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An untapped window of opportunity for glioma: targeting
therapy-induced senescence prior to recurrence
Cecile Riviere-Cazaux 1, Lucas P. Carlstrom1, Bryan J. Neth2, Ian E. Olson3, Karishma Rajani1, Masum Rahman1, Samar Ikram1,
Moustafa A. Mansour 1, Bipasha Mukherjee4, Arthur E. Warrington1,2, Susan C. Short 5, Thomas von Zglinicki6, Desmond A. Brown7,
Sandeep Burma4, Tamar Tchkonia 8, Marissa J. Schafer8, Darren J. Baker 9,10, Sani H. Kizilbash 11, James L. Kirkland 9,12 and
Terry C. Burns 1✉

High-grade gliomas are primary brain tumors that are incredibly refractory long-term to surgery and chemoradiation, with no
proven durable salvage therapies for patients that have failed conventional treatments. Post-treatment, the latent glioma and its
microenvironment are characterized by a senescent-like state of mitotic arrest and a senescence-associated secretory phenotype
(SASP) induced by prior chemoradiation. Although senescence was once thought to be irreversible, recent evidence has
demonstrated that cells may escape this state and re-enter the cell cycle, contributing to tumor recurrence. Moreover, senescent
tumor cells could spur the growth of their non-senescent counterparts, thereby accelerating recurrence. In this review, we highlight
emerging evidence supporting the use of senolytic agents to ablate latent, senescent-like cells that could contribute to tumor
recurrence. We also discuss how senescent cell clearance can decrease the SASP within the tumor microenvironment thereby
reducing tumor aggressiveness at recurrence. Finally, senolytics could improve the long-term sequelae of prior therapy on
cognition and bone marrow function. We critically review the senolytic drugs currently under preclinical and clinical investigation
and the potential challenges that may be associated with deploying senolytics against latent glioma. In conclusion, senescence in
glioma and the microenvironment are critical and potential targets for delaying or preventing tumor recurrence and improving
patient functional outcomes through senotherapeutics.
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INTRODUCTION
Gliomas are primary brain tumors, the most aggressive of which is
glioblastoma, which has a dismal median survival of only
15months1. Despite maximal safe surgical resection and aggres-
sive radiation and temozolomide (TMZ), all gliomas inevitably
recur, typically within the prior treatment field, and often more
aggressively than the original tumor2. Since surgery is typically
only performed in the context of newly diagnosed or recurrent
disease, relatively little is known about the molecular character-
istics and potential drug sensitivity of the latent human glioma
cells that contribute to recurrence3. After completion of chemor-
adiation, no standard or experimental drugs exist to specifically
target the latent glioma. Nevertheless, accumulating evidence
suggests potential therapeutic vulnerabilities within the
senescent-like resistant cell population surviving after chemor-
adiation in gliomas4 and other cancers5. Rather than waiting for
radiographic and clinical tumor recurrence, targeting latent
glioma cells may provide a unique opportunity for targeting
senescent tumor cells to forestall, if not prevent, otherwise
inevitable recurrence (Fig. 1).
After induction of DNA damage by chemoradiation, cells

upregulate cell cycle regulatory factors, including p16, p53, and
p21 to promote DNA repair, apoptosis, or senescence6.
Senescence is a state of cell-cycle arrest characterized by an
altered transcriptional, metabolic, and secretory phenotype

(termed the senescence associated secretory phenotype, or
SASP)7. Although senescence is intrinsically anti-tumorigenic by
preventing uncontrolled cell proliferation, recent data suggest
that it may also play an important role in glioma recurrence8,9

through multiple mechanisms. First, the acquisition of senes-
cence allows for cells to escape therapy-induced apoptosis10–12.
Although previously considered irreversible, recent evidence
suggests that this latent population of malignant cells could
potentially “escape” senescence after treatment completion,
causing cell cycle re-entry and tumor recurrence8. As such, while
paradoxical to the definition of senescence as a state of
permanent cell-cycle arrest, this review will utilize the term
“senescent” tumor cells to describe glioma cells that have
entered a senescent-like state of treatment-induced mitotic
arrest prior to escaping senescence and re-entering the cell
cycle. Second, radiation-induced senescence in the glioma
microenvironment has been shown to accelerate tumor growth,
likely mediated by the proinflammatory and preremodeling
SASP, with outcomes ameliorated by clearance of senescent
stromal cells13. Finally, senescence is also increasingly implicated
as a targetable pathogenic mechanism in radiation-induced
injury, chemotherapy-induced bone marrow suppression, and
neurodegenerative diseases14–17. Numerous drugs are being
developed or repurposed as senolytics to specifically target
senescent cells18. As such, directed treatment for latent gliomas
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after conventional chemoradiation may provide an opportunity
to ablate senescent cells prior to tumor recurrence while also
ameliorating the side effects of therapy.
In this review, we discuss the potential implications of

senescence to glioma therapeutics. Of note, this will be discussed
in the broad diagnosis of “glioma” rather than specifying the
glioma subtype according to the CNS WHO 2021 criteria19. Most
preclinical and clinical studies have been performed in models of
isocitrate dehydrogenase (IDH)-wild type glioblastoma as defined
by CNS WHO 2021 criteria, with a select few studies in grade 4
IDH-mutant astrocytoma models. There is currently insufficient
evidence to suggest a difference in the senescent tumor or
microenvironment burden across glioma subtypes. However,
treatment-induced senescence is likely applicable to all glioma
subtypes that have undergone chemotherapy or radiation. As
such, this review intentionally utilizes the overarching diagnosis of
“glioma,” except when specifying the models utilized in the
studies.
Evolving data suggest that targeting senescence may (1)

ablate latent tumor cells that could contribute to tumor
recurrence, (2) remove SASP factors from the tumor microenvir-
onment that could otherwise promote aggressive glioma
recurrence, and (3) alleviate the long-term deleterious impacts
of prior therapies on cognition and chemotherapy-induced bone
marrow suppression. We evaluate currently available senolytics
and data available for targeting latent glioma with senolytic
drugs (Table 1). Finally, we discuss challenges and opportunities
for translation of senolytics into the clinic that may impact
clinical trial design and selection of relevant outcome measures.
We highlight the potential of senescent cell ablation in latent
gliomas and their microenvironment as a rational, but under-
explored, window of opportunity to accelerate therapeutic
progress against this notorious disease.

THE DELETERIOUS IMPACTS OF SENESCENCE IN GLIOMA
Defining senescence and senolytics
Cellular senescence is an irreversible state of cell-cycle arrest
characterized by a pro-inflammatory senescence-associated secre-
tory phenotype (SASP)20. This state has been most extensively
characterized in aging and non-glioma diseases. SASP factors
include cytokines and chemokines such as IL-621, IL-822, and MIP-
3α23, in addition to growth factors24 and matrix metallopro-
teases25,26. While senescence has mainly been studied in the
context of aging, it can also be induced by injurious cellular
stressors to protect the cell from further harm or malignant
transformation. Senescence may be induced by DNA damage, viral
infection, oxidative stress, telomeric dysfunction, and other
previously reviewed mechanisms27,28. Upregulation of the cyclin-
dependent kinase inhibitors p16 and p21 contributes to cellular
senescence by preventing cell cycle progression from the G1 to S
phase29. p16 (also known as p16INK4A) is one of multiple proteins
encoded by Cdkn2A along with p14 (p14ARF, human) or p19
(p19ARF, mouse) which stabilize p53 by preventing its destruction
through inhibiting Mdm2 activity30. p21 (p21CIP1; p21WAF1) is
encoded by Cdkn1a and mediates senescence in response to p53
and p53-independent stimuli, including NF-kB and TGF-β signal-
ing31,32. Indeed, we have recently shown that p21 overexpression
promoted a senescent phenotype in multiple human glioma cell
lines in a more stable and efficient manner than radiation33.
It is crucial to acknowledge the inherent diversity and variability

in cellular senescence. Indeed, senescent cells are identified by
multiple markers rather than a singular unifying one34. Particularly,
the composition of SASP, which plays a pivotal role in determining
the characteristics of senescent cells, is highly context-dependent,
influenced by factors such as the cell-of-origin22, environment
immune status (previously reviewed35,36), and induction via
normal aging versus disease versus treatment (previously
reviewed37,38). A prior study in human fibroblasts utilized

Fig. 1 Senescence in latent glioma. Primary gliomas contain non-senescent microglia, tumor-associated macrophages, and minimal
abundance of the senescence associated secretory phenotype (SASP). After chemoradiation, the latent glioma microenvironment is
characterized by senescence of each of these components of the tumor microenvironment (TME) as well as the injured glioma cells, along
with increased SASP components. Currently, no treatments exist for latent glioma, leading to inevitable tumor recurrence characterized by
abundant tumor-associated macrophages, tumor invasion, and aggressivity. Senolytics in latent glioma may be of use to ablate these latent
tumor cells and the microenvironment that contribute to aggressive glioma recurrence. Created using BioRender.
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single-cell isolation and nanofluidic PCR techniques to conclude
that senescent gene expression signatures were highly variable
from one senescent cell to another39. Specifically, SASP-encoding
genes varied significantly across senescent cells, with only a
subset of genes being consistently upregulated across the
population. Moreover, senescence and SASP can exhibit dynamic
changes over time, particularly regarding the time since induction
of senescence after therapy. The four states induced after
induction of senescence, including initiation, early, full, and late
senescence, each have unique characteristics based on metabolic
and epigenetic remodeling, as previously reviewed40. To our
knowledge, no study has extensively evaluated the changes in
senescence and SASP over time in glioma, particularly as a
function of time since treatment.
Cellular senescence is a potent inhibitor of tumorigenesis within

damaged cells, preventing the propagation of compromised
genetic material and uncontrolled progression through the cell
cycle41. However, senescence and its induced SASP factors can
also contribute to a deleterious inflammatory and degradative
state in the surrounding microenvironment42. Senescence has
been implicated in a growing number of aging-associated
diseases including dementia43, arthritis44, osteoporosis45, athero-
sclerosis46, and frailty47. In these conditions, senescent cells

accumulate with prolonged age in tissues and organs, resulting
in local and systemic dysfunction. Elimination of senescent cells
through either genetic or pharmacological (senolytic) means
improves tissue function and animal longevity in preclinical
models of aging and degenerative disease15,48. Transplanting
senescent cells into younger mice accelerated frailty and aging-
associated deaths49. Senescent cells typically rely on anti-
apoptotic pathways termed “senescent cell anti-apoptotic path-
ways” (SCAPs) for survival50. A growing repertoire of senolytic
drugs, including dasatinib and quercetin51, have been found to
target SCAPs, leading to selective apoptosis of senescent cells52.
Clinical trials for several senescence-associated diseases are
currently underway, with early results demonstrating efficacy in
decreasing the human senescent cell burden53.
Recent studies suggest that senescent cells may be present in

primary gliomas. One study identified senescent cells in primary
glioblastoma patient samples, as well as in a GLASTCreERT2/+;Ptenfl/fl

mouse glioblastoma model54. Partial removal of senescent cells
using the p16-3MR transgenic mouse model via ganciclovir or
treatment with navitoclax (ABT263), an inhibitor of Bcl-2 and Bcl-xL,
prolonged survival by 28–35% (10–12 days) from time of tumor
implantation. It remains unknown how this relative senescent

Table 1. Selection of candidate senolytic/senomorphic therapies in glioma.

Drug family Senotherapeutic (FDA status) Mechanism In vitro and in vivo evidence

Anti-apoptotic Bcl-2
family protein inhibitors

ABT-263/ navitoclax (in
clinical trials)

Bcl-2, Bcl-xL, and Bcl-W inhibitor + Apoptosis induced at lower IC50 in senescent,
than non-senescent, glioma cells across
multiple cell lines102–104.

+ Increased animal survival in pre-irradiated in
vivo CT-2A;13 also in radiation-naïve U87MG
IDH1-R132H and PDX GBM164 models103.
-Drug toxicities, including thrombocytopenia106.

Venetoclax (FDA approved) Bcl-2 inhibitor + Venetoclax after initial round of TMZ increases
cell death in in vitro LN229108.

- No differential impact of drug on senescent
human glioma cells as compared to non-
senescent cells104.

Flavonoids Quercetin, in combination
with dasatinib (in clinical
trials53)

SCAP targeting, including tyrosine
kinases (dasatinib), PI3K/AKT/mTOR,
p53/MDM2/p21 and HIF1α- related
pathways (quercetin)

+ In other disease models, decrease in circulating
SASP factors, and clearance of senescent cells in
adipose tissue15,53,109.

- No substantial impact on senescent in vitro
GBM39 human glioma cells104.

Fisetin (in clinical trials) Inhibition of multiple pathways,
including PI3K/AKT/mTOR and AMPK

+ Decrease in senescent cells after TMZ-induced
senescence in LN229 and A172 cells102.

- No senolytic impact on senescent in vitro GBM6,
39, or 76 cells104.

Inhibitors of apoptosis
(IAP) family inhibitor

BV6 (not available clinically) Inhibition of c-IAP1 and c-IAP2 + Selectively ablate in vitro LN229 and A172 after
TMZ93.

+ Combination with venetoclax and TMZ increase
cell death as compared to BV6, venetoclax, +/-
TMZ99.

Antimalarial Artesunate Poorly defined + Senolytic activation in TMZ-treated LN229,
A172, and U87MG in vitro cells86, as well as GBM
stem-like cells99.

Hsp90 inhibitors Onalespib (in clinical trials99) Inhibitor of Hsp90 + In combination with TMZ, increased survival in
intracranial U251 and GS811 mouse intracranial
xenografts as compared to TMZ alone117.
+/- Cytotoxic impact in GBM6, 39, and 76, albeit
not specific to senescent cells104.

Senomorphics, i.e SASP
inhibition

Tocilizumab (FDA approved) IL-6 therapeutic monoclonal antibody + Decreased growth of TMZ-treated subcutaneous
flank U251 glioma121.

+ Targeting IL6R-alpha or IL-6 with shRNA
decrease glioma stem cell growth71.

+ IL-6/IL-6R knockdown increase survival in
intracranial T3359 GSC models71.
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burden at baseline is impacted after standard glioma therapy
based on longitudinal samples.

Therapy-induced senescence in glioma
Temozolomide (TMZ) is an alkylating chemotherapy that induces
senescence in malignant glioma cells by triggering an
O6-methylguanine (O6MeG) DNA lesion which results in an
accumulation of senescent cells at the G2-M phase of the cell
cycle55. This TMZ-induced senescent state occurs with similar
kinetics to apoptosis and is characterized by double-strand DNA
breaks (DSBs), as well as increased ROS-induced DNA damage56.
Sensitivity to TMZ is impacted by MGMT (O6-methylguanine-DNA
methyltransferase) methylation status, wherein MGMT methyla-
tion epigenetically silences expression of this DNA repair enzyme,
rendering these tumors more susceptible to alkylating agents and
improving prognosis after chemoradiation as compared to MGMT-
unmethylated patients57,58. Using a Tet-on system to activate
MGMT at various timepoints from TMZ exposure, one group
demonstrated that O6MeG was required for the induction, but not
the maintenance, of this post-TMZ senescent state56. Aasland et al.
also found that in addition to dependence on p53, complete
knockdown of p21 abrogated the induction of senescence,
indicating that TMZ-induced senescence is dependent on p2159.
Senescence-associated cell-cycle arrest has classically been
considered irreversible through the accumulation of p14/p16
and p21. TMZ-associated senescence induces the SASP in an NF-
κB dependent manner and represses the transcription of
mismatch repair and homologous recombination proteins, such
as EXO1, MSH2, MSH6, and RAD5159.
Radiation leads to DNA damage by inducing oxidative stress

and double-strand breaks as well as abasic sites. This severe DNA
damage induces a senescent state in glioma cells that do not
undergo apoptosis and are undetectable radiographically.
Radiation-induced senescence has been identified in numerous
glioblastoma cell lines, including LN22960, the p53 wild-type U87
line61,62, various PTEN-deficient cells such as U251 and U37361,
and numerous human glioblastoma-derived cell lines within a
week of irradiation33. The presence of a senescent phenotype was
indicated in these cases by senescence-associated β-galactosidase
(SA-β-Gal) staining, characteristic enlarged and flattened cellular
morphology characteristic of senescent cells, SASP production
and/or mitotic arrest. Another study demonstrated widespread
non-tumoral murine astrocyte senescence after brain irradiation as
evidenced by increased CDKN1A, SA-β-Gal staining, and elevated
SASP factors, including hepatocyte growth factor (HGF), under-
scoring the relevance of radiation as a SASP-inducing agent13.
Interestingly, a recent study suggested that while radiation-
induced senescence in both male and female glioblastoma
xenograft mice, there was a greater post-irradiation senescent
cell burden in the stromal cells of female mice based on SA-β-Gal
staining and p21 expression63.
Of note, it remains unknown whether there is a difference in

therapy-induced senescence across glioma subtypes, such as
astrocytoma versus oligodendroglioma, low-grade versus high-
grade, and across molecular characteristics (IDH-wild type versus
mutant, MGMT methylated versus unmethylated). This is in part
due to preclinical models that focus on glioblastoma, with a few
models available for grade 4 IDH-mutant astrocytoma, in addition
to a lack of characterization of senescence across diverse human
glioma tissue samples, especially after treatment. We speculate
that glioma subtypes that have longer periods of disease latency
after treatment, such as low-grade gliomas or MGMT-methylated
glioblastoma, may have a higher burden of senescent cells than
gliomas that recur more rapidly, such as MGMT-unmethylated
glioblastoma. Moreover, based on intratumoral glioma hetero-
geneity, it is also possible that there may be variability in
senescence across glioma subtypes. An added difficulty is the lack

of a clear consensus definition on how to identify senescent cells;
rather than relying solely on one assay, such as SA-β-gal staining
or p16 expression, multiple markers must be used. As such, further
studies are needed to extensively characterize the relative burden
of tumor and microenvironment senescence across glioma
subtypes from human tissues obtained after treatment.

The senescent tumor microenvironment (TME) impacts glioma
aggressiveness
Although therapy-induced senescence is effective at transiently
inducing cell-cycle arrest, recurrence inevitably occurs. Unfortu-
nately, despite the anti-tumor properties of senescence, recurrent
tumors are often more aggressive and resistant to further therapy
than the original treatment-naïve disease64. Understanding why
and how this occurs may reveal novel therapeutic opportunities,
particularly regarding the relative contribution of cells escaping
senescence versus SASP-induced aggressiveness of recurrent
tumor cells that were never senescent. As described in “The
senescent escape” below, a small subset of senescent tumor cells
may escape senescence and contribute directly to glioma
recurrence. However, most senescent cells are likely to persistently
remain in this latent state within the tumor microenvironment. As
such, the impacts of the senescent tumor microenvironment
(TME) described in this section could be induced either by cells
which are transiently or persistently senescent. However, we
speculate that the latter are more likely to contribute overall to
glioma aggressiveness over time as they persist in the latent
microenvironment and release SASP.
The senescent tumor microenvironment (TME), induced by

chemoradiation and characterized by increased SASP, may
contribute to glioma recurrence. The SASP itself can be
proangiogenic, as demonstrated by increased blood vessel density
when patient-derived xenograft malignant epithelial cells were
grown in vivo with senescent, versus pre-senescent fibroblasts24.
Another study demonstrated that senescent glioma cells secrete
proangiogenic SASP proteins including VEGF, resulting in
increased tumorigenesis in vivo9. Of note, brain irradiation induces
cerebrovascular injury, even in the absence of tumor65,66, which
may foster a pro-angiogenic environment, thus potentially
increasing tumor vascular arborization. The SASP also contains
proteases, including matrix metalloproteinases, that degrade the
microenvironment, facilitating tumor cell migration and inva-
sion25,67. Importantly, the SASP can promote epithelial-to-
mesenchymal transition22 (EMT), which is characteristic of highly
aggressive tumors, including gliomas68. Indeed, one study found
that partial removal of senescent (p16Ink4a) cells decreased the
mesenchymal-like system and transcriptional subtype of the
glioblastoma and its microenvironment, in vivo54. Whether this
effect occurs directly in tumor cells or is mediated through tumor-
associated monocytes remains under active investigation.
Another key deleterious effect of the SASP is induction of an

immunosuppressive TME69 due to secretion of multiple SASP
factors such as granulocyte-macrophage colony stimulating factor
(GM-CSF) that can recruit and stimulate myeloid suppressor cells,
as demonstrated in various non-glioma cancer lines70. The
immune impacts of senescent cells is particularly important for
cells that remain persistently senescent and do not escape
senescence. These senescent cells can recruit other immune cells
which can contribute to establishing and maintaining an
immunosuppressive microenvironment36. Ablation of senescent
cells and the immunosuppressive microenvironment could
perhaps augment the efficacy of immunotherapies in glioma.
Additionally, the SASP itself may induce further glioma develop-
ment and proliferation. IL-6, a common SASP factor, is upregulated
following chemoradiation and has been shown to be required for
glioma development from glioma stem cells in a mouse model71,

C Riviere-Cazaux et al.

4

npj Precision Oncology (2023)   126 Published in partnership with The Hormel Institute, University of Minnesota



which may be of use for cancer cells that have acquired stemness
after senescence induced by chemotherapy8.
While chemoradiation induces temporary senescence in glioma

cells, we and others have shown that the brain irradiation-induced
SASP, even in the absence of glioma cells, can contribute to
glioma aggressiveness13,72. In one study, when mouse brains were
pre-irradiated prior to tumor implantation (10 Gy), animal survival
was significantly shorter than in non-pre-irradiated animals13. In
contrast, irradiated p21-/- mice failed to exhibit radiation-induced
senescence and did not promote tumor aggressiveness demon-
strating that the senescent microenvironment was necessary to
increase glioma aggressiveness. Although these and similar
studies have been performed in multiple cell lines within
immunocompetent models (GL26113,73, CT-2A13, NS226213, and
DBT74), we have observed a similar phenotype in six of ten
glioblastoma patient-derived xenograft lines after 15 Gy of pre-
irradiation72. Interestingly, pre-radiation extended survival in the
two lines with the shortest time to moribund in vivo (GBM10 and
12), while survival in two other highly aggressive lines (GBM39 and
123) was not impacted by pre-radiation. These results may
suggest that the SASP in the TME comprises a heterogeneous
mix of factors, including some that are growth-promoting and
others that are growth-inhibiting. Slower-growing tumor cells may
be at higher risk of increased aggressiveness induced by the
irradiated brain microenvironment. Of note, pre-irradiation-
induced aggressiveness was seen both when glioblastoma cells
were implanted at 48 h or 6 months after pre-irradiation72. This
suggests that although senescence and SASP may evolve as a
function of time since induction40, there is still a conserved pro-
tumorigenic biological impact across time.
One limitation of such pre-irradiation studies to date has been

that these studies pre-irradiate the non-tumor-bearing animals. To
date, no study has directly compared the impact of an irradiated
TME versus the irradiated non-tumor-bearing brain on recurrent
tumor growth. The most clinically relevant scenario would be a
previously irradiated tumor and its microenvironment, rather than
a non-tumor bearing brain, as gliomas most often recur in the
prior radiation field and not in radiation-naïve brain2. It remains to
be seen how previously irradiated senescent tumor cells could
impact the growth of non-senescent tumor cells. It also remains
unknown how tumor cells that remain persistently senescent
contribute to recurrence of other non-senescent glioma cells.
However, human microdialysis has demonstrated that radiation
induces a more robust proinflammatory response in tumor than
brain75. As such, a previously radiated TME containing senescent
tumor cells may contain even higher levels of SASP factors and
induce more accelerated recurrent tumor growth.

Astrocytes and microglia in the radiated brain
The impact of chemotherapy or radiation-induced senescence on
endothelial cells and fibroblasts has been reviewed elsewhere76,77.
However, unique components of the CNS tumor microenviron-
ment include astrocytes and microglia. As previously noted, we
and others found that radiation promotes senescence of
astrocytes based on two independent markers of senescence
(increased expression of p21 and loss of nuclear Lamin B1) in three
different mouse strains (C57Bl/6 J, BALB/cJ, and FVB/NJ)13.
One group also identified elevated markers of the senescence-
associated proteins p16INK4a and heterochromatin protein Hp1γ in
astrocytes from autopsy specimens from patients previously
treated with radiation compared to non-treated autopsy con-
trols78. Isolation of primary astrocytes, followed by irradiation or
mock irradiation, confirmed increased SA-β-gal positivity and
upregulation of multiple SASP-related genes by qRT-PCR. Irra-
diated astrocytes robustly secreted SASP factors including IL-1β,
IL-6, and IL-8, and downregulated secretion of IGF-1, which is
protective for neurocognitive function. Of note, radiation-induced

astrocyte senescence could be rescued by overexpression of the
p53 isoform, Δ133p53, resulting in promotion of DNA repair,
repression of IL-6 secretion, and increased IGF-1, suggesting that
p53 is a central mediator of the paracrine influence of senescent
astrocytes.
In addition to astrocytes, chemotherapy and radiation can

induce senescence in microglia. Radiation is known to induce a
pro-inflammatory phenotype in microglia through activation of
NF-κB and mitogen-activated protein kinase (MAPK) pathways,
resulting in increased cytokine secretion and neuronal apopto-
sis79. Radiation also induces senescence in tumor-associated
macrophages (TAMs)80, while aiding in their recruitment in
addition to that of activated peripheral monocytes and other
immune cells81, both in non-glioma cancer models. Of note, the
relative burden of therapy-induced senescence as a percentage of
each cell population has yet to be determined, particularly in
patient-derived specimens. It also remains to be elucidated if and
how each cell type’s therapy-induced senescence may contribute
to glioma aggressiveness, including SASP components produced
by each human cell type in vivo, and the impact thereof on glioma
invasion and proliferation.

The senescent escape
In addition to the deleterious effects of the SASP, therapy-induced
senescence may allow glioma cells to escape apoptosis, thereby
contributing directly to risk of recurrence. An in vitro study
demonstrated that knockdown of survivin induced senescent
U251 cells to become apoptotic, increasing the sensitivity of these
cells to TMZ82, suggesting that tumor senescence can be used as
an escape from therapy-induced apoptosis. While senescence has
typically been considered a state of irreversible cell cycle arrest,
multiple studies in non-glioma cancer models have demonstrated
that senescent cancer cells can re-enter the cell cycle8,10–12,82.
Whether distinct molecular profiles distinguish senescent versus
dormant cancer cells is an important unanswered question.
Unfortunately, senescence appears to induce permanent epige-
netic reprogramming of cancer cells leading to increased
stemness8. Upon re-entering the cell cycle, these cells have
increased potential for tumor initiation in vivo and greater
proliferative capacities in a WNT-dependent manner8. Addition-
ally, data in other cancer types suggest that stemness-associated
transcripts are highly enriched in recurrent malignancies83,84. This
may occur due to de-repression of the telomerase reverse
transcriptase gene85, particularly in the early stages of tumor
progression. It is important to note that escape of senescence
likely does not need to occur in all senescent cells for these to
contribute to recurrence. Rather, as demonstrated in prior non-
glioma studies8,10–12,82, we speculate that only a small subset of
senescent cells escape latency; once they escape, their uncon-
trolled proliferation could then contribute to glioma recurrence.
Potential mechanisms of senescence escape have been exten-
sively reviewed elsewhere12. Unfortunately, few such studies to
date have focused on glioma, likely due to the absence of
available longitudinal tissue sets that include primary tumor,
latent disease, and recurrent glioma from individual patients.
While glioma stem cells are thought to contribute to tumor

recurrence86, perhaps by activating DNA damage checkpoint
responses during radiation87, no study to our knowledge has
directly determined if those stem cells maintained their stem-like
behavior throughout therapy. We posit that the tumor-initiating
stem cells observed after therapy likely passed through a
senescent-like state of proliferative arrest prior to re-emergence
as tumor stem cells. Alternatively, prior in vitro glioblastoma
studies suggest that senescence is only induced in a subset of
tumor cells, ranging from 60–80% at the time of maximal
senescence burden to about 10% at later timepoints88. It is thus
also possible that there may be a subset of chemoradiation-
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resistant glioma stem cells, or non-stem cells, which were never
senescent and contributed to recurrence (previously reviewed)89.
In summary, the glioma microenvironment after treatment is likely
a complex microenvironment composed of (1) senescent tumor
cells, a minor subset of which have the potential to escape
senescence, along with (2) glioma non-stem and stem cells that
resist chemoradiation—all of which could contribute to recur-
rence. The sustained presence of treatment-induced senescent
cells in the microenvironment (as reviewed in “The senescent
tumor microenvironment (TME) impacts glioma aggressiveness”)
could lead to the ongoing release of SASP, thereby potentially
elevating the aggressiveness of any of these cell types upon
recurrence. Future studies will be needed to directly test the
relative contributions of senescence-escape versus inherent
chemoradiation-resistance to glioma recurrence.

Senescence and therapy-induced adverse effects
Senescence has been heavily implicated in cognitive decline,
which has previously been reviewed90,91. Indeed, we and others
have demonstrated that clearance of senescent cells, either
pharmacologically or genetically, ameliorates cognitive function-
ing in preclinical models14,15. Radiation and chemotherapy are
known to adversely impact cognition in patients92. Prior studies
have demonstrated that even low-dose radiation exposure
transcriptionally alters pathways related to cognitive functioning
and advance aging93. Additionally, whole-brain irradiation
increases the number of senescent astrocytes and impairs
astrocytic calcium signaling94. While whole brain radiation therapy
(WBRT) is no longer as widely utilized for patients with gliomas,
patients continue to experience neurocognitive decline when
undergoing chemotherapy and radiation95, perhaps in part due to
the far-ranging inflammatory impacts of the SASP47.
Senolytics could ameliorate these therapy-induced adverse

effects. Indeed, treatment with navitoclax, a Bcl-2, Bcl-xL, and Bcl-
W inhibitor, improved cognitive performance after clearing
senescent endothelial cells and improving blood-brain barrier
integrity in a mouse model of chemotherapy-induced cognitive
deficits96. Senescent cell clearance may also improve neurovas-
cular coupling, an important contributor to cognitive function97.
Other studies in non-glioma diseases have found that navitoclax
and dasatinib + quercetin, a senolytic combination, improved
short-term memory, both when senolytics were given prior to and
after induction of radiation-induced cognitive deficits98,99. As such,
targeting of the senescent glioma and its microenvironment may
enable further alleviation of the detrimental cognitive impacts of
standard-of-care treatment.

SENOLYTICS: AN OPPORTUNITY TO TARGET THERAPY-
INDUCED VULNERABILITIES?
Senolytics may be of particular relevance in glioma to (1) ablate
latent tumor cells within the treated field that could otherwise
contribute to tumor recurrence, (2) decrease the abundance of
pro-tumorigenic SASP factors in the TME, decreasing the amount
of “fertilizer” available for glioma recurrence, and (3) alleviate
senescence-induced cognitive and bone marrow decline from
prior treatment. Given that no other effective drugs are available
to patients after completion of adjuvant TMZ, senolytics are
promising candidate therapeutics that could be administered in
the latent stage to delay or prevent recurrence (Table 1).

Candidate senolytic agents in glioma
Inhibition of anti-apoptotic Bcl-2 family proteins. Bcl-2 family
protein inhibitors are a major class of candidate senolytics that
target the anti-apoptotic Bcl family, including Bcl-2, Bcl-xL, and
Bcl-W100. To date, most relevant preclinical data related to glioma
and CNS senescence have been generated using ABT-263

(navitoclax), which targets these three Bcls101 and is currently
being studied in hematologic malignancies including chronic
lymphocytic leukemia (CLL) and myelofibrosis. Multiple in vitro
studies have demonstrated that ABT-263 induces apoptosis in
senescent glioblastoma cells at a lower IC50 than non-senescent
glioma cells. To our knowledge, this observation has been
consistent across every grade 4 astrocytoma cell line reported to
date (both IDH-wild type and mutant), including LN229102,
A172102, IDH1-R132H mutated U87MG103, and 9 molecularly
diverse human lines spanning P53 and IDH-WT primary and
recurrent lines from male and female patients104. However,
sensitivity to Bcl-xL inhibition varied widely by cell line—both
before and after radiation104. In vivo treatment with ABT-263 in
the pre-irradiated glioma model ablated senescent astrocytes,
decreasing the aggressiveness of glioblastoma cells implanted
into the previously radiated brain13. Similarly, ABT-263 prolonged
survival in an in vivo U87MG IDH1-R132H model, which was
replicated in an IDH-mutant GBM164103. Similar results were also
obtained with the similar multi-Bcl-targeting compound ABT-
737102. Use of anti-apoptotic Bcl-2 family protein inhibitors could
also promote anti-inflammatory effects that could otherwise
contribute to glioma recurrence105.
Unfortunately, use of navitoclax in both preclinical models and

patients is limited by drug toxicities, including thrombocytope-
nia106 that decrease its long-term tolerability and utility for CNS
malignancies wherein hemorrhage could be catastrophic. Periodic
short, high-dose senolytic regimens would likely be more tolerable
by patients and has been effectively utilized in patients53.
However, extended treatment with relatively high doses has
generally been required to ablate senescent cells from the
CNS13,103, increasing the risk of unacceptable toxicities. Addition-
ally, while the relative CNS penetration of ABT-263 remains
unknown, the prolonged exposure that is sometimes necessary for
efficacy may prove unfeasible given toxicities, nor has the
potential for intrathecal or direct CNS delivery been evaluated in
patients. Bcl-xL selective proteolysis-targeting chimeras (PROTACs)
may have less off-target toxicities107, although their relative CNS
penetration and effect in gliomas remains unknown.
Other Bcl-2 family protein inhibitors include venetoclax (Bcl-2

inhibitor), and the model compounds A1331852 (Bcl-xL inhibitor),
and A1155463 (Bcl-xL inhibitor). We have previously shown that
the selective Bcl-xL inhibitors A1331852 and A1155463 induced
preferential apoptosis of senescent human glioma cells in a similar
manner to navitoclax104. This result could not be reproduced with
the FDA-approved selective Bcl-2 inhibitor, venetoclax, suggesting
that senescent glioma cells are relatively dependent upon Bcl-xL
for survival. In contrast, another group found that utilizing
venetoclax 120 h after an initial round of TMZ significantly
increased cell death from 26% to over 60% in LN229 cells108.
Interestingly, in our studies104, the senolytic impact of Bcl-xL
inhibition was maximally seen by 96 h post-radiation, as compared
to 24 h after radiation, suggesting that senolytic therapies could
be effective relatively soon after DNA-damaging therapy. This also
suggests the importance of considering how senescence may
evolve over time when evaluating senolytics. Further work is
needed to evaluate the impact of senolytics at much later
timepoints after induction of senescence. In summary, while Bcl-2
family targeting agents are available clinically as candidate
senolytic agents, concerns for toxicity, questions about CNS
penetration, and variable sensitivity in tumors represent potential
challenges to clinical translation.

Flavonoids. Flavonoids, such as quercetin, are phytochemical
compounds found in plants that have become some of the best-
known candidate senolytics. Quercetin, when combined with
dasatinib, has been shown to reduce senescent cells across
multiple cell types and disease states, including degenerative
disc109, diabetic kidney53, and neurodegenerative diseases15.
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Dasatinib and quercetin target different SCAPs, including tyrosine
kinases110 (dasatinib) and the PI3K/AKT/mTOR111, p53/MDM2/
p21112, and HIF1α-related pathways113 (quercetin). Dasatinib and
quercetin (D+Q) are currently in clinical trials as a senolytic
cocktail, with initial results in diabetic kidney disease demonstrat-
ing clearance of senescent cells in adipose tissue and decrease in
circulating SASP factors53. While studies assessing D+Q have
been promising in other disease states, our in vitro results from
GBM39 cells did not demonstrate a substantial impact of
dasatinib, quercetin, or D+Q as a senolytic combination following
irradiation104. However, other groups have found that fisetin,
another flavonoid, exhibited significant senolytic activity after
TMZ-induced senescence in LN229 and A172 cells102. In contrast,
we did not find a significant impact of fisetin on senescent cell
death in vitro after irradiation of GBM6, 39, or 76 cells104. Given the
promising results to date in other diseases and the highly
favorable safety profile of flavonoids, along with a relatively low
cost, further studies are warranted.
The senolytic impact of these flavonoids could be dependent

on components of the microenvironment not represented in a
culture dish, such as the resident and peripheral immune cell
population, perhaps explaining why in vitro and in vivo results
with senolytics have sometimes conflicted. Indeed, these flavo-
noids induce clearance of senescent microglial cells15 and reduce
trafficking of circulating monocytes and macrophages to senes-
cent tissue53, which could decrease the presence of deleterious
SASP components in the TME. As such, there is reason to speculate
that flavonoids could yield therapeutic impact within the tumor
ecosystem. Moreover, given the safety of these compounds, early
phase 0 studies in patients with gliomas may enable individua-
lized “go or no go” answers regarding the utility of senolytics as
proposed in “How to translate senolytics into the clinic?”.

Targeting the inhibitors of apoptosis family. Another class of
candidate senolytics target inhibitors of apoptosis protein (IAP)
family. One study has found that c-IAP2 was upregulated within
120 h of TMZ exposure in LN-229 cells, concurrently with
induction of senescence108. Treatment with BV6, a small molecule
that targets c-IAP1 and c-IAP2, has been shown to selectively
ablate the senescent LN229 and A172 cells in vitro following
TMZ102. Interestingly, the combination of BV6 and venetoclax (Bcl-
2 inhibitor) with TMZ increased cell death from 65% with
BV6+ TMZ or 60% with venetoclax+TMZ to over 80% with
BV6+venetoclax+TMZ108. Additionally, for the cells that escaped
senescence and regained their proliferative properties after TMZ,
two of the three TMZ-resistant clones retained sensitivity to BV6.
This suggests a continued role for c-IAP2 in tumor therapeutic
resistance, and contrasts with our preliminary observations that
re-entering cell cycle attenuated sensitivity to Bcl-xL inhibition104.
In vivo studies are needed to evaluate the senolytic utility of c-IAP
inhibitors for glioma.

Other candidate senolytics and SASP-targeting agents. Artesunate
is an antimalarial agent that is under preclinical evaluation for
repurposing as a senolytic agent. Though not well defined,
artesunate likely functions through multiple mechanisms of
action114. In vitro studies demonstrated selective pro-apoptotic
senolytic activity in TMZ-treated LN229, A172, and U87MG cells, as
well as glioblastoma stem-like cells (G112SP)102,115. In vivo data in
senescent glioma models are needed. Of note, intravenous
artesunate is generally well-tolerated in patients with malaria,
with rare side effects including allergic reactions and hemolytic
anemia114.
Heat shock protein 90 (Hsp90) inhibitors, including onalespib

and 17-DMAG, demonstrated senolytic activity in senescent
embryonic fibroblasts116. 17-DMAG also decreased senescent cell
burden in a progeroid mouse model116, although its impact in
glioma remains unknown. Combined treatment with onalespib

and TMZ extended survival in U251 and GS811 mouse intracranial
xenografts as compared to TMZ alone117. In line with these
findings, we observed the cytotoxic impact of onalespib in GBM6,
39, and 76, in vitro104. However, the IC50 was not impacted by
prior radiation, suggesting that this drug may not be a true
senolytic agent in glioma cells. Nevertheless, onalespib crosses the
blood-brain barrier117 and has undergone phase 1 trials with
acceptable safety and toxicity findings118.

Targeting individual SASP components. Although not directly a
senolytic, strategies to decrease SASP production (senomorphic)
could help mitigate the deleterious impacts of senescent cells. As
previously described in “The senescent tumor microenvironment
(TME) impacts glioma aggressiveness” and “The senescent
escape”, IL-6 is one of the most important and pro-tumorigenic
factors in SASP71,119,120. Given its role in facilitating a glycolytic
phenotype and glioma survival and proliferation, IL-6 is an
interesting target for glioma therapy. Since IL-6 promotes
gliomagenesis and it is a known SASP factor, blocking IL-6 could
help attenuate tumor growth in the previously radiated micro-
environment. To date, addition of tocilizumab, an IL-6 therapeutic
monoclonal antibody, decreased growth of TMZ-treated subcuta-
neous U251 glioblastoma models121. In another study, targeting
IL6R-alpha or IL-6 with short hairpin RNAs reduced the growth and
neurosphere-forming capacity of glioma stem cells (GSC)71. In
vivo, IL-6 or IL6-R knockdown in tumor cells significantly increased
survival in intracranial T3359 GSC models.
An alternate approach could be to target downstream signaling

pathways of SASP components. Fletcher-Sananikone et al. found
that both radiated astrocytes in vitro and radiated brain
upregulated HGF expression13. Blocking Met downstream of
HGF with crizotinib mitigated the pro-migratory impact of
senescent astrocytes in vitro and modestly improved survival in
a pre-radiated GL261 glioblastoma model in vivo13.
Finally, while not yet utilized in glioma models, senolytic

chimeric antigen receptor (CAR)-T cells have been developed that
are specific to a surface marker of senescent cells, urokinase type
plasminogen activator receptor (uPAR)122. These CAR-T cells have
demonstrated a promising ability to ablate senescent cells in vitro
and in vivo, although the survival impact of this therapy in
preclinical glioma models has yet to be demonstrated. Given the
role of senescence in promoting a tumor-suppressive microenvir-
onment, combinatorial use of senolytics with a checkpoint
inhibitor could be useful to augment the efficacy of the
immunotherapy by clearing the tumor-immunosuppressive micro-
environment via ablation of senescent cells69.
In conclusion, multiple candidate senolytic agents exist for

potential use in glioma, although a major limitation of many of
these studies is lack of in vivo validation, raising concerns that
different results could be obtained in the more complex senescent
tumor microenvironment—if the drugs are able to reach the
tumor at adequate levels without unacceptable systemic toxicity.
It also remains unknown how the mouse senescent microenviron-
ment compares to that of the human one. Prior reviews would
suggest that there will be significant differences between the
human and murine TME123. As such, attempts to extrapolate the
therapeutic impacts in preclinical models to humans should be
interpreted with caution.

3.2 Anticipated challenges and unanswered questions
regarding glioma senolytic therapy
Although senolytics may present an interesting and untapped
therapeutic avenue, multiple questions and challenges remain: (1)
the optimal agent(s), dose(s), timing, and cycling of senolytic
therapies are unknown, and may be challenging to accurately
infer from preclinical data, (2) enrolling patients for clinical trials in
the presence of latent disease would be a paradigm shift for
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glioma, and (3) relevant outcome measures should be identified to
evaluate the efficacy of therapy, including blood or CSF
biomarkers.

Limited understanding of latent human glioma. The latent human
glioma and its microenvironment remains largely unexplored. To
help address the current dearth of knowledge about latent human
gliomas, we have opened a prospective single-arm trial for
surgical resection of latent brain tumors prior to recurrence
(NCT04810871). Tissue obtained from this trial will help address
gaps in knowledge including: (1) the relative frequency, identity,
and heterogeneity of senescent cells among different cell
populations in the TME, (2) the relative contribution of each
senescent cell population to SASP production, (3) the impact of
senescent cells on the aggressiveness of human glioma cells that
have escaped senescence to re-enter the cell cycle, and (4) the
relative vulnerability of senescent glioma and stromal cells in situ
to candidate senolytic agents. To help address these and other
questions, tissue harvested during this trial is cryopreserved to
enable functional studies and ex vivo assays evaluating sensitivity
to senolytic drugs or cocktails.

Senolytic dosing approaches to senescent latent glioma: the “one-
two” punch hypothesis. The “one-two” punch hypothesis sug-
gests that senolytics should be used after senescence has been
induced by a primary therapy5,124. This concept was first
demonstrated when multiple melanoma and lung cancer cell
lines acquired sensitivity to ABT-263, a senolytic targeting Bcl-2,
Bcl-xL, and Bcl-W, and has since been utilized in various other
cancer models125. This method should limit combination-
associated toxicities and may help attenuate resistance to
standard-of-care therapies17,126. For this approach to be success-
ful, most, but perhaps not all, senolytics would be optimally
administered prior to tumor cells escaping from their senescent-
like state of mitotic arrest.
A population of senescent cells may be present throughout

disease, beginning even prior to cytotoxic therapy54. Nevertheless,
it would stand to reason that the highest percentage of tumor
cells will be senescent during the latent disease period following
completion of chemoradiation. As recurrence of some gliomas,
including those that are MGMT methylated57 and/or IDH-
mutant127, can be delayed for many months to years, senolytics
could be used during this period of latency to serve a second
“punch” against therapy-induced senescent cells. However, it
remains untested whether it is best to wait until completion of
therapy to begin senolytic therapy or if senolytics should be
started during standard-of-care cytotoxic treatment when senes-
cence is being induced. The optimal duration and frequency of
therapy may need to be determined empirically in carefully
designed early phase clinical trials that provide mechanistic
feedback.
Of note, our in vitro data suggest that a small percentage of

senescent cells may remain after treatment with senolytics104,
suggesting that multiple rounds of senolytics perhaps targeting
different SCAPS sequentially or in combination may be required to
clear these cells. Longitudinal sensitivity to senolytics, and
potential resistance, would need to be considered. After
chemoradiation, it remains unknown if senolytic sensitivity could
be augmented by rechallenge with further senescence-inducing
therapy. Options could include TMZ or lomustine, which are both
FDA-approved therapies utilized in patients with glioma. Other
therapies could include Tumor-Treating Fields (TTFs)128, which is
an FDA-approved alternating electrical field therapy that is utilized
by some, but not all patients with high-grade gliomas, as it
requires wearing a device for ideally 18 h a day or more.
Preliminary data in mesenchymal stromal cells suggest that TTFs
may induce senescence129, although the senescence-inducing
impacts of this therapy remain to be evaluated within in vivo

gliomas. Currently, most senolytic studies have a cyclical dosing
schedule, wherein they are administered at high doses for a few
days in 28-day cycles50. This may fit conveniently into the
standard Stupp protocol that includes TMZ on the first 5 days of
each 28-day cycle following radiation1. Alternating cycles of TMZ
and senolytics every 2 weeks, either during the adjuvant phase of
treatment and/or in latency, could help promote senolytic
sensitivity while minimizing theoretical risk of toxicity from
concurrent medications. Systematically identifying agents to
augment senolytic efficacy may prove a useful next step for the
field, allowing senolytics to be effective at lower and less toxic
doses that may be more feasible to achieve in the context of the
blood-brain barrier.

Paradigm shift: enrolling patients in clinical trials without active
disease burden?. There are currently no therapeutic trials for
patients with latent glioma. The standard clinical trial pipeline
tests agents in the context of active disease—be it primary or
recurrent disease. Enrolling patients into therapeutic trials during
the latent stage of disease is rarely ever performed in neuro-
oncology. Nevertheless, given the deleterious impacts of senes-
cence and its SASP, latent glioma is an untapped opportunity to
evaluate agents that could delay the time to and probability of
recurrence and improve quality of life, perhaps including
progression to higher tumor grades. There are no available
therapeutic drugs during this period. In our experience, many
would be motivated to actively pursue clinical trial opportunities,
if available, rather than wait for inevitable recurrence. As virtually
all glioma patients will have latent disease at some point during
their clinical course, there is no paucity of potential patients for
consideration. Furthermore, recent prolongation of progression-
free survival with vorasidenib, an IDH inhibitor, in patients with
residual or recurrent IDH-mutant gliomas, may further increase the
number of patients with latent disease for senolytic clinical
trials130.

Monitoring the efficacy of senolytic and senomorphic therapies. No
imaging strategy or laboratory study has been developed to
specifically quantify senescent CNS cell burden. Some patients
may have little, if any, evidence of residual disease after maximal
safe resection and chemoradiation. As such, novel methods will
be needed to quantify evidence of latent tumor cells and/or
SASP factors to determine whether or not senolytic therapy is
successfully decreasing disease burden. Ongoing senolytic
studies evaluate plasma, serum, and urine levels of SASP
factors47, looking for declines after senolytic therapy53. However,
given the presence of the blood-brain barrier, cerebrospinal fluid
(CSF) could serve as a more reliable source of biomarkers
originating from latent gliomas or prior resection cavities131.
Assaying CSF for SASP, or other candidates like mitochondria-
derived nucleotides that are elevated in senescence132, would
thus be of high utility for longitudinally monitoring the impacts
of senolytics on the relative senescent cell burden. Longitudinal
monitoring of SASP via CSF could also be utilized to understand
how senescence and SASP evolve as a function of time since
chemoradiation in gliomas, without the use of senolytics. Of
note, quantitative assays for SASP factors and biomarkers of
latent glioma cells will need to be independently developed to
concurrently assess the burden of total senescent cells, and
residual tumor cells, respectively.

HOW TO TRANSLATE SENOLYTICS INTO THE CLINIC?
To date, no senolytic drug or cocktail has been evaluated in
patients with glioma during the latent stage of their disease,
when tumor cells would be presumably most vulnerable. The
latent stage of each patient’s disease is an untapped opportu-
nity for the evaluation of candidate senolytic agents. Senolytics
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could be translated to the clinic in traditional phase 1+ trials to
establish their safety and tolerability, followed by their efficacy
in later phase trials. A limitation is that such trials may take a
significant amount of time to complete, particularly for patients
with lower grade tumors that may have years of latency prior to
the tumor’s inevitable recurrence. Most importantly, based on
the potential for heterogeneity in senescence across patients
and within tumors, phase 1+ trials would not provide rapid,
patient-individualized feedback to determine whether a candi-
date senolytic agent is effective for that individual’s tumor and
its microenvironment.
To that end, phase 0 studies for senolytics in pre-recurrent

gliomas could empower identification of pharmacodynamic
biomarkers in response to candidate senolytic agents based on
acquisition of longitudinal data, including serial CSF samples
from Ommaya reservoirs implanted at the time of surgery. We
ultimately aim to develop a panel of CSF senescence-related
biomarkers, in addition to plasma and imaging modalities, to
determine whether a patient continues or transitions to a new
therapy. Toward that goal, initial discovery efforts will be
required to (1) identify signatures of senescence and SASP
within CSF and (2) understand the pharmacodynamic impact of
candidate senolytics on CSF, plasma, and imaging. To initially
deploy this phase 0 pharmacodynamic paradigm, flavonoids,
such as quercetin or fisetin, could be utilized as they have a
highly favorable safety profile and are currently in use in other
clinical trials53. TMZ could be utilized to help upregulate SCAPs
and maximize chances of glioma cells being in a senescent-like
state at the time of senolytic therapy. Although the use of
pharmacodynamic response based on SASP is currently
discovery-based and speculative, an example protocol is
illustrated in Fig. 2.
A limitation of the phase 0 approach via CSF is that it would

remain unknown how changes in CSF SASP correlate with
senescent cell burden—some of which may be produced by
both senescent cells and the inflammatory stroma of treatment-
naïve glioma. Nevertheless, sequential evaluation of senolytics in
this manner could provide an opportunity to efficiently evaluate
the individualized impact of multiple senolytics, sequentially, on
multiple candidate biomarkers of senescence, based on the
relatively rapid mechanism of action of senolytics7. Ultimately,
further in vivo studies with senolytics and senomorphics are

needed to evaluate the impact of these agents in latent glioma,
which is currently an untapped window of therapeutic opportu-
nity in the translational pipeline prior to disease recurrence.

CONCLUSIONS
Chemoradiation induces senescence in gliomas and their TME,
contributing to disease latency and inevitable recurrence. This
senescent state provides an attractive therapeutic target to
(1) prolong the time to recurrence by ablating latent senescent
cells, (2) deplete SASP components released by senescent cells
and hopefully decrease the aggressiveness of future recurrence,
and (3) mitigate the long-term impacts of senescence on
neurocognitive functioning and bone marrow function in patients
with glioma. Multiple candidate senolytic agents, including anti-
apoptotic Bcl-2 family inhibitors and flavonoids, currently exist
that may be leveraged to decrease the senescent cell burden left
in the wake of chemotherapy and radiation. There remain many
outstanding questions regarding the potential efficacy of these
agents, their optimal administration, and biomarkers of efficacy.
However, patients with latent gliomas have few therapeutic
options after chemoradiation prior to recurrence, providing a
unique opportunity to evaluate senolytics in situ through phase 0,
algorithm-based studies, which could lead to the development of
novel therapeutic strategies to prevent glioma recurrence.

Received: 1 July 2023; Accepted: 24 October 2023;

REFERENCES
1. Stupp, R. et al. Radiotherapy plus concomitant and adjuvant temozolomide for

glioblastoma. N. Engl. J. Med 352, 987–996 (2005).
2. Gaspar, L. E. et al. Supratentorial malignant glioma: patterns of recurrence and

implications for external beam local treatment. Int. J. Radiat. Oncol. Biol. Phys. 24,
55–57 (1992).

3. Barthel, F. P. et al. Longitudinal molecular trajectories of diffuse glioma in adults.
Nature 576, 112–120 (2019).

4. Wang, J. et al. Clonal evolution of glioblastoma under therapy. Nat. Genet. 48,
768–776 (2016).

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

Fig. 2 Candidate clinical trial design for latent glioma. In patients with latent glioma and CSF access devices, baseline biospecimens and
imaging would be acquired prior to initiation of a sequence of senolytics. Biospecimens and imaging would be acquired every 2 weeks to
3months to assess for pharmacodynamic response based on the CSF SASP. Lack of response would lead to discontinuation of that agent and
initiation of the next one in the sequence.

C Riviere-Cazaux et al.

9

Published in partnership with The Hormel Institute, University of Minnesota npj Precision Oncology (2023)   126 



6. Macleod, K. F. et al. p53-dependent and independent expression of p21
during cell growth, differentiation, and DNA damage. Genes Dev. 9, 935–944
(1995).

7. Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J. & Kirkland, J. L. Cellular
senescence and the senescent secretory phenotype: therapeutic opportunities.
J. Clin. Invest 123, 966–972 (2013).

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

9. Ouchi, R., Okabe, S., Migita, T., Nakano, I. & Seimiya, H. Senescence from glioma
stem cell differentiation promotes tumor growth. Biochem. Biophys. Res. Com-
mun. 470, 275–281 (2016).

10. 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).

11. Roberson, R. S., Kussick, S. J., Vallieres, E., Chen, S. Y. & 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).

12. De Blander, H., Morel, A. P., Senaratne, A. P., Ouzounova, M. & Puisieux, A.
Cellular plasticity: A route to Senescence Exit and Tumorigenesis. Cancers
https://doi.org/10.3390/cancers13184561 (2021).

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

14. Bussian, T. J. et al. Clearance of senescent glial cells prevents tau-dependent
pathology and cognitive decline. Nature 562, 578–582 (2018).

15. Ogrodnik, M. et al. Whole-body senescent cell clearance alleviates age-related
brain inflammation and cognitive impairment in mice. Aging Cell 20, e13296
(2021).

16. Zhang, X. et al. Rejuvenation of the aged brain immune cell landscape in mice
through p16-positive senescent cell clearance. Nat. Commun. 13, 5671 (2022).

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

18. Short, S., Fielder, E., Miwa, S. & von Zglinicki, T. Senolytics and senostatics as
adjuvant tumour therapy. EBioMedicine 41, 683–692 (2019).

19. Louis, D. N. et al. The 2021 WHO classification of tumors of the central nervous
system: a summary. Neuro. Oncol. 23, 1231–1251 (2021).

20. Lopes-Paciencia, S. et al. The senescence-associated secretory phenotype and its
regulation. Cytokine 117, 15–22 (2019).

21. Orjalo, A. V., Bhaumik, D., Gengler, B. K., Scott, G. K. & Campisi, J. Cell surface-
bound IL-1alpha is an upstream regulator of the senescence-associated IL-6/IL-8
cytokine network. Proc. Natl Acad. Sci. USA 106, 17031–17036 (2009).

22. Coppé, J. P. et al. Senescence-associated secretory phenotypes reveal cell-
nonautonomous functions of oncogenic RAS and the p53 tumor suppressor.
PLoS Biol. 6, 2853–2868 (2008).

23. Acosta, J. C. et al. Chemokine signaling via the CXCR2 receptor reinforces
senescence. Cell 133, 1006–1018 (2008).

24. Coppé, J.-P., Kauser, K., Campisi, J. & Beauséjour, C. M. Secretion of vascular
endothelial growth factor by primary human fibroblasts at senescence. J. Biol.
Chem. 281, 29568–29574 (2006).

25. 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).

26. McQuibban, G. A. et al. Matrix metalloproteinase processing of monocyte che-
moattractant proteins generates CC chemokine receptor antagonists with anti-
inflammatory properties in vivo. Blood J. Am. Soc. Hematol. 100, 1160–1167
(2002).

27. Campisi, J. Aging, cellular senescence, and cancer. Annu Rev. Physiol. 75,
685–705 (2013).

28. 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).

29. Stein, G. H., Drullinger, L. F., Soulard, A. & Dulić, V. Differential roles for cyclin-
dependent kinase inhibitors p21 and p16 in the mechanisms of senescence and
differentiation in human fibroblasts. Mol. Cell Biol. 19, 2109–2117 (1999).

30. Terzian, T. et al. The inherent instability of mutant p53 is alleviated by Mdm2 or
p16INK4a loss. Genes Dev. 22, 1337–1344 (2008).

31. Datto, M. B. et al. Transforming growth factor beta induces the cyclin-
dependent kinase inhibitor p21 through a p53-independent mechanism. Proc.
Natl Acad. Sci. USA 92, 5545–5549 (1995).

32. Basile, J. R., Eichten, A., Zacny, V. & Münger, K. NF-kappaB-mediated induction of
p21(Cip1/Waf1) by tumor necrosis factor alpha induces growth arrest and
cytoprotection in normal human keratinocytes. Mol. Cancer Res. 1, 262–270
(2003).

33. Mansour, M. A., Rahman, M., Ayad, A. A., Warrington, A. E. & Burns, T. C. P21
Overexpression promotes cell death and induces senescence in human glio-
blastoma. Cancers https://doi.org/10.3390/cancers15041279 (2023).

34. Hernandez-Segura, A., Nehme, J. & Demaria, M. Hallmarks of cellular senescence.
Trends Cell Biol. 28, 436–453 (2018).

35. Kale, A., Sharma, A., Stolzing, A., Desprez, P.-Y. & Campisi, J. Role of immune cells
in the removal of deleterious senescent cells. Immun. Ageing 17, 16 (2020).

36. Prata, L., Ovsyannikova, I. G., Tchkonia, T. & Kirkland, J. L. Senescent cell clear-
ance by the immune system: Emerging therapeutic opportunities. Semin
Immunol. 40, 101275 (2018).

37. Childs, B. G., Durik, M., Baker, D. J. & van Deursen, J. M. Cellular senescence in
aging and age-related disease: from mechanisms to therapy. Nat. Med 21,
1424–1435 (2015).

38. He, S. & Sharpless, N. E. Senescence in health and disease. Cell 169, 1000–1011
(2017).

39. Wiley, C. D. et al. Analysis of individual cells identifies cell-to-cell variability
following induction of cellular senescence. Aging Cell 16, 1043–1050 (2017).

40. Nakao, M., Tanaka, H. & Koga, T. Cellular senescence variation by metabolic and
epigenomic remodeling. Trends Cell Biol. 30, 919–922 (2020).

41. Campisi, J. Senescent cells, tumor suppression, and organismal aging: good
citizens, bad neighbors. Cell 120, 513–522 (2005).

42. Coppe, J. P., Desprez, P. Y., Krtolica, A. & Campisi, J. The senescence-associated
secretory phenotype: the dark side of tumor suppression. Annu Rev. Pathol. 5,
99–118 (2010).

43. Dehkordi, S. K. et al. Profiling senescent cells in human brains reveals neurons
with CDKN2D/p19 and tau neuropathology. Nat. Aging 1, 1107–1116 (2021).

44. Jeon, O. H. et al. Local clearance of senescent cells attenuates the development
of post-traumatic osteoarthritis and creates a pro-regenerative environment.
Nat. Med. 23, 775–781 (2017).

45. Farr, J. N. et al. Targeting cellular senescence prevents age-related bone loss in
mice. Nat. Med. 23, 1072–1079 (2017).

46. Childs, B. G. et al. Senescent intimal foam cells are deleterious at all stages of
atherosclerosis. Science 354, 472–477 (2016).

47. Schafer, M. J. et al. The senescence-associated secretome as an indicator of age
and medical risk. JCI Insight. https://doi.org/10.1172/jci.insight.133668 (2020).

48. Zhang, P. et al. Senolytic therapy alleviates Aβ-associated oligodendrocyte
progenitor cell senescence and cognitive deficits in an Alzheimer’s disease
model. Nat. Neurosci. 22, 719–728 (2019).

49. Xu, M. et al. Senolytics improve physical function and increase lifespan in old
age. Nat. Med. 24, 1246–1256 (2018).

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

51. Kirkland, J. L. & Tchkonia, T. Senolytic drugs: from discovery to translation. J.
Intern Med. 288, 518–536 (2020).

52. Kirkland, J. L. & Tchkonia, T. Cellular senescence: a translational perspective.
EBioMedicine 21, 21–28 (2017).

53. Hickson, L. J. et al. Senolytics decrease senescent cells in humans: preliminary
report from a clinical trial of Dasatinib plus Quercetin in individuals with diabetic
kidney disease. EBioMedicine 47, 446–456 (2019).

54. Salam, R. et al. Cellular senescence in malignant cells promotes tumor pro-
gression in mouse and patient Glioblastoma. Nat. Commun. 14, 441 (2023).

55. Newlands, E. S., Stevens, M. F., Wedge, S. R., Wheelhouse, R. T. & Brock, C.
Temozolomide: a review of its discovery, chemical properties, pre-clinical
development and clinical trials. Cancer Treat. Rev. 23, 35–61 (1997).

56. Beltzig, L. et al. Senescence is the main trait induced by Temozolomide in
Glioblastoma cells. Cancers. https://doi.org/10.3390/cancers14092233 (2022).

57. Hegi, M. E. et al. MGMT gene silencing and benefit from temozolomide in
glioblastoma. N. Engl. J. Med. 352, 997–1003 (2005).

58. Wiewrodt, D. et al. MGMT in primary and recurrent human glioblastomas after
radiation and chemotherapy and comparison with p53 status and clinical out-
come. Int J. Cancer 122, 1391–1399 (2008).

59. Aasland, D. et al. Temozolomide induces senescence and repression of DNA
repair pathways in Glioblastoma cells via activation of ATR-CHK1, p21, and NF-
kappaB. Cancer Res. 79, 99–113 (2019).

60. Zhang, L. et al. Inhibition of TAZ contributes radiation-induced senescence and
growth arrest in glioma cells. Oncogene 38, 2788–2799 (2019).

61. Lee, J. J. et al. PTEN status switches cell fate between premature senescence and
apoptosis in glioma exposed to ionizing radiation. Cell Death Differ. 18, 666–677
(2011).

62. Quick, Q. A. & Gewirtz, D. A. An accelerated senescence response to radiation in
wild-type p53 glioblastoma multiforme cells. J. Neurosurg. 105, 111–118 (2006).

63. Broestl, L. et al. Gonadal sex patterns p21-induced cellular senescence in mouse
and human glioblastoma. Commun. Biol. 5, 781 (2022).

64. Kim, Y. et al. Perspective of mesenchymal transformation in glioblastoma. Acta
Neuropathol. Commun. 9, 50 (2021).

65. Li, Y. Q., Chen, P., Haimovitz-Friedman, A., Reilly, R. M. & Wong, C. S. Endothelial
apoptosis initiates acute blood-brain barrier disruption after ionizing radiation.
Cancer Res. 63, 5950–5956 (2003).

C Riviere-Cazaux et al.

10

npj Precision Oncology (2023)   126 Published in partnership with The Hormel Institute, University of Minnesota

https://doi.org/10.3390/cancers13184561
https://doi.org/10.3390/cancers15041279
https://doi.org/10.1172/jci.insight.133668
https://doi.org/10.3390/cancers14092233


66. Lee, W. H., Cho, H. J., Sonntag, W. E. & Lee, Y. W. Radiation attenuates physio-
logical angiogenesis by differential expression of VEGF, Ang-1, tie-2 and Ang-2
in rat brain. Radiat. Res. 176, 753–760 (2011).

67. Lucio-Eterovic, A. K., Piao, Y. & De Groot, J. F. Mediators of glioblastoma resis-
tance and invasion during antivascular endothelial growth factor therapy. Clin.
Cancer Res. 15, 4589–4599 (2009).

68. Verhaak, R. G. et al. Integrated genomic analysis identifies clinically relevant
subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1,
EGFR, and NF1. Cancer Cell 17, 98–110 (2010).

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

70. Gallina, G. et al. Tumors induce a subset of inflammatory monocytes with
immunosuppressive activity on CD8+ T cells. J. Clin. Invest. 116, 2777–2790
(2006).

71. Wang, H. et al. Targeting interleukin 6 signaling suppresses glioma stem cell
survival and tumor growth. Stem Cells 27, 2393–2404 (2009).

72. Zhang, J. et al. Impact of the radiated brain microenvironment on a panel of
human patient-derived xenografts. bioRxiv https://doi.org/10.1101/
2020.06.03.132365 (2020).

73. Garbow, J. R. et al. Irradiation-modulated murine brain microenvironment
enhances GL261-tumor growth and inhibits Anti-PD-L1 immunotherapy. Front
Oncol. 11, 693146 (2021).

74. Duan, C. et al. Late effects of radiation prime the brain microenvironment for
accelerated tumor growth. Int. J. Radiat. Oncol. Biol. Phys. 103, 190–194
(2019).

75. Tabatabaei, P. et al. Radiotherapy induces an immediate inflammatory reaction
in malignant glioma: a clinical microdialysis study. J. Neuro. Oncol. 131, 83–92
(2017).

76. Wang, Y., Boerma, M. & Zhou, D. Ionizing radiation-induced endothelial cell
senescence and cardiovascular diseases. Radiat. Res. 186, 153–161 (2016).

77. Martinez-Zubiaurre, I. & Hellevik, T. Cancer-associated fibroblasts in radio-
therapy: bystanders or protagonists. Cell Commun. Signal. 21, 108 (2023).

78. Turnquist, C. et al. Radiation-induced astrocyte senescence is rescued by
Δ133p53. Neuro. Oncol. 21, 474–485 (2019).

79. Xu, A. et al. Regulatory coupling between long noncoding RNAs and senescence
in irradiated microglia. J. Neuro. Inflam. 17, 321 (2020).

80. Patil, S. et al. Senescence-associated tumor growth is promoted by 12-
Lipoxygenase. Aging 14, 1068–1086 (2022).

81. Zhou, L. & Ruscetti, M. Senescent macrophages: a new “old” player in lung
cancer development. Cancer Cell https://doi.org/10.1016/j.ccell.2023.05.008
(2023).

82. Song, Z. et al. Escape of U251 glioma cells from temozolomide-induced
senescence was modulated by CDK1/survivin signaling. Am. J. Transl. Res. 9,
2163–2180 (2017).

83. Li, Y. et al. Suppression of cancer relapse and metastasis by inhibiting cancer
stemness. Proc. Natl Acad. Sci. USA 112, 1839–1844 (2015).

84. Duy, C. et al. Chemotherapy induces senescence-like resilient cells capable of
initiating AML recurrence. Cancer Discov. 11, 1542–1561 (2021).

85. Park, J. I. et al. Telomerase modulates Wnt signalling by association with target
gene chromatin. Nature 460, 66–72 (2009).

86. Jackson, M., Hassiotou, F. & Nowak, A. Glioblastoma stem-like cells: at the root
of tumor recurrence and a therapeutic target. Carcinogenesis 36, 177–185
(2015).

87. Bao, S. et al. Glioma stem cells promote radioresistance by preferential activa-
tion of the DNA damage response. Nature 444, 756–760 (2006).

88. Zanoni, M. et al. Irradiation causes senescence, ATP release, and P2X7 receptor
isoform switch in glioblastoma. Cell Death Dis. 13, 80 (2022).

89. Osuka, S. & Van Meir, E. G. Overcoming therapeutic resistance in glioblastoma:
the way forward. J. Clin. Investig. 127, 415–426 (2017).

90. Warrington, J. P. et al. Whole brain radiation-induced vascular cognitive
impairment: mechanisms and implications. J. Vasc. Res. 50, 445–457 (2013).

91. Lumniczky, K., Szatmári, T. & Sáfrány, G. Ionizing radiation-induced immune and
inflammatory reactions in the brain. Front Immunol. 8, 517 (2017).

92. Brown, P. D. et al. Hippocampal avoidance during whole-brain radiotherapy plus
memantine for patients with brain metastases: phase III trial NRG oncology
CC001. J. Clin. Oncol. 38, 1019–1029 (2020).

93. Lowe, X. R., Bhattacharya, S., Marchetti, F. & Wyrobek, A. J. Early brain response
to low-dose radiation exposure involves molecular networks and pathways
associated with cognitive functions, advanced aging and Alzheimer’s disease.
Radiat. Res. 171, 53–65 (2009).

94. Institoris, A. et al. Whole brain irradiation in mice causes long-term impairment
in astrocytic calcium signaling but preserves astrocyte-astrocyte coupling. Ger-
oscience 43, 197–212 (2021).

95. Weyer-Jamora, C. et al. Cognitive impact of lower-grade gliomas and strategies
for rehabilitation. Neuro. Oncol. Pr. 8, 117–128 (2021).

96. Ahire, C. et al. Accelerated cerebromicrovascular senescence contributes to
cognitive decline in a mouse model of paclitaxel (Taxol)-induced chemobrain.
Aging Cell https://doi.org/10.1111/acel.13832 (2023).

97. Tarantini, S. et al. Treatment with the BCL-2/BCL-xL inhibitor senolytic drug
ABT263/Navitoclax improves functional hyperemia in aged mice. Geroscience
43, 2427–2440 (2021).

98. Fielder, E. et al. Short senolytic or senostatic interventions rescue progression of
radiation-induced frailty and premature ageing in mice. Elife https://doi.org/
10.7554/eLife.75492 (2022).

99. Budamagunta, V. et al. Effect of peripheral cellular senescence on brain aging
and cognitive decline. Aging Cell 22, e13817 (2023).

100. Perini, G. F., Ribeiro, G. N., Pinto Neto, J. V., Campos, L. T. & Hamerschlak, N. BCL-2 as
therapeutic target for hematological malignancies. J. Hematol. Oncol. 11, 65 (2018).

101. Tse, C. et al. ABT-263: a potent and orally bioavailable Bcl-2 family inhibitor.
Cancer Res. 68, 3421–3428 (2008).

102. Beltzig, L., Christmann, M. & Kaina, B. Abrogation of cellular senescence induced
by Temozolomide in Glioblastoma cells: search for senolytics. Cells https://
doi.org/10.3390/cells11162588 (2022).

103. Karpel-Massler, G. et al. Induction of synthetic lethality in IDH1-mutated gliomas
through inhibition of Bcl-xL. Nat. Commun. 8, 1067 (2017).

104. Rahman, M. et al. Selective vulnerability of senescent Glioblastoma cells to BCL-
XL inhibition. Mol. Cancer Res. 20, 938–948 (2022).

105. Badrichani, A. Z. et al. Bcl-2 and Bcl-XL serve an anti-inflammatory function in
endothelial cells through inhibition of NF-kappaB. J. Clin. Invest. 103, 543–553 (1999).

106. 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).

107. Khan, S. et al. A selective BCL-X(L) PROTAC degrader achieves safe and potent
antitumor activity. Nat. Med. 25, 1938–1947 (2019).

108. Schwarzenbach, C. et al. Targeting c-IAP1, c-IAP2, and Bcl-2 eliminates senescent
glioblastoma cells following Temozolomide treatment. Cancers https://doi.org/
10.3390/cancers13143585 (2021).

109. Novais, E. J. et al. Long-term treatment with senolytic drugs Dasatinib and
Quercetin ameliorates age-dependent intervertebral disc degeneration in mice.
Nat. Commun. 12, 5213 (2021).

110. Shah, N. P. et al. Overriding imatinib resistance with a novel ABL kinase inhibitor.
Science 305, 399–401 (2004).

111. Granato, M. et al. Quercetin induces apoptosis and autophagy in primary
effusion lymphoma cells by inhibiting PI3K/AKT/mTOR and STAT3 signaling
pathways. J. Nutrit. Biochem. 41, 124–136 (2017).

112. Clemente-Soto, A. F. et al. Quercetin induces G2 phase arrest and apoptosis
with the activation of p53 in an E6 expression‑independent manner in
HPV‑positive human cervical cancer‑derived cells. Mol. Med. Rep. 19,
2097–2106 (2019).

113. Wilson, W. J. & Poellinger, L. The dietary flavonoid quercetin modulates HIF-1
alpha activity in endothelial cells. Biochem Biophys. Res. Commun. 293, 446–450
(2002).

114. Cui, L. & Su, X. Z. Discovery, mechanisms of action and combination therapy of
artemisinin. Expert Rev. Anti. Infect. Ther. 7, 999–1013 (2009).

115. Berte, N., Lokan, S., Eich, M., Kim, E. & Kaina, B. Artesunate enhances the ther-
apeutic response of glioma cells to temozolomide by inhibition of homologous
recombination and senescence. Oncotarget 7, 67235–67250 (2016).

116. Fuhrmann-Stroissnigg, H. et al. Identification of HSP90 inhibitors as a novel class
of senolytics. Nat. Commun. 8, 422 (2017).

117. Canella, A. et al. Efficacy of Onalespib, a long-acting second-generation HSP90
inhibitor, as a single agent and in combination with Temozolomide against
malignant gliomas. Clin. Cancer Res. 23, 6215–6226 (2017).

118. Do, K. T. et al. Phase 1 study of the HSP90 inhibitor onalespib in combination
with AT7519, a pan-CDK inhibitor, in patients with advanced solid tumors.
Cancer Chemother. Pharm. 86, 815–827 (2020).

119. Lamano, J. B. et al. Glioblastoma-derived IL6 induces immunosuppressive per-
ipheral myeloid cell PD-L1 and promotes tumor growth. Clin. Cancer Res. 25,
3643–3657 (2019).

120. Gu, J. et al. IL-6 derived from therapy-induced senescence facilitates the gly-
colytic phenotype in glioblastoma cells. Am. J. Cancer Res. 11, 458–478 (2021).

121. Xue, H. et al. A novel tumor-promoting mechanism of IL6 and the therapeutic
efficacy of tocilizumab: Hypoxia-induced IL6 is a potent autophagy initiator in
glioblastoma via the p-STAT3-MIR155-3p-CREBRF pathway. Autophagy 12,
1129–1152 (2016).

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

123. Guerin, M. V., Finisguerra, V., Van den Eynde, B. J., Bercovici, N. & Trautmann, A.
Preclinical murine tumor models: A structural and functional perspective. eLife 9,
e50740 (2020).

C Riviere-Cazaux et al.

11

Published in partnership with The Hormel Institute, University of Minnesota npj Precision Oncology (2023)   126 

https://doi.org/10.1101/2020.06.03.132365
https://doi.org/10.1101/2020.06.03.132365
https://doi.org/10.1016/j.ccell.2023.05.008
https://doi.org/10.1111/acel.13832
https://doi.org/10.7554/eLife.75492
https://doi.org/10.7554/eLife.75492
https://doi.org/10.3390/cells11162588
https://doi.org/10.3390/cells11162588
https://doi.org/10.3390/cancers13143585
https://doi.org/10.3390/cancers13143585


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

125. Wang, L. et al. High-throughput functional genetic and compound screens
identify targets for senescence induction in cancer. Cell Rep. 21, 773–783 (2017).

126. Chang, J. et al. Clearance of senescent cells by ABT263 rejuvenates aged
hematopoietic stem cells in mice. Nat. Med. 22, 78–83 (2016).

127. Cohen, A. L., Holmen, S. L. & Colman, H. IDH1 and IDH2 mutations in gliomas.
Curr. Neurol. Neurosci. Rep. 13, 345 (2013).

128. Stupp, R. et al. Effect of tumor-treating fields plus maintenance Temozolomide
vs maintenance Temozolomide alone on survival in patients with Glioblastoma:
a randomized clinical trial. Jama 318, 2306–2316 (2017).

129. Rühle, A., Strack, M., Grosu, A.-L. & Nicolay, N. H. Abstract 3156: Tumor treating
fields reduce cellular survival of human mesenchymal stromal cells via apoptosis
and senescence induction. Cancer Res. 82, 3156–3156 (2022).

130. Mellinghoff, I. K. et al. Vorasidenib in IDH1- or IDH2-mutant low-grade glioma. N.
Engl. J. Med. 10, 2304194 (2023).

131. Kros, J. M. et al. Circulating glioma biomarkers. Neuro. Oncol. 17, 343–360 (2015).
132. Iske, J. et al. Senolytics prevent mt-DNA-induced inflammation and promote the

survival of aged organs following transplantation. Nat. Commun. 11, 4289 (2020).

ACKNOWLEDGEMENTS
C.R.C. was supported by the National Institute of Health T32GM065841. T.C.B. was
supported by NINDS R61 NS122096, NINDS R21NS109770, Mayo Clinic Center for
Individualized Medicine and CCaTS award UL1TR002377, Humor to fight the Tumor,
and Lucius & Terrie McKelvey. T.C.B., A.E.W. and S.H.K. were all supported by NCI
R37CA276851. J.L.K. and T.T. were supported by NIH grants R37AG013925,
R33AG061456, and P01AG062413, the Connor Fund, Robert J. and Theresa W. Ryan,
and the Noaber Foundation.

AUTHOR CONTRIBUTIONS
C.R.C. and T.C.B. conceptualized and designed the review. C.R.C., L.P.C., I.E.O., M.R.,
K.R., S.I. and M.A.M. contributed to literature search. C.R.C., B.J.N., D.A.B., T.T., S.H.K.,
J.L.K.L. and T.C.B. conceptualized the discussed clinical trial approach. C.R.C. and T.C.B.
wrote the manuscript. All authors critically revised and approved the final manuscript.

COMPETING INTERESTS
M.J.S., D.J.B., T.T., J.L.K. and Mayo Clinic have intellectual property potentially related
to this research. D.J.B. is a co-inventor on patents held by Mayo Clinic, patent
applications licensed to or filed by Unity Biotechnology, and a shareholder in Unity.
T.T. and J.L.K. have patents and pending patents covering senolytics drugs and their
uses that are held by Mayo Clinic. Research in these labs is reviewed by the Mayo
Clinic Conflict of Interest Review Board and is conducted in compliance with Mayo
Clinic Conflict of Interest policies.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Terry C. Burns.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

C Riviere-Cazaux et al.

12

npj Precision Oncology (2023)   126 Published in partnership with The Hormel Institute, University of Minnesota

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	An untapped window of opportunity for glioma: targeting therapy-induced senescence prior to recurrence
	Introduction
	The deleterious impacts of senescence in�glioma
	Defining senescence and senolytics
	Therapy-induced senescence in�glioma
	The senescent tumor microenvironment (TME) impacts glioma aggressiveness
	Astrocytes and microglia in the radiated�brain
	The senescent�escape
	Senescence and therapy-induced adverse effects

	Senolytics: an opportunity to target therapy-induced vulnerabilities?
	Candidate senolytic agents in�glioma
	Inhibition of anti-apoptotic Bcl-2 family proteins
	Flavonoids
	Targeting the inhibitors of apoptosis�family
	Other candidate senolytics and SASP-targeting�agents
	Targeting individual SASP components

	3.2 Anticipated challenges and unanswered questions regarding glioma senolytic therapy
	Limited understanding of latent human�glioma
	Senolytic dosing approaches to senescent latent glioma: the &#x0201C;one-two&#x0201D; punch hypothesis
	Paradigm shift: enrolling patients in clinical trials without active disease burden?
	Monitoring the efficacy of senolytic and senomorphic therapies


	How to translate senolytics into the clinic?
	Conclusions
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




