and age-related diseases. Ageing
Res. Rev. 67, 101280 (2021).

26. Matsuda, S. et al. TGF-beta in the microenvironment induces a physiologically
occurring immune-suppressive senescent state. Cell Rep. 42, 112129 (2023).

27. Malaquin, N. & Rodier, F. Dynamic and scalable assessment of the senescence-
associated secretory phenotype (SASP). Methods Cell Biol. 181, 181-195
(2024).

28. De Martino, M. et al. Blockade of Stat3 oncogene addiction induces cellular
senescence and reveals a cell-nonautonomous activity suitable for cancer
immunotherapy. Oncoimmunology 9, 1715767 (2020).

29. Wang, Z,, Gao, J,, Liu, H., Ohno, Y. & Xu, C. Targeting senescent cells and tumor
therapy (Review). Int. J. Mol. Med. 46, 1603-1610 (2020).

30. Munoz-Espin, D. & Serrano, M. Cellular senescence: from physiology to pathol-
ogy. Nat. Rev. Mol. Cell Biol. 15, 482-496 (2014).

31. Horton, J. D,, Knochelmann, H. M,, Day, T. A, Paulos, C. M. & Neskey, D. M.
Immune evasion by head and neck cancer: foundations for combination ther-
apy. Trends Cancer 5, 208-232 (2019).

32. Nishimura, J. et al. CDDP-induced desmoplasia-like changes in oral cancer tis-
sues are related to SASP-related factors induced by the senescence of cancer
cells. Int. Inmunopharmacol. 136, 112377 (2024).

33. Liu, H. et al. Nasopharyngeal carcinoma: current views on the tumor micro-
environment’s impact on drug resistance and clinical outcomes. Mol. Cancer 23,
20 (2024).

34. Khan, C. & Rusan, N. M. Using Drosophila to uncover the role of organismal
physiology and the tumor microenvironment in cancer. Trends Cancer https://
doi.org/10.1016/j.trecan.2024.01.007 (2024).

35. Lacas, B. et al. Role of radiotherapy fractionation in head and neck cancers
(MARCH): an updated meta-analysis. Lancet Oncol. 18, 1221-1237 (2017).

36. Schaue, D. & McBride, W. H. Opportunities and challenges of radiotherapy for
treating cancer. Nat. Rev. Clin. Oncol. 12, 527-540 (2015).

37. Chen, Z. et al. Cellular senescence in ionizing radiation (Review). Oncol. Rep. 42,
883-894 (2019).

38. Tabasso, A. F. S, Jones, D. J. L, Jones, G. D. D. & Macip, S. Radiotherapy-induced
senescence and its effects on responses to treatment. Clin. Oncol.31, 283-289
(2019).

39. Lagadec, C. et al. Survival and self-renewing capacity of breast cancer initiating
cells during fractionated radiation treatment. Breast Cancer Res. 12, R13 (2010).

40. Luo, H. et al. Resveratrol enhances ionizing radiation-induced premature
senescence in lung cancer cells. Int. J. Oncol. 43, 1999-2006 (2013).

41. Luo, H. et al. Activation of p53 with Nutlin-3a radiosensitizes lung cancer cells
via enhancing radiation-induced premature senescence. Lung Cancer 81,
167-173 (2013).

SPRINGER NATURE

17


https://doi.org/10.3390/cancers13122989
https://doi.org/10.3390/cancers13122989
https://doi.org/10.3390/ijms21228635
https://doi.org/10.3390/cells11244026
https://doi.org/10.3390/cells11244026
https://doi.org/10.1016/j.trecan.2024.01.007
https://doi.org/10.1016/j.trecan.2024.01.007

Persistent accumulation of therapy-induced senescent cells: an obstacle...

Luo et al.

18

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Patel, N. H., Sohal, S. S., Manijili, M. H., Harrell, J. C. & Gewirtz, D. A. The roles of
autophagy and senescence in the tumor cell response to radiation. Radiat. Res.
194, 103-115 (2020).

Wang, Y. Boerma, M. & Zhou, D. lonizing radiation-induced endothelial cell
senescence and cardiovascular diseases. Radiat. Res. 186, 153-161 (2016).
Adjemian, S. et al. lonizing radiation results in a mixture of cellular outcomes
including mitotic catastrophe, senescence, methuosis, and iron-dependent cell
death. Cell Death Dis. 11, 1003 (2020).

Le, O. N. L. et al. lonizing radiation-induced long-term expression of senescence
markers in mice is independent of p53 and immune status. Aging Cell 9,
398-409 (2010).

Sun, X. et al. Senescence-associated secretory factors induced by cisplatin in
melanoma cells promote non-senescent melanoma cell growth through acti-
vation of the ERK1/2-RSK1 pathway. Cell Death Dis. 9, 260 (2018).

Schmitt, C. A. et al. A senescence program controlled by p53 and p16INK4a
contributes to the outcome of cancer therapy. Cell 109, 335-346 (2002).
Roberson, R. S., Kussick, S. J., Vallieres, E., Chen, S.-Y. J. & Wu, D. Y. Escape from
therapy-induced accelerated cellular senescence in p53-null lung cancer cells
and in human lung cancers. Cancer Res. 65, 2795-2803 (2005).

te Poele, R. H., Okorokov, A. L., Jardine, L., Cummings, J. & Joel, S. P. DNA damage
is able to induce senescence in tumor cells in vitro and in vivo. Cancer Res. 62,
1876-1883 (2002).

Dorr, J. R. et al. Synthetic lethal metabolic targeting of cellular senescence in
cancer therapy. Nature 501, 421-425 (2013).

You, R, Dai, J., Zhang, P. Barding, G. A. & Raftery, D. Dynamic metabolic
response to adriamycin-induced senescence in breast cancer cells. Metabolites
8, https://doi.org/10.3390/metabo8040095 (2018).

Wagner, V. & Gil, J. Senescence as a therapeutically relevant response to CDK4/6
inhibitors. Oncogene 39, 5165-5176 (2020).

Ruscetti, M. et al. NK cell-mediated cytotoxicity contributes to tumor control by
a cytostatic drug combination. Science 362, 1416-1422 (2018).

Ryu, J,, Pyo, J,, Lee, C. W. & Kim, J. E. An Aurora kinase inhibitor, AMG900, inhibits
glioblastoma cell proliferation by disrupting mitotic progression. Cancer Med. 7,
5589-5603 (2018).

Punt, S. et al. Aurora kinase inhibition sensitizes melanoma cells to T-cell-
mediated cytotoxicity. Cancer Inmunol. Inmunother. 70, 1101-1113 (2021).
Zhang, Y. et al. Aurora kinase a inhibitor MLN8237 suppresses pancreatic cancer
growth. Pancreatology 22, 619-625 (2022).

Wang, C. et al. Inducing and exploiting vulnerabilities for the treatment of liver
cancer. Nature 574, 268-272 (2019).

Fleury, H. et al. Exploiting interconnected synthetic lethal interactions between
PARP inhibition and cancer cell reversible senescence. Nat. Commun. 10, 2556
(2019).

Batlle, E. & Clevers, H. Cancer stem cells revisited. Nat. Med. 23, 1124-1134
(2017).

Han, J. et al. Cancer stem cell-targeted bio-imaging and chemotherapeutic
perspective. Chem. Soc. Rev. 49, 7856-7878 (2020).

Vlashi, E. & Pajonk, F. Cancer stem cells, cancer cell plasticity and radiation
therapy. Semin Cancer Biol. 31, 28-35 (2015).

Vitale, I, Manic, G., De Maria, R., Kroemer, G. & Galluzzi, L. DNA damage in stem
cells. Mol. Cell 66, 306-319 (2017).

Zhang, D. Y., Monteiro, M. J., Liu, J. P. & Gu, W. Y. Mechanisms of cancer stem cell
senescence: current understanding and future perspectives. Clin. Exp. Pharm.
Physiol. 48, 1185-1202 (2021).

Kobayashi, A. et al. Bone morphogenetic protein 7 in dormancy and metastasis
of prostate cancer stem-like cells in bone. J. Exp. Med. 208, 2641-2655 (2011).
Canino, C. et al. SASP mediates chemoresistance and tumor-initiating-activity of
mesothelioma cells. Oncogene 31, 3148-3163 (2012).

Karabicici, M., Alptekin, S., Firtina Karagonlar, Z. & Erdal, E. Doxorubicin-induced
senescence promotes stemness and tumorigenicity in EpCAM-/CD133- nonstem
cell population in hepatocellular carcinoma cell line, HuH-7. Mol. Oncol. 15,
2185-2202 (2021).

Sikora, E., Mosieniak, G. & Sliwinska, M. A. Morphological and functional char-
acteristic of senescent cancer cells. Curr. Drug Targets 17, 377-387 (2016).

Niu, N., Mercado-Uribe, I. & Liu, J. Dedifferentiation into blastomere-like cancer
stem cells via formation of polyploid giant cancer cells. Oncogene 36,
4887-4900 (2017).

Liu, Y., Yang, M., Luo, J. & Zhou, H. Radiotherapy targeting cancer stem cells
“awakens” them to induce tumour relapse and metastasis in oral cancer. Int. J.
Oral. Sci. 12, 19 (2020).

Hayflick, L. & Moorhead, P. S. The serial cultivation of human dioloid cell srains.
Exp. Cell Res. 25, 585-621 (1961).

Bavik, C. et al. The gene expression program of prostate fibroblast senescence
modulates neoplastic epithelial cell proliferation through paracrine mechan-
isms. Cancer Res. 66, 794-802 (2006).

SPRINGERNATURE

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.
88.
89.
90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

Krtolica, A. Parrinello, S., Lockett, S., Desprez, P. Y. & Campisi, J. Senescent
fibroblasts promote epithelial cell growth and tumorigenesis: a link between
cancer and aging. Proc. Natl. Acad. Sci. USA 98, 12072-12077 (2001).
Parrinello, S., Coppe, J. P., Krtolica, A. & Campisi, J. Stromal-epithelial interactions
in aging and cancer: senescent fibroblasts alter epithelial cell differentiation. J.
Cell Sci. 118, 485-496 (2005).

Di Leonardo, A, Linke, S. P, Clarkin, K. & Wahl, G. M. DNA damage triggers a
prolonged p53-dependent G1 arrest and long-term induction of Cip1 in normal
human fibroblasts. Genes Dev. 8, 2540-2551 (1994).

Papadopoulou, A. & Kletsas, D. Human lung fibroblasts prematurely senescent
after exposure to ionizing radiation enhance the growth of malignant lung
epithelial cells in vitro and in vivo. Int. J. Oncol. 39, 989-999 (2011).

Demaria, M. et al. Cellular senescence promotes adverse effects of che-
motherapy and cancer relapse. Cancer Discov. 7, 165-176 (2017).

Liu, D. & Hornsby, P. J. Senescent human fibroblasts increase the early growth of
xenograft tumors via matrix metalloproteinase secretion. Cancer Res. 67,
3117-3126 (2007).

Alspach, E., Fu, Y. & Stewart, S. A. Senescence and the pro-tumorigenic stroma.
Crit. Rev. Oncog. 18, 549-558 (2013).

Meng, W. et al. A systems biology approach identifies effective tumor-stroma
common targets for oral squamous cell carcinoma. Cancer Res. 74, 2306-2315 (2014).
Yang, J. et al. Glycolysis reprogramming in cancer-associated fibroblasts pro-
motes the growth of oral cancer through the IncRNA H19/miR-675-5p/
PFKFB3 signaling pathway. Int. J. Oral. Sci. 13, 12 (2021).

Shi, X, Young, C. D., Zhou, H. & Wang, X. Transforming growth factor-f3 signaling
in fibrotic diseases and cancer-associated fibroblasts. Biomolecules 10, https://
doi.org/10.3390/biom10121666 (2020).

Wu, F. et al. Signaling pathways in cancer-associated fibroblasts and targeted
therapy for cancer. Signal. Transduct. Target Ther. 6, 218 (2021).

Shi, X. et al. Cancer-Associated fibroblasts facilitate squamous cell carcinoma
lung metastasis in mice by providing TGFB-Mediated cancer stem cell niche.
Front. Cell Dev. Biol. 9, 668164 (2021).

Hellevik, T. et al. Cancer-associated fibroblasts from human NSCLC survive
ablative doses of radiation but their invasive capacity is reduced. Radiat. Oncol.
7, 59 (2012).

Tommelein, J. et al. Radiotherapy-Activated cancer-associated fibroblasts pro-
mote tumor progression through paracrine IGF1R Activation. Cancer Res. 78,
659-670 (2018).

Scudellari, M. To stay young, kill zombie cells. Nature 550, 448-450 (2017).
King, A. J. N. Zombie cells hold clues to COPD progression. Nature 581, S7-S7 (2020).
Buechler, M. B. & Turley, S. J. A short field guide to fibroblast function in
immunity. Semin. Immunol. 35, 48-58 (2018).

Pereira, B. |. et al. Senescent cells evade immune clearance via HLA-E-mediated
NK and CD8 T cell inhibition. Nat. Commun. 10, 2387 (2019).

De Sanctis, F., Ugel, S., Facciponte, J. & Facciabene, A. The dark side of tumor-
associated endothelial cells. Semin. Immunol. 35, 35-47 (2018).

Alarcon, C. R. & Tavazoie, S. F. Cancer: endothelial-cell killing promotes metas-
tasis. Nature 536, 154-155 (2016).

Hwang, H. J. et al. Endothelial cells under therapy-induced senescence secrete
CXCL11, which increases aggressiveness of breast cancer cells. Cancer Lett. 490,
100-110 (2020).

Wang, D. et al. Sunitinib facilitates metastatic breast cancer spreading by
inducing endothelial cell senescence. Breast Cancer Res. 22, 103 (2020).

Bent, E. H., Gilbert, L. A. & Hemann, M. T. A senescence secretory switch
mediated by PI3K/AKT/mTOR activation controls chemoprotective endothelial
secretory responses. Genes Dev. 30, 1811-1821 (2016).

Kared, H., Martelli, S., Ng, T. P., Pender, S. L. F. & Larbi, A. CD57 in human natural
killer cells and T-lymphocytes. Cancer Immunol. Inmunother. 65, 441-452 (2016).
Streltsova, M. A. et al. Analysis of NK cell clones obtained using interleukin-2 and
gene-modified K562 cells revealed the ability of “senescent” NK cells to lose
CD57 expression and start expressing NKG2A. PloS ONE13, e0208469 (2018).
Rajagopalan, S. & Long, E. O. Cellular senescence induced by CD158d repro-
grams natural killer cells to promote vascular remodeling. Proc. Natl. Acad. Sci.
USA 109, 20596-20601 (2012).

Chen, J. et al. Immunomodulation of NK Cells by lonizing Radiation. Front. Oncol.
10, 874 (2020).

Ou, B. et al. Senescent neutrophils-derived exosomal piRNA-17560 promotes
chemoresistance and EMT of breast cancer via FTO-mediated m6A demethy-
lation. Cell Death Dis. 13, 905 (2022).

Yang, C. et al. Aged neutrophils form mitochondria-dependent vital NETs to
promote breast cancer lung metastasis. J. Immunother. Cancer 9, https://doi.org/
10.1136/jitc-2021-002875 (2021).

Bauer, M., Goldstein, M., Heylmann, D. & Kaina, B. Human monocytes undergo
excessive apoptosis following temozolomide activating the ATM/ATR pathway
while dendritic cells and macrophages are resistant. PLoS ONE 7, 39956 (2012).

International Journal of Oral Science (2025)17:59


https://doi.org/10.3390/metabo8040095
https://doi.org/10.3390/biom10121666
https://doi.org/10.3390/biom10121666
https://doi.org/10.1136/jitc-2021-002875
https://doi.org/10.1136/jitc-2021-002875

102.

103.

104.

105.

106.

107.

108.

109.

110.

11,

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Bauer, M. et al. Human monocytes are severely impaired in base and DNA
double-strand break repair that renders them vulnerable to oxidative stress.
Proc. Natl. Acad. Sci. USA 108, 21105-21110 (2011).

Su, L. et al. Potential role of senescent macrophages in radiation-induced pul-
monary fibrosis. Cell Death Dis. 12, 527 (2021).

Li, H-H. et al. lonizing radiation impairs T cell activation by affecting metabolic
reprogramming. Int. J. Biol. Sci. 11, 726-736 (2015).

Wood, W. A. et al. Chemotherapy and stem cell transplantation increase p16
expression, a biomarker of T-cell Aging. EBioMedicine 11, 227-238 (2016).
Onyema, O. O. et al. Chemotherapy-induced changes and immunosenescence
of CD8+ T-cells in patients with breast cancer. Anticancer Res. 35, 1481-1489
(2015).

Basisty, N. et al. A proteomic atlas of senescence-associated secretomes for
aging biomarker development. PLoS Biol. 18, €3000599 (2020).

Birch, J. & Gil, J. Senescence and the SASP: many therapeutic avenues. Genes
Dev. 34, 1565-1576 (2020).

Goldberg, J. E. & Schwertfeger, K. L. Proinflammatory cytokines in breast cancer:
mechanisms of action and potential targets for therapeutics. Curr. Drug Targets
11, 1133-1146 (2010).

Hong, J. T. et al. Interleukin 32, inflammation and cancer. Pharm. Ther. 174,
127-137 (2017).

Xu, D. H. et al. The role of IL-11 in immunity and cancer. Cancer Lett. 373,
156-163 (2016).

Ortiz-Montero, P., Londofio-Vallejo, A. & Vernot, J.-P. Senescence-associated IL-6
and IL-8 cytokines induce a self- and cross-reinforced senescence/inflammatory
milieu strengthening tumorigenic capabilities in the MCF-7 breast cancer cell
line. Cell Commun. Signal. 15, 17 (2017).

Kim, Y. H. et al. Senescent tumor cells lead the collective invasion in thyroid
cancer. Nat. Commun. 8, 15208 (2017).

Pauty, J. et al. A 3D tissue model-on-a-chip for studying the effects of human
senescent fibroblasts on blood vessels. Biomater. Sci. 9, 199-211 (2021).

Guan, X. et al. Stromal senescence by prolonged CDK4/6 inhibition potentiates
tumor growth. Mol. Cancer Res. 15, 237-249 (2017).

Zhang, F. et al. Cellular senescence and metabolic reprogramming: Unraveling
the intricate crosstalk in the immunosuppressive tumor microenvironment.
Cancer Commun.44, 929-966 (2024).

Martinez, J. et al. Mitofusins modulate the increase in mitochondrial length,
bioenergetics and secretory phenotype in therapy-induced senescent mela-
noma cells. Biochem J. 476, 2463-2486 (2019).

Nacarelli, T. et al. NAD metabolism governs the proinflammatory senescence-
associated secretome. Nat. Cell Biol. 21, 397-407 (2019).

Wiley, C. D. et al. Mitochondrial dysfunction induces senescence with a distinct
secretory phenotype. Cell Metab. 23, 303-314 (2016).

Bajbouj, K., Shafarin, J., Taneera, J. & Hamad, M. Estrogen signaling induces
mitochondrial dysfunction-associated autophagy and senescence in breast
cancer cells. Biology 9, https://doi.org/10.3390/biology9040068 (2020).

He, J. et al. Oroxin A inhibits breast cancer cell growth by inducing robust endo-
plasmic reticulum stress and senescence. Anticancer Drugs 27, 204-215 (2016).
Pacifico, F. et al. Glutamine promotes escape from therapy-induced senescence
in tumor cells. Aging13, 20962-20991 (2021).

Dou, X. et al. PDK4-dependent hypercatabolism and lactate production of
senescent cells promotes cancer malignancy. Nat. Metab. 5, 1887-1910 (2023).
Martinez-Outschoorn, U. E., Lisanti, M. P. & Sotgia, F. Catabolic cancer-associated
fibroblasts transfer energy and biomass to anabolic cancer cells, fueling tumor
growth. Semin. Cancer Biol. 25, 47-60 (2014).

Nelson, G., Kucheryavenko, O., Wordsworth, J. & von Zglinicki, T. The senescent
bystander effect is caused by ROS-activated NF-kB signalling. Mech. Ageing Dev.
170, 30-36 (2018).

Elkhattouti, A, Hassan, M. & Gomez, C. R. Stromal fibroblast in age-related
cancer: role in tumorigenesis and potential as novel therapeutic target. Front.
Oncol. 5, 158 (2015).

Balliet, R. M. et al. Mitochondrial oxidative stress in cancer-associated fibroblasts
drives lactate production, promoting breast cancer tumor growth: under-
standing the aging and cancer connection. Cell Cycle 10, 4065-4073 (2011).
Capparelli, C. et al. Autophagy and senescence in cancer-associated fibroblasts
metabolically supports tumor growth and metastasis via glycolysis and ketone
production. Cell Cycle 11, 2285-2302 (2012).

Domingo-Vidal, M. et al. Cigarette smoke induces metabolic reprogramming of
the tumor stroma in head and neck squamous cell carcinoma. Mol. Cancer Res.
17, 1893-1909 (2019).

Bertero, T. et al. Tumor-stroma mechanics coordinate amino acid availability to
sustain tumor growth and malignancy. Cell Metab. 29, 124-140 e110 (2019).
Kishton, R. J., Sukumar, M. & Restifo, N. P. Metabolic regulation of T cell longevity
and function in tumor immunotherapy. Cell Metab. 26, https://doi.org/10.1016/
j.cmet.2017.06.016 (2017).

International Journal of Oral Science (2025)17:59

Persistent accumulation of therapy-induced senescent cells: an obstacle...

Luo et al.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Judge, S. J., Murphy, W. J. & Canter, R. J. Characterizing the dysfunctional NK cell:
assessing the clinical relevance of exhaustion, anergy, and senescence. Front.
Cell Infect. Microbiol. 10, 49 (2020).

Zhang, A. et al. Lactate-induced M2 polarization of tumor-associated macro-
phages promotes the invasion of pituitary adenoma by secreting CCL17. Ther-
anostics 11, 3839-3852 (2021).

Saleh, T., Tyutyunyk-Massey, L. & Gewirtz, D. A. Tumor cell escape from therapy-
induced senescence as a model of disease recurrence after dormancy. Cancer
Res. 79, 1044-1046 (2019).

Prieto, L. I. & Baker, D. J. Cellular senescence and the immune system in cancer.
Gerontology 65, 505-512 (2019).

Chen, H. A. et al. Senescence rewires microenvironment sensing to facilitate
antitumor immunity. Cancer Discov. 13, 432-453 (2023).

De Blander, H., Morel, A. P, Senaratne, A. P, Ouzounova, M. & Puisieux, A.
Cellular plasticity: a route to senescence exit and tumorigenesis. Cancers 13,
https://doi.org/10.3390/cancers13184561 (2021).

Makino, Y. et al. Constitutive activation of the tumor suppressor p53 in hepa-
tocytes paradoxically promotes non-cell autonomous liver carcinogenesis.
Cancer Res. 82, 2860-2873 (2022).

Chung, E. J. et al. IGF-1 receptor signaling regulates type Il pneumocyte
senescence and resulting macrophage polarization in lung fibrosis. Int. J. Radiat.
Oncol. Biol. Phys. 110, 526-538 (2021).

Liu, H. et al. Blocking iASPP/Nrf2/M-CSF axis improves anti-cancer effect of
chemotherapy-induced senescence by attenuating M2 polarization. Cell Death
Dis. 13, 166 (2022).

Chang, C-H. et al. Metabolic competition in the tumor microenvironment is a
driver of cancer progression. Cell 162, 1229-1241 (2015).

McKinney, E. F. & Smith, K. G. C. Metabolic exhaustion in infection, cancer and
autoimmunity. Nat. Immunol. 19, 213-221 (2018).

Cascone, T. et al. Increased tumor glycolysis characterizes immune resistance to
adoptive T cell therapy. Cell Metab. 27, https://doi.org/10.1016/j.cmet.2018.02.024
(2018).

Zhang, L., Pitcher, L. E., Prahalad, V., Niedernhofer, L. J. & Robbins, P. D. Targeting
cellular senescence with senotherapeutics: senolytics and senomorphics. FEBS J.
290, 1362-1383 (2023).

Elmore, L. W., Di, X, Dumur, C,, Holt, S. E. & Gewirtz, D. A. Evasion of a single-step,
chemotherapy-induced senescence in breast cancer cells: implications for
treatment response. Clin. Cancer Res. 11, 2637-2643 (2005).

Gewirtz, D. A, Alotaibi, M., Yakovlev, V. A. & Povirk, L. F. Tumor cell recovery from
senescence induced by radiation with PARP inhibition. Radiat. Res. 186, 327-332
(2016).

Evangelou, K., Belogiannis, K., Papaspyropoulos, A., Petty, R. & Gorgoulis, V. G.
Escape from senescence: molecular basis and therapeutic ramifications. J.
Pathol. 260, 649-665 (2023).

Tatar, C, Avci, C. B., Acikgoz, E. & Oktem, G. Doxorubicin-induced senescence
promotes resistance to cell death by modulating genes associated with apop-
totic and necrotic pathways in prostate cancer DU145 CD133(+)/CD44(+) cells.
Biochem. Biophys. Res. Commun. 680, 194-210 (2023).

Perrigue, P. M. et al. Cancer stem cell-inducing media activates senescence
reprogramming in  fibroblasts.  Cancers 12, https://doi.org/10.3390/
cancers12071745 (2020).

Wang, D. & Liu, L. Senescence promotes the recovery of stemness among cancer
cells via reprograming. Biomolecules 14, https://doi.org/10.3390/biom14030288
(2024).

Achuthan, S., Santhoshkumar, T. R., Prabhakar, J.,, Nair, S. A. & Pillai, M. R. Drug-
induced senescence generates chemoresistant stemlike cells with low reactive
oxygen species. J. Biol. Chem. 286, 37813-37829 (2011).

Borghesan, M. et al. DNA Hypomethylation and Histone Variant
macroH2A1 synergistically attenuate chemotherapy-induced senescence to
promote hepatocellular carcinoma progression. Cancer Res 76, 594-606 (2016).
Lee, S. H. et al. Hypoxia inhibits cellular senescence to restore the therapeutic
potential of old human endothelial progenitor cells via the hypoxia-inducible
factor-1alpha-TWIST-p21 axis. Arterioscler Thromb. Vasc. Biol. 33, 2407-2414
(2013).

Lagunas, A. M. et al. Paracrine interaction of cancer stem cell populations is
regulated by the Senescence-Associated Secretory Phenotype (SASP). Mol.
Cancer Res 17, 1480-1492 (2019).

Mosteiro, L., Pantoja, C,, de Martino, A. & Serrano, M. Senescence promotes
in vivo reprogramming through p16(INK)(4a) and IL-6. Aging Cell 17, https://
doi.org/10.1111/acel.12711 (2018).

Sieben, C. J.,, Sturmlechner, I, van de Sluis, B. & van Deursen, J. M. Two-step
senescence-focused cancer therapies. Trends Cell Biol. 28, 723-737 (2018).
Dianat-Moghadam, H. et al. Inmune evader cancer stem cells direct the per-
spective approaches to cancer immunotherapy. Stem Cell Res. Ther. 13, 150
(2022).

SPRINGER NATURE

19


https://doi.org/10.3390/biology9040068
https://doi.org/10.1016/j.cmet.2017.06.016
https://doi.org/10.1016/j.cmet.2017.06.016
https://doi.org/10.3390/cancers13184561
https://doi.org/10.1016/j.cmet.2018.02.024
https://doi.org/10.3390/cancers12071745
https://doi.org/10.3390/cancers12071745
https://doi.org/10.3390/biom14030288
https://doi.org/10.1111/acel.12711
https://doi.org/10.1111/acel.12711

Persistent accumulation of therapy-induced senescent cells: an obstacle...

Luo et al.

20

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Rodier, F. & Campisi, J. Four faces of cellular senescence. J. Cell Biol. 192,
547-556 (2011).

Hotchkiss, R. S., Monneret, G. & Payen, D. Sepsis-induced immunosuppression:
from cellular dysfunctions to immunotherapy. Nat. Rev. Inmunol. 13, 862-874
(2013).

Munoz, D. P. et al. Targetable mechanisms driving immunoevasion of persistent
senescent cells link chemotherapy-resistant cancer to aging. JCI Insight 5,
https://doi.org/10.1172/jci.insight.124716 (2019).

Prasanna, P. G. et al. Therapy-induced senescence: opportunities to improve
anticancer therapy. J. Natl. Cancer Inst. 113, 1285-1298 (2021).

Gorgoulis, V. et al. Cellular senescence: defining a path forward. Cell 179,
813-827 (2019).

Gasek, N. S, Kuchel, G. A, Kirkland, J. L. & Xu, M. Strategies for targeting
senescent cells in human disease. Nat. Aging 1, 870-879 (2021).

van Deursen, J. M. Senolytic therapies for healthy longevity. Science 364,
636-637 (2019).

Shahbandi, A. et al. BH3 mimetics selectively eliminate chemotherapy-induced
senescent cells and improve response in TP53 wild-type breast cancer. Cell
Death Differ. 27, 3097-3116 (2020).

Fletcher-Sananikone, E. et al. Elimination of radiation-induced senescence in the
brain tumor microenvironment attenuates glioblastoma recurrence. Cancer Re.s
81, 5935-5947 (2021).

Yang, D. et al. Identification of GL-V9 as a novel senolytic agent against
senescent breast cancer cells. Life Sci. 272, 119196 (2021).

Meng, J. et al. Targeting senescence-like fibroblasts radiosensitizes non-small
cell lung cancer and reduces radiation-induced pulmonary fibrosis. JC/ Insight 6,
https://doi.org/10.1172/jci.insight.146334 (2021).

Wilson, W. H. et al. Navitoclax, a targeted high-affinity inhibitor of BCL-2, in
lymphoid malignancies: a phase 1 dose-escalation study of safety, pharmaco-
kinetics, pharmacodynamics, and antitumour activity. Lancet Oncol. 11,
1149-1159 (2010).

Cang, S., Iragavarapu, C., Savooji, J., Song, Y. & Liu, D. ABT-199 (venetoclax) and
BCL-2 inhibitors in clinical development. J. Hematol. Oncol. 8, 129 (2015).

Hall, B. M. et al. p16(Ink4a) and senescence-associated B-galactosidase can be
induced in macrophages as part of a reversible response to physiological sti-
muli. Aging 9, 1867-1884 (2017).

Mufioz-Espin, D. et al. A versatile drug delivery system targeting senescent cells.
EMBO Mol. Med. 10, https://doi.org/10.15252/emmm.201809355 (2018).
Guerrero, A. et al. Galactose-modified duocarmycin prodrugs as senolytics.
Aging Cell 19, e13133 (2020).

Gonzalez-Gualda, E. et al. Galacto-conjugation of Navitoclax as an efficient
strategy to increase senolytic specificity and reduce platelet toxicity. Aging Cell
19, e13142 (2020).

Wang, L., Lankhorst, L. & Bernards, R. Exploiting senescence for the treatment of
cancer. Nat. Rev. Cancer 22, 340-355 (2022).

Liu, X. et al. Blockades of effector T cell senescence and exhaustion synergisti-
cally enhance antitumor immunity and immunotherapy. J. Immunother. Cancer
10, https://doi.org/10.1136/jitc-2022-005020 (2022).

Zhang, J., He, T, Xue, L. & Guo, H. Senescent T cells: a potential biomarker and
target for cancer therapy. EBioMedicine 68, 103409 (2021).

Weng, J. et al. IL-15 enhances the antitumor effect of human antigen-specific
CD8(+) T cells by cellular senescence delay. Oncoimmunology 5, 1237327
(2016).

Wang, T. et al. Combination of PARP inhibitor and CDK4/6 inhibitor modulates
cGAS/STING-dependent therapy-induced senescence and provides “one-two
punch” opportunity with anti-PD-L1 therapy in colorectal cancer. Cancer Sci.
114, 4184-4201 (2023).

Hong, M., Clubb, J. D. & Chen, Y. Y. Engineering CAR-T cells for next-generation
cancer therapy. Cancer Cell 38, 473-488 (2020).

Amor, C. et al. Senolytic CAR T cells reverse senescence-associated pathologies.
Nature 583, 127-132 (2020).

Wang, L. et al. Basing on uPAR-binding fragment to design chimeric antigen
receptors triggers antitumor efficacy against uPAR expressing ovarian cancer
cells. Biomed. Pharmacother. 117, 109173 (2019).

Di Micco, R, Krizhanovsky, V. Baker, D. & d’Adda di Fagagna, F. Cellular
senescence in ageing: from mechanisms to therapeutic opportunities. Nat. Rev.
Mol. Cell Biol. 22, 75-95 (2021).

DeFrancesco, L. CAR-T cell therapy seeks strategies to harness cytokine storm.
Nat. Biotechnol. 32, 604 (2014).

Krizhanovsky, V. et al. Senescence of activated stellate cells limits liver fibrosis.
Cell 134, 657-667 (2008).

Rautela, J. & Huntington, N. D. IL-15 signaling in NK cell cancer immunotherapy.
Curr. Opin. Immunol. 44, 1-6 (2017).

McMichael, E. L. et al. IL-21 enhances natural killer cell response to Cetuximab-
Coated pancreatic tumor cells. Clin. Cancer Res. 23, 489-502 (2017).

SPRINGERNATURE

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

Chaturvedi, P. et al. Immunotherapeutic HCW9218 augments anti-tumor activity
of chemotherapy via NK cell-mediated reduction of therapy-induced senescent
cells. Mol. Ther. 30, 1171-1187 (2022).

lannello, A, Thompson, T. W., Ardolino, M., Lowe, S. W. & Raulet, D. H. p53-
dependent chemokine production by senescent tumor cells supports NKG2D-
dependent tumor elimination by natural killer cells. J. Exp. Med. 210, 2057-2069
(2013).

Ruscetti, M. et al. Senescence-induced vascular remodeling creates therapeutic
vulnerabilities in pancreas cancer. Cell 181, 424-441.e421 (2020).

Peng, N., Kang, H. H., Feng, Y., Minikes, A. M. & Jiang, X. Autophagy inhibition
signals through senescence to promote tumor suppression. Autophagy 19,
1764-1780 (2023).

Langhi Prata, L. G. P, Tchkonia, T. & Kirkland, J. L. Cell senescence, the
senescence-associated secretory phenotype, and cancers. PLoS Biol. 21,
3002326 (2023).

Demaria, M. et al. An essential role for senescent cells in optimal wound healing
through secretion of PDGF-AA. Dev. Cell 31, 722-733 (2014).

Grosse, L. et al. Defined p16 senescent cell types are indispensable for mouse
healthspan. Cell Metab. 32, https://doi.org/10.1016/j.cmet.2020.05.002 (2020).
Ozdemir, A., Simay Demir, Y. D., Yesilyurt, Z. E. & Ark, M. Senescent cells and
SASP in cancer microenvironment: new approaches in cancer therapy. Adv.
Protein Chem. Struct. Biol. 133, 115-158 (2023).

Nicolas, A. M. et al. Inflammatory fibroblasts mediate resistance to neoadjuvant
therapy in rectal cancer. Cancer Cell 40, 168-184.e113 (2022).

Ray, S. K. & Mukherjee, S. Breast cancer stem cells as novel biomarkers. Clin.
Chim. Acta 557, 117855 (2024).

Romaniello, D. et al. IL-1 and senescence: friends and foe of EGFR neutralization
and immunotherapy. Front. Cell Dev. Biol. 10, 1083743 (2022).

Paldor, M. et al. Single-cell transcriptomics reveals a senescence-associated IL-6/
CCR6 axis driving radiodermatitis. EMBO Mol. Med. 14, e15653 (2022).

Niu, N., Yao, J., Bast, R. C, Sood, A. K. & Liu, J. IL-6 promotes drug resistance
through formation of polyploid giant cancer cells and stromal fibroblast
reprogramming. Oncogenesis 10, 65 (2021).

Saad, E. E,, Michel, R. & Borahay, M. A. Senescence-Associated Secretory Phenotype
(SASP) and uterine fibroids: association with PD-L1 activation and collagen
deposition. Ageing Res. Rev. 102314, https://doi.org/10.1016/j.arr.2024.102314 (2024).
Huna, A. et al. RSK3 switches cell fate: from stress-induced senescence to
malignant progression. J. Exp. Clin. Cancer Res. 42, 318 (2023).

Shi, X. et al. TGF-beta signaling in the tumor metabolic microenvironment and
targeted therapies. J. Hematol. Oncol. 15, 135 (2022).

Bird, T. G. et al. TGFB inhibition restores a regenerative response in acute liver
injury by suppressing paracrine senescence. Sci. Transl. Med. 10, https://doi.org/
10.1126/scitranslmed.aan1230 (2018).

Laberge, R-M. et al. MTOR regulates the pro-tumorigenic senescence-associated
secretory phenotype by promoting IL1A translation. Nat. Cell Biol. 17,
1049-1061 (2015).

Herranz, N. et al. mTOR regulates MAPKAPK2 translation to control the
senescence-associated secretory phenotype. Nat. Cell Biol. 17, 1205-1217
(2015).

Elgendy, M. et al. Combination of hypoglycemia and metformin impairs tumor
metabolic plasticity and growth by modulating the PP2A-GSK3beta-MCL-1 Axis.
Cancer Cell 35, 798-815.e795 (2019).

Kulkarni, A. S., Gubbi, S. & Barzilai, N. Benefits of Metformin in attenuating the
hallmarks of aging. Cell Metab. 32, 15-30 (2020).

Chibaya, L. et al. EZH2 inhibition remodels the inflammatory senescence-
associated secretory phenotype to potentiate pancreatic cancer immune sur-
veillance. Nat. Cancer 4, 872-892 (2023).

Victorelli, S. et al. Senescent human melanocytes drive skin ageing via paracrine
telomere dysfunction. EMBO J. 38, €101982 (2019).

Pacifico, F. et al. Trabectedin suppresses escape from therapy-induced senes-
cence in tumor cells by interfering with glutamine metabolism. Biochem. Pharm.
202, 115159 (2022).

Fujimoto, M., Higashiyama, R., Yasui, H., Yamashita, K. & Inanami, O. Preclinical
studies for improving radiosensitivity of non-small cell lung cancer cell lines by
combining glutaminase inhibition and senolysis. Transl. Oncol. 21, 101431 (2022).
Ippolito, L., Morandi, A., Giannoni, E. & Chiarugi, P. Lactate: a metabolic driver in
the tumour landscape. Trends Biochem. Sci. 44, 153-166 (2019).

Romero, M. et al. Inmunometabolic effects of lactate on humoral immunity in
healthy individuals of different ages. Nat. Commun. 15, 7515 (2024).

Chen, T. et al. Inhibition of Pyruvate Dehydrogenase Kinase 4 attenuates myo-
cardial and mitochondrial injury in sepsis-induced cardiomyopathy. J. Infect. Dis.
229, 1178-1188 (2024).

Assouline, B. et al. Senescent cancer-associated fibroblasts in pancreatic ade-
nocarcinoma restrict CD8(+) T cell activation and limit responsiveness to
immunotherapy in mice. Nat. Commun. 15, 6162 (2024).

International Journal of Oral Science (2025)17:59


https://doi.org/10.1172/jci.insight.124716
https://doi.org/10.1172/jci.insight.146334
https://doi.org/10.15252/emmm.201809355
https://doi.org/10.1136/jitc-2022-005020
https://doi.org/10.1016/j.cmet.2020.05.002
https://doi.org/10.1016/j.arr.2024.102314
https://doi.org/10.1126/scitranslmed.aan1230
https://doi.org/10.1126/scitranslmed.aan1230

217.

218.

219.

220.

221.

222.

223.

224,

226.

227.

228.

230.

231.

232.

233.

235.

Xiong, J. et al. Targeting senescence-associated secretory phenotypes to
remodel the tumour microenvironment and modulate tumour outcomes. Clin.
Transl. Med. 14, e1772 (2024).

Hao, X. et al. Sensitization of ovarian tumor to immune checkpoint blockade by
boosting senescence-associated secretory phenotype. iScience 24, 102016 (2021).
Chen, J. et al. TGF-betal-Induced SOX18 elevation promotes hepatocellular
carcinoma progression and metastasis through transcriptionally upregulating
PD-L1 and CXCL12. Gastroenterology 167, 264-280 (2024).

Lv, Q. et al. CSF1R inhibition reprograms tumor-associated macrophages to
potentiate anti-PD-1 therapy efficacy against colorectal cancer. Pharm. Res. 202,
107126 (2024).

Ruffin, A. T. et al. Improving head and neck cancer therapies by immunomo-
dulation of the tumour microenvironment. Nat. Rev. Cancer 23, 173-188 (2023).
Mody, M. D., Rocco, J. W., Yom, S. S., Haddad, R. I. & Saba, N. F. Head and neck
cancer. Lancet 398, 2289-2299 (2021).

Holohan, C, Van Schaeybroeck, S., Longley, D. B. & Johnston, P. G. Cancer drug
resistance: an evolving paradigm. Nat. Rev. Cancer 13, 714-726 (2013).
Leemans, C. R, Braakhuis, B. J. & Brakenhoff, R. H. The molecular biology of head
and neck cancer. Nat. Rev. Cancer 11, 9-22 (2011).

. Ostrowska, K. et al. Senescence in head and neck squamous cell carcinoma:

relationship between senescence-associated secretory phenotype (SASP) mRNA
expression level and clinicopathological features. Clin. Transl. Oncol. 26,
1022-1032 (2024).

Yang, R. et al. Radiation-induced exosomes promote oral squamous cell carci-
noma progression via enhancing SLC1A5-glutamine metabolism. J. Oral. Pathol.
Med. 53, 458-467 (2024).

Hu, Q. et al. Metformin as a senostatic drug enhances the anticancer efficacy of CDK4/
6 inhibitor in head and neck squamous cell carcinoma. Cell Death Dis. 11, 925 (2020).
Kabir, T. D. et al. A miR-335/COX-2/PTEN axis regulates the secretory phenotype
of senescent cancer-associated fibroblasts. Aging8, 1608-1635 (2016).

. Hammond, T. R. et al. Single-cell RNA sequencing of microglia throughout the

mouse lifespan and in the injured brain reveals complex cell-state changes.
Immunity 50, 253-271.e256 (2019).

Tabula Muris, C. A single-cell transcriptomic atlas characterizes ageing tissues in
the mouse. Nature 583, 590-595 (2020).

Olah, M. et al. Single cell RNA sequencing of human microglia uncovers a subset
associated with Alzheimer’s disease. Nat. Commun. 11, 6129 (2020).

Mathys, H. et al. Single-cell transcriptomic analysis of Alzheimer’s disease. Nature
570, 332-337 (2019).

Wang, S. et al. Single-cell transcriptomic Atlas of primate ovarian aging. Cell 180,
585-600.e519 (2020).

. Suryadevara, V. et al. SenNet recommendations for detecting senescent cells in

different tissues. Nat. Rev. Mol. Cell Biol. https://doi.org/10.1038/s41580-024-
00738-8 (2024).

de Magalhaes, J. P. Cellular senescence in normal physiology. Science 384,
1300-1301 (2024).

International Journal of Oral Science (2025)17:59

Persistent accumulation of therapy-induced senescent cells: an obstacle...
Luo et al.

236. Xu, W. et al. Pan-mTOR inhibitors sensitize the senolytic activity of navitoclax via
mTORC2 inhibition-mediated apoptotic signaling. Biochem. Pharm. 200, 115045
(2022).

237. Liu, Y. et al. DNMT1-targeting remodeling global DNA hypomethylation for
enhanced tumor suppression and circumvented toxicity in oral squamous cell
carcinoma. Mol. Cancer 23, 104 (2024).

238. Karr, J. R. et al. A whole-cell computational model predicts phenotype from
genotype. Cell 150, 389-401 (2012).

239. Lao, Z., Kamat, K. D,, Jiang, Z. & Zhang, B. OpenNucleome for high-resolution
nuclear structural and dynamical modeling. Elife 13, https://doi.org/10.7554/
elife.93223 (2024).

240. Mahlbacher, G. E., Reihmer, K. C. & Frieboes, H. B. Mathematical modeling of
tumor-immune cell interactions. J. Theor. Biol. 469, 47-60 (2019).

241. Smer-Barreto, V. et al. Discovery of senolytics using machine learning. Nat.
Commun. 14, 3445 (2023).

242. Tao, W., Yu, Z. & Han, J. J. Single-cell senescence identification reveals senes-
cence heterogeneity, trajectory, and modulators. Cell Metab. 36, 1126-1143
e1125 (2024).

243. Zhu, Y. et al. The Achilles’ heel of senescent cells: from transcriptome to
senolytic drugs. Aging cell 14, 644-658 (2015).

244. Lafontaine, J. et al. Senolytic Targeting of Bcl-2 anti-apoptotic family increases
cell death in irradiated sarcoma cells. Cancers 13, https://doi.org/10.3390/
cancers13030386 (2021).

245. Guerrero, A. et al. Cardiac glycosides are broad-spectrum senolytics. Nat. Metab.
1, 1074-1088 (2019).

246. Triana-Martinez, F. et al. Identification and characterization of cardiac glycosides
as senolytic compounds. Nat. Commun. 10, 4731 (2019).

247. Troiani, M. et al. Single-cell transcriptomics identifies Mcl-1 as a target for
senolytic therapy in cancer. Nat. Commun. 13, 2177 (2022).

248. Wang, Y. et al. Discovery of piperlongumine as a potential novel lead for the
development of senolytic agents. Aging 8, 2915-2926 (2016).

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

SPRINGER NATURE

21


https://doi.org/10.1038/s41580-024-00738-8
https://doi.org/10.1038/s41580-024-00738-8
https://doi.org/10.7554/eLife.93223
https://doi.org/10.7554/eLife.93223
https://doi.org/10.3390/cancers13030386
https://doi.org/10.3390/cancers13030386
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Persistent accumulation of therapy-induced senescent cells: an obstacle to long-term cancer treatment efficacy
	Introduction
	Heterogeneity Of therapy-induced senescent cells
	Cancer cells: senescence is susceptible to diverse therapies
	Cancer stem cells: unclear transition to senescence in response to cancer treatment
	Fibroblasts: resistant to cancer therapy and sensitive to cellular senescence
	Endothelial cells: easily undergo senescence with paradoxical effects on anticancer therapy
	Immune cells: nonclassical cells with a specific senescent phenotype

	The dark role and molecular mechanism of therapy-induced senescence in compromising cancer therapy
	The deleterious effect of SASP
	Metabolic dysregulation
	Immune dysfunction and evasion
	Senescence escape and stemness reprogramming
	An accumulated senescent state

	Targeting therapy-induced senescent cells in cancer: opportunities and challenges
	Senolytics to directly eliminate senescent cells
	Strengthening immune cells to eliminate senescent cells
	Enhancing the immunogenicity/antigenicity of senescent cells
	Targeting the SASP of therapy-induced senescent cells

	Conclusions and perspectives in the CONTEXT of head and neck cancer
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




