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Abstract

The senescent phenotype was first describe in 1961 as a phenomenon characterized by the
cessation of cellular division. After years of debate as to whether it represented a tissue culture
artifact or an important biological process, it is now appreciated that senescence plays an
important role in tumorigenesis. Further, senescence is integral to normal biological processes
such as embryogenesis and the maintenance of tissue homeostasis. Now with defined roles in
development, wound healing, tumor promotion and tumor suppression, it is not surprising that
attention has turned to refining our understanding of the mechanisms behind, and consequences of,
the induction of senescence. One emerging role for senescence lies in the ability of senescence to
orchestrate an inflammatory responses: factors secreted by senescent cells have been identifed in
multiple contexts to modulate various aspects of immune response. As with many of the
previously described roles for senescence, the type of inflammation established by the senescence
phenotype is varied and dependent on context. In this review, we discuss the current state of the
field with a focus on the paradoxical outcomes of the senescence-induced inflammatory responses
in the context of cancer. A more complete understanding of senescence and an appreciation for its
complexities will be important for eventual development of senescence-targeted therapies.

The Senescence Phenotype

Cellular senescence has documented roles in halting tumor development through its
induction of an irreversible cell cycle arrest and ability to elicit potent immune- mediated
clearance of incipient tumor cells (1-6); however, like many cellular processes, the
complexities that surround the senescence phenotype are still not fully understood. While
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there is convincing evidence that senescence can function in a cell-autonomous manner to
halt tumor development in preneoplastic epithelial cells, the nuanced outcomes of cellular
senescence both in the stromal compartment and the epithelial compartment have proven
varied, and at times paradoxical (7-9). Indeed, in xenograft settings stromal senescence can
be potently tumor promoting. More recently, senescent cells have been found to modulate
host immune responses, in addition to roles in regulating tumor cell intrinsic mechanisms
fostering neoplastic progression (3, 4, 9-15). Interestingly, there is now evidence that this
interplay between senescent cells and immune cells is bidirectional given that tumor-
infiltrating Gr-1* myeloid cells can antagonize senescence induction within tumor
epithelium (16). This review focuses on the impact senescent cells have on host immune
responses, and how this relationship impacts overall tumorigenesis.

Hallmarks of the senescence phenotype

There are many inducers of the senescence phenotype: oncogene-induced senescence (OIS),
telomere dysfunction (known as replicative senescence, (RS)), therapy-induced senescence
(T1S), and chronic stress stimuli such as high levels of reactive oxygen species (ROS),
among others (1, 2, 17-21). All of these inducers converge upon activation of a chronic
DNA-damage response (DDR), induction of the tumor suppressor p53, or independent
activation of the cell cycle inhibitor p16'NK4A (p16). Activation of p16 drives irreversible
exit from the cell cycle through inhibition of CDK4- and CDK8- mediated phosphorylation
of the retinoblastoma protein (Rb) (11, 22, 23).

While no single marker is sufficient to identify senescent cells, a combination of biomarkers
and cellular characteristics identify senescent cells both in vivo and in vitro. Importantly,
these markers are sufficient to identify senescent cells regardless of the senescence inducer
or cell type. Typically, senescent cells are immunoreactive for senescence-associated beta-
galactosidase (SA-fgal), express p16, display a flattened and enlarged morphology in vitro,
and express an altered gene expression profile, e.g., the senescence-associated secretory
phenotype (SASP), activated in response to chronic DNA-damage response (DDR), and
sustained by activation of the stress kinase p38MAPK (p38) (24-28). Adding further
complexity to understanding senescence is the fact that SASP itself varies depending on the
cell type being examined (29-37). Of note, a recent study reported that the SASP of
oncogene-induced senescent cells propagates the senescence phenotype to neighboring cells
via paracrine mechanisms highlighting a particular importance for interleukin (IL)-1a in this
process (38). In any case, it is the SASP that functionally dictates the striking diversity in
cell-autonomous and cell-non-autonomous roles of senescence phenotypes (26, 34, 35).

Molecular mechanisms governing SASP expression

A significant body of literature exists concerning the molecular control of the SASP (26, 28,
32, 39-41). Though many questions still remain, it is known that robust SASP expression
results from chronic activation of the DDR, in response to DNA damaging agents,
expression of oncogenes or loss of tumor suppressors, increased ROS, telomere dysfunction,
and other prolonged cellular stresses (26, 31, 32, 34, 39, 42). In most settings, this requires
activation of ataxia-telangiectasia mutated (ATM) and subsequent activation of nuclear
factor kappa B signaling (NFxB) (41, 43). Once established, sustained activation of p38
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plays a pivotal role in maintaining expression of a significant number of SASP factors
though not all SASP factors require activation of NF«B or p38 (26, 41, 43). Interestingly,
and often confusing to many, p53 plays a key role in suppressing the SASP; indeed, loss of
p53 in the face of a chronic DDR leads to increased expression of a cadre of SASP factors
(26, 32).

Multifaceted Roles for Senescence

While many studies focus on roles for senescence in tumor promotion and progression,
senescence was first discovered as a potent tumor suppressive mechanism (3, 4, 44).
Senescence within preneoplastic cells limits their expansion and consequently is important
for maintenance of tissue integrity (7, 8); senescence, in this way, poses a barrier to incipient
tumor development. Indeed, it is necessary for neoplastic cells to bypass the senescence
phenotype, typically through loss of p53 and/or Rb, for preneoplasia to progress to frank
neoplasia, and on to malignancy (44, 45). In addition to limiting replicative capacity,
activation of senescence within certain neoplastic cell types, under specific contexts, leads to
increased expression of inflammatory cytokines that elicit immune-mediated tumor
clearance (5, 6, 46). Senescence-induced, anti-tumorigenic, inflammatory phenotypes will
be discussed in detail below.

Developmentally programmed senescence

There are several roles emerging for senescence outside the context of tumor development; a
new role for senescence was recently discovered in embryologic development. Two seminal
papers reported that developmentally programmed senescence occurs during embryogenesis
at multiple sites and is important for patterning of mammalian embryos (47, 48). This
senescence program is dependent on p21 but differs from oncogene-induced senescence
(OIS) or replicative senescence (RS) in that it is independent on DDR signaling and p53. In
development, these senescent cells express a SASP with many overlapping factors with OIS
SASP. Storer and colleagues, in conjunction with the findings from Mufioz-Espin and
colleagues, revealed that senescence induction during development elicits macrophage-
mediated senescent cell clearance where clearance of senescent cells results in tissue
remodeling necessary for normal morphogenesis (47, 48). These findings support the notion
that senescence activation in post-embryonic tissues marks an evolutionarily coopted
mechanism of an otherwise necessary developmental process. It however remains unclear
how SASP mechanistically results in recruitment of macrophages during embryogenesis. It
is possible that studies focused on senescent cell clearance from tumors will provide insights
into this developmental process.

Senescence promotes wound repair

In addition to development, senescence induction was recently discovered to play an integral
part in the maintenance of tissue homeostasis where Demaria and colleagues (49) reported
an essential role for senescence in optimal wound repair. Using a model of cutaneous injury,
these investigators reported that following wounding, rapid induction of senescence was
detected in both endothelial cells and fibroblasts. In this system, senescence induction
accelerated the rate of healing by SASP factor, platelet-derived growth factor AA (PDGF-
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AA), mediated myofibroblast differentiation. Wounds depleted or devoid of senescent cells
exhibited delayed kinetics in wound closure, thus identifying a unique and non-deleterious

role for the SASP in adult tissues (49). Whether wound-induced senescence modulates the

host immune response remains an interesting and important question.

Dual roles for senescence in tumorigenesis

New evidence indicates beneficial outcomes for the senescence program in addition to its
well-accepted, and first noted, role in cell-autonomous inhibition of neoplastic cell
proliferation (3, 4, 44). However, research from several groups over the past two decades
has convincingly demonstrated a paradoxical role for senescence emanating from its distinct
secretory profile (9, 26, 34, 35). A clear, cell-non-autonomous, role exists for senescence in
neoplastic progression of solid tumors (26, 50-52). SASP factors such as osteopontin
(OPN), amphiregulin (AREG) and GROa can drive proliferation of preneoplastic and
neoplastic cells (33, 42, 53). Extracellular matrix modifying enzymes, such as the canonical
SASP factor matrix metalloproteinase (MMP)-3, disrupts normal tissue structure and drives
invasive properties along with factors such as IL-6 and IL-8 (26, 54, 55). Growth of tumors
is further supported through increased angiogenesis derived from heightened expression of
SASP factor vascular endothelial growth factor (VEGF) (56). Evidence from in vitro studies
indicates that IL-6 and IL-8 can also promote epithelial-to-mesenchymal transition (EMT)
from premalignant cells and non-aggressive tumor epithelial cells (26). In this way,
senescent stromal cells were found to function analogously to cancer-associated fibroblasts
(CAFs), which also express a plethora of tumor promoting factors (10, 28, 33, 57, 58).

While the tumor-promoting functions of the SASP are varied, the majority of the research
elucidating these phenotypes relied on xenograft models and immune-compromised mice
(42, 50, 51, 53); thus, in recent years, introduction of immune-competent murine models has
revealed additional roles for senescence in the inflammatory response associated with cancer
(5, 6, 30, 47-49). It had long been hypothesized that senescent cells could impact tumor-
associated inflammation given that the SASP is enriched in many cytokines and
chemokines. However, it was not until recently that the complexities of senescence-
orchestrated inflammation have been brought to light. As is the story of senescence in nearly
all contexts investigated, senescence-associated inflammation exerts its effects in a context-
dependent manner resulting in paradoxical outcomes dependent on the cells and tissue of
origin (5, 6, 30, 47-49).

A Role for Senescence in Inflammation: The SASP

Inflammation, like senescence, within the context of cancer is a double-edged sword
(reviewed in (59, 60)). Indeed there are clear roles for acute inflammation in the detection of
early preneoplastic lesions where immune surveillance and lymphocyte-mediated tumor cell
clearance are an indispensible part of anti-tumor immunity (61). However, many studies
have reported that chronic inflammation can be a key driver of tumor development and
indeed a hallmark characteristic of cancer (62-66). In addition, the microenvironment of
many established tumors is often immunosuppressive with subsets of myeloid, T and B cell
lineages actively limiting cytotoxic T cell function and subsequent tumor elimination (67,
68); thus, understanding the cause and context of different types of inflammation will be
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integral for development of successful, immune-targeted cancer therapies. The senescence-
induced inflammatory response and its dichotomistic consequences for tumorigenesis will
be the focus of the remainder of this review.

Understanding senescence-driven inflammation, in the context of tumor development,
requires teasing apart the types of inflammation elicited by senescent cells. Initial studies
have indicated a less than clear-cut and singular definition of senescence-driven
inflammation. As highlighted in detail in the examples that follow, it may be possible that
the dichotomy of outcome (tumor promotion or tumor regression) is also dictated by the
tissue of origin, the cell of origin, the penetrance of senescence (i.e. number of senescent
cells present in the tissue), the senescence-inducer, or an even broader influence such as
systemic differences in the host ranging from allele differences, epigenetic differences and
even differences emanating from the microbiome.

Senescence in Context

Senescence-inflammatory response in epithelium

Looking exclusively at senescence-driven inflammation developing in response to senescent
epithelial cells, we are presented with two distinct and contradictory outcomes. Several
studies have reported clearance of senescent neoplastic epithelial cells and malignant tumor
cells that represent potent barriers for ongoing tumor development (6, 46). One of the first
studies to demonstrate this phenomenon was performed by Xue and colleagues (6) utilizing
a “tet-off” RNAI system allowing inducible silencing of p53. These authors demonstrated
that reactivation of p53 in H-RasV12-expressing tumorigenic hepatoblasts, following
intrasplenic injection and seeding in liver, led to robust senescence and tumor regression.
Tumor regression was elicited through the SASP-mediated recruitment of innate immune
cells and subsequent clearance of the tumor. Interestingly, this study was performed in
athymic, nu/nu mice, thus indicating that presence of adaptive immunity was not required
for clearance of tumor cells. Using the same Ras-driven, p53-tet-off system, a recent follow
up study revealed that natural killer (NK) cells are the innate immune cell mediating rapid
elimination of senescent tumor cells (Fig. 1A) (46); in the absence of NK cells, tumors still
regressed but with slower dynamics, where neutrophil and/or macrophage activities were
also implicated in clearance. Using a subcutaneous tumor model in RAG2-deficient mice
(lacking B and T lymphocytes), it was subsequently reported that subcutaneous tumors
retained a similar innate immune profile as observed in liver, and that in that system, the
SASP factor chemokine CCL2 was responsible for NK cell-mediated, senescent tumor cell
clearance (Fig. 1A) (46). How an adaptive immune response might have impacted this
response however, remains an open question.

In a separate study also utilizing OIS in liver epithelium via intrahepatic delivery of virally
expressed oncogenic Nras®12V, as opposed to implantation of malignant tumor cells,
senescence was found to play a key role in limiting the onset of tumor development. In this
study, premalignant, senescent hepatocytes provoked what the authors’ termed “senescence
surveillance” (5). This surveillance mechanism resulted from SASP-mediated, antigen
specific, CD4* T helper type 1 (TH1) cell activation, however CD4* T cells required the
presence of monocytes/macrophages to induce clearance of senescent premalignant cells,
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thus resulting in inhibition of tumor formation (Fig. 1B). And while the previous study (46)
reported senescent cell clearance dependent solely on innate immunity, this later study
indicated that not only were both arms of the immune system required for senescence
surveillance, but also that antigen specificity played a role (5). Mechanisms underlying why
adaptive immunity exerts a role in one system and not the other remains an outstanding
question, but one possibility may lie in the penetrance of senescence activation within the
tissue. Kang et al. demonstrated mosaic activation within the liver, while Xue et al. utilized
a model system inducing over 80% SA-fgal positivity throughout the tissue (5, 6). In
addition, these inconsistencies may result from differences in time of onset of senescence
(premalignant vs. malignant). Regardless, together these data indicate a beneficial role for
senescence in restriction of hepatocellular carcinoma (HCC) development that is, in part,
reliant on immune-mediated mechanisms.

Moving to studies using models outside of HCC, a different outcome for the senescence-
inflammatory response emerges. In a prostate cancer model, PTEN-loss induced cellular
senescence (PICS) revealed that PTEN-null tumors demonstrated a high degree of
senescence induction within the initiated epithelium. In this model, the senescent tumor
cells, through activation of Jak2/Stat3 signaling, established immunosuppressive
inflammation in tumor microenvironments that promoted tumor progression and enhanced
chemoresistance to docetaxel therapy (Fig. 1C). Intriguingly, this pro-tumorigenic
inflammatory response could be reversed using pharmacological inhibition of JAK2, raising
the possibility that the senescence phenotype may represent a novel therapeutic target (30).
This study indicated that senescent tumor cells may provide protection for non-senescent
tumor cells via inhibition of immune destruction thus leading to risk of tumor recurrence.

The SASP has also been found to protect tumor cells from chemotherapy, and not
surprisingly, depending on the tumor model used, provides insight into two distinct
mechanisms of chemoprotection. Using a mammary adenocarcinoma tumor model, Jackson
et al. suggested that SASP factors derived from chemotherapy-induced, senescent malignant
mammary epithelial cells directly promote non-senescent tumor cell proliferation and thus
relapse following chemotherapy (69). Toso and colleagues reported that, in the context of
PICS, SASP can also drive development of an immunosuppressed microenvironment;
following chemotherapy, SASP-induced inflammation inhibited the anti-tumor immune
response thus limiting detection and clearance of remaining, non-senescent tumor cells (30,
69). Another interesting finding from this study was evidence that the mode of senescence
activation could vary the senescence-inflammatory response. Indeed, the findings using
PICS in prostate epithelium were not corroborated using OIS. PbKras®12V-driven, senescent
prostate tumors lacked robust induction of Stat3 that mediated the SASP expression profile
necessary to establish the immunosuppressive immune infiltration in PICS-driven
senescence (30). These results highlight the important role the senescence inducer plays in
the inflammatory outcome and tumor progression, and thus adds an additional layer of
complexity to the impact of senescence on the host immune response.

Distinctly different from the studies above in which used liver and prostate models, Pribluda
and colleagues defined a unique type of inflammation in colorectal cancer induced by the
senescence-inflammatory response (29). What these authors termed the senescence-
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associated inflammatory response (SIR), represents a secretory profile elicited from stressed
epithelium but, through loss of p53, can be uncoupled from growth arrest induced by the
canonical senescence phenotype, and thus can result in accelerated tumor growth and
invasiveness (Fig. 1D). Interestingly, this may be similar to the uncoupling of the senescent
growth arrest and induction of SASP noted earlier by Campisi and colleagues who reported
that p53 plays an important role in restraining the SASP (26, 32). In the Pribluda study, the
authors focused on direct tumor promoting effects of the SIR rather than involvement of
inflammatory infiltrates - it would be interesting to explore whether the SIR has any
pronounced role in immune cell recruitment or function. In addition, the direct tumor
promoting, para-inflammation observed in this study, was reversed through treatment with
anti-inflammatory drugs providing a therapeutic opportunity (Fig. 1D) (29).

Senescence-inflammatory response in tumor stroma

Epithelial compartment-focused studies have revealed variations in inflammatory responses
and tumor progression dependent on tissue type, senescence-inducer and time of senescence
induction (pre-malignant vs. malignant). From these collective studies, it is not unexpected
that a shift in focus from senescence in epithelium to senescence in stroma would serve to
further complicate the definition of the senescence-inflammatory response. Indeed, recent
studies have highlighted the myriad of effects that senescence exerts on stromal-induced
inflammation. Initial studies have been restricted to the liver microenvironment with hepatic
stellate cells (HSCs) the focus, but even in this single tissue, the inflammatory response is
multidimensional (70, 71).

Recently, Lujambio et al. delineated an inflammatory mechanism in liver resulting from
non-cell-autonomous functions of p53. This study demonstrated that p53-dependent
senescence induction in HSCs resulted in the enrichment of M1-polarized macrophages
within liver (70) (for a review of macrophage polarization, please see (72)). Using
conditioned-medium (CM) from senescent HSCs or proliferating, non-senescent, HSCs,
SASP factors derived from senescent HSCs induced M1-polarized bone marrow-derived
macrophages that had increased capacity to eliminate senescent HSCs in vitro as compared
to non-senescent HSCs CM, which polarized macrophages towards an M2 phenotype.
Addition of premalignant hepatocytes to macrophage cultures revealed that senescent HSC-
CM-mediated M1 enrichment led to a reduction in the pro-proliferative environment
observed when non-senescent, HSC-CM and M2 macrophages were instead present.
Interestingly, the M1 polarization preference observed under senescent conditions also
occurred in vivo and correlated with decreased diethylnitrosamine (DEN)-induced HCC
(70). Thus, this study concluded that the appearance of senescent HSCs altered the immune
microenvironment by favoring the presence M1-polarized macrophages that effectively
limited proliferation of initiated hepatocytes, and thereby limited development of HCC (Fig.
2A). M1 macrophages in this scenario were also likely to be less immune (T cell)
suppressive (68), although this aspect of macrophage functionality was not specifically
addressed.

In a DMBA (7,12-dimethylbenz(a)anthracene)-initiated model of HCC, a very different
outcome was observed as compared to the above findings, where the appearance of
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senescent HSCs resulted in overt tumorigenesis (71). In this setting, DMBA leads to
oncogenic Ras mutations thus posing a different underlying mutational profile than that
found following DEN treatment, which initiates tumors following DNA-adduct formation
and spontaneous mutations (71, 73). In addition to differences in tumor initiator, the DMBA
study focused on the liver microenvironment of obese mice, thus complicating the model. In
this study, DMBA treatment resulted in HCC in obese mice, but the same treatment failed to
induce HCC in control mice, indicating that the liver microenvironment is significantly
different in obese versus non-obese mice - elucidation of the mechanism underlying obesity-
induced HCCs revealed that obese livers accumulated senescent HSCs via gut microbiotic-
driven changes in enterohepatic circulation of deoxycholic acid (DCA). DCA is known to
induce DNA-damage and thus chronic DDR-activation was proposed as the mechanism of
senescence induction (71). These important findings have thus provided evidence supporting
a role for the microbiome in outcomes of senescent stromal-associated inflammation.
Senescence-induction in this context was dependent on DCA, which induced HSC
senescence. SASP expression was required for HCC given that inhibition of SASP
abrogated tumor development (Fig. 2B) (71, 74). Differences in the DMBA and DEN
models indicate that the mutational profile of the responding, initiated, epithelium along
with systemic differences in the host, including microbiotic composition, may contribute to
distinct phenotypes of stromal senescence-derived inflammatory responses. The specific
influence on the host immune response using this model system is likely to be critical, but
has yet to be investigated.

Age-related inflammation and cancer

Interestingly, the natural aging process has often been described as a condition of chronic
inflammation with systemic levels of factors such as IL-6 and tumor necrosis factor (TNF)a
rising in serum as a consequence of age (74-76). In addition to serum level cytokine
increases, elevated numbers of circulating myeloid cells with T cell suppressive features
have also been detected (77). Age-related inflammation is linked to a number of
degenerative diseases associated with aging including Alzheimer’s and Parkinson’s disease
(78, 79). In these particular diseases, it is unclear whether inflammation existed prior to
disease onset or is rather a confounding result of the disease itself. The potential contribution
of the immune system towards development of these diseases will be an important area for
future research.

Much more is known regarding the link between chronic inflammation and cancer; chronic
inflammation is now appreciated for being associated with the onset and progression of
virtually all solid tumors (66, 80). Ulcerative colitis and Crohn’s disease greatly increase the
risk of colon cancer (81), whereas liver carcinoma incidence is increased by Hepatitis C
infection (82), and the leading cause of gastric cancer has been traced to chronic infection by
Helicabacter pylori (83). Unlike the chronic inflammation associated with a defined inducer
such as an autoimmune condition or infection by pathogen, the role of age-associated,
chronic inflammation, in cancer incidence is poorly understood.

Senescent cells may provide the link between age-related increases in inflammation and
cancer. Indeed, senescent cells accumulate with age in multiple tissues including skin,
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breast, liver and lung (24, 84-86). This accumulation of senescent cells along with their
robust expression of inflammatory mediators as part of the SASP, implicates senescence as a
player in age-related chronic inflammation. While it is clear from the studies discussed, that
senescent cells are capable of modulating inflammation, what is unclear is the type of
inflammation that would be expected to be associated with age-related senescence, where
senescent cells associated with aging are likely accumulating due to a combination of
inducers. DNA-damage, telomere dysfunction, chronic exposure to stressors such as ROS
could all be contributing to increases in senescence both in stroma, as well as epithelium. As
illustrated in the examples above, the inducer of senescence as well as the target cell can
both produce a varied SASP expression profile and thus differentially impact the host
immune response (5, 30, 71). How the combination of these assorted senescence inducers
impacts immune recruitment, function and subsequent tumorigenesis in an aging tissue is
likely to be heterogeneous, and thus the outcome mixed and partially dependent on the
compilation of cell autonomous mutations present in initiated cells (Fig. 3). Moreover, it is
likely that age-related immune dysfunction is also involved given that the rate of senescence
accumulation may be in part a reflection of reduced clearance via a weakened immune
response.

Considering that the mutational profile of responding initiated cells plays a role in
senescence-driven inflammation, it is conceivable that age-associated senescence will
dictate different inflammatory outcomes based on cell type, tissue type and tumor type. It is
clear that more investigation is needed to fully appreciate the role of inflammation in the
age-associated accumulation of senescence, in both the stromal and epithelial compartments.
That said, initial studies have shown promise for senescence- (hamely SASP) targeted
therapies for improved tumor outcome. Given recent evidence revealing elimination of p16*
cells from tissues in mice results in reversal of several age-related pathologies (87), it is
possible that in humans, therapies targeting the deleterious functions of the SASP may prove
beneficial not only for cancer, but for other diseases as well.

Opportunities and Obstacles for therapeutics

The documented pro- and anti-tumorigenic functions of SASP-induced inflammation make
therapeutic development challenging, and indicate that optimal SASP “reprogramming” may
result in a tailored secretory profile allowing for senescence-induced anti-tumorigenic
benefits, while limiting tumor-promoting inflammation. Senescence-targeted therapies may
be particularly potent when paired with chemotherapy and/or radiation therapy in the
context of cancer. In this case, therapy-induced senescence (TIS) has proven to be beneficial
in its initial characterization, but presents a risk over time (30, 69, 88, 89). Using an Ey-Myc
murine model of lymphoma, exogenous B cell lymphoma 2 (Bcl2) protein expression
resulted in improved outcome following therapy due to increased senescence induction as
compared to Eu-Myc control mice (89). In a human system where the conditions
surrounding TIS may or may not result in clearance, unresolved inflammation and pro-
tumorigenic SASP secretion presents a risk. Others have reported evidence for chemo-
protection via SASP-factors (30, 69, 90); SASP-mediated protection and even promotion of
escaped malignant cells could result in aggressive relapse. Indeed, one of the most robust
ways to induce a potent SASP is through use of chemotherapeutic agents. Indeed, treatment
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with bleomycin, as well as docetaxel, induces a potent SASP that stimulates tumor growth in
xenograft models (bleomycin), and in vivo using an MMTV-Wnt1 mammary tumor model
(docetaxel) (28, 69).

In addition, age-associated senescence accumulation poses an interesting target for
preventative therapies. It has been suggested by others that enhanced induction of
senescence within some tumor types may be beneficial for outcomes via solicitation of anti-
tumor inflammation and clearance (70, 88). However, given the many pro-tumorigenic
functions of unresolved senescence-induced inflammation, such a therapeutic approach may
present significant obstacles.

The SASP has a multitude of factors that have been characterized as driving tumor-
promoting inflammation. 1L-6 is an important mediator of the SASP’s tumor promoting
phenotype (34, 35, 91); this is an attractive target for inhibition using monoclonal antibody
therapy. Siltuximab, an anti-1L-6 antibody, and tocilizumab, an anti-1L-6 receptor antibody,
are both currently approved for treatment of other pathologies (92, 93). Upstream of IL-6,
IL-1a could also be targeted - as is the case with IL-6, an IL-1a receptor monoclonal
antibody is already used clinically (94). The use of SASP-factor specific therapies for
senescence would require careful consideration of the tissue type and cell of origin in order
to achieve maximal benefit.

Other targets outside of cytokines exist that may provide broad inhibition of inflammatory
SASP factors. p38MAPK (p38) inhibition was found to limit SASP factor mRNA stability
critical for maintenance of NFxB-dependent cytokine and chemokine upregulation.
Treatment of senescent stromal cells with p38-inhibitors led to amelioration of tumor
promoting effects of the SASP in vitro, as well as in a xenograft system (28). In addition, a
recent study reported that mTOR is a potent target that provides inhibition of the pro-
tumorigenic functions of the SASP where SASP inhibition resulted from suppression of
IL-1a translation and a subsequent decrease in NFkB-dependent cytokine secretion.
Interestingly, the effects of rapamycin were notably durable with suppression of the SASP
maintained at approximately 80% for up to 7 days post-treatment and taking 3 weeks to
return to levels observed in untreated cells (95). Given the types of factors with reduced
expression, it is likely that in an immune-competent setting, inflammation would also be
impacted. Whether such approaches would have detrimental effects on important functions
such as wound healing will be an important question to address.

In cases where SASP establishes inflammatory microenvironments characterized by
immunosuppressive cell types, such as the PICS model in prostate epithelium, there is
evidence that the SASP can be reprogrammed to stimulate tumor cell rejection. In this
model, treatment with the JAK2 inhibitor NVP-BSK805 (JAKZ2i) resulted in a reversal of
the immunosuppressive phenotype and synergized with chemotherapy to produce more
favorable tumor outcome. Following treatment with the JAK2i, tumors displayed robust
infiltration by T cells and elevated granzyme B staining, correlating with significantly
decreased tumor burden (30). This type of reprogramming poses an interesting possibility -
that stimulating the “right” type of inflammation may be the best of both worlds to enable
clearance of tumor cells, and at the same time lift suppression driven by subsets of recruited
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myeloid cells. While depletion of suppressive myeloid cells was noted in the JAK2i treated
tumors (30), it would be interesting to determine if these studies performed with addition of
immune checkpoint blockade therapies (for a review, see (96)) that have demonstrated
efficacy in multiple malignancies (97). The hope here would be that addition of immune
checkpoint blockade to microenvironments with senescence-induced immunosuppressive
cell types may benefit from reactivation of anti-tumor T cell responses.

Use of non-steroidal anti-inflammatory drugs (NSAIDs) has also shown promise in limiting
the tumor-promoting affects of senescence in the context of colorectal cancer (CRC) (29).
While NSAIDs in human studies are known to reduce risk of some cancers, and reduce
recurrence of others following primary resection, the manner by which they achieve this is
not entirely clear (98-102). It is possible that some of the reduced cancer risk is derived
from systemic decreases in inflammation. Evidence from murine models of CRC reveled
that treatment with the NSAID, sulindac resolved para-inflammation driven by the SIR, and
the reduction in “smoldering” inflammation resulted in reduced tumor development (29).
NSAIDs, such as aspirin and ibuprofen, are readily available compounds but more
investigation is needed as to their mode of action. Moreover, adverse effects, including
gastrointestinal issues result in complications for the elderly, a group of individuals that
would potentially benefit from pan-inhibition of age-driven accumulating senescent cells.

Conclusions

The senescence phenotype is complicated and its impact in different tissues likely stems
from variations in intrinsic SASP factor expression, as well as differences in the phenotypes
of responding cells. Taken together, the studies investigating SASP-mediated inflammation
further highlight the complexities of the senescence phenotype. Together these results
demonstrate a dynamic inflammatory response dictated by the cell type (stromal versus
epithelial), the tissue type (liver, prostate, colon etc.), the senescence inducer (OIS, PICS,
RS and others), and the mutational profile of the responding epithelium (preneoplastic
versus neoplastic, DMBA-induced oncogenic Ras versus DEN-induced DNA-adducts, etc).
Many questions remain as studies begin to investigate senescence-associated inflammation
in contexts outside of the tumor microenvironment. This includes a provocative link to aging
pathologies including age-associated increases in cancer where senescent cells are present in
stroma before any evidence of initiation from epithelium. In order to harness the potential
therapeutic advantages of senescence, it is clear that a more profound understanding of the
phenotype is needed both in normal tissues as well as the tumor microenvironment.
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Figure 1. Senescence-inflammatory response in epithelium
A. Oncogene-induced senescence (OIS) in hepatic tumor cells, through secretion of SASP-

factor CCL2, stimulates natural killer (NK) cell-mediated anti-tumor immune responses.

B. Using a model of Nras®12V-driven, OIS, senescent premalignant hepatocytes stimulate
immune surveillance by secretion of SASP factors. SASP factors results in the activation of
CD4*, Tyl cells, which subsequently limit liver cancer development via macrophage/
monocyte mediate clearance.

C. PTEN-loss induced senescent prostate tumor cells promote cancer progression by the
SASP factor-mediated establishment of immunosuppressive inflammation. In this model,
Jak2/Stat3 dependent SASP factor expression results in recruitment of CD11b*Gr-1*
myeloid cells which limit cytotoxic T cell (CTL) function and thus tumor growth is
unrestrained.

D. In a model of colorectal cancer, a SASP related secretory profile, termed the senescence-
associated inflammatory response (SIR), is secreted by stressed epithelial cells. The SIR
promotes tumorigenesis following the loss of p53 expression. Treatment with nonsteroidal
anti-inflammatory drugs (NSAIDs) can reverse the tumor promoting effects of the SIR.
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Figure 2. Senescence-inflammatory response in tumor stroma
A. In a diethylInitrosamine (DEN)-induced hepatocellular carcinoma (HCC) model, p53-

dependent, senescent hepatic stellate cells promote the enrichment of M1-polarized
macrophages. M1 macrophages limit the proliferation of initiated epithelial cells and
consequently restrict HCC development.

B. A DMBA (7,12-dimethylbenz(a)anthracene)-initiated model of HCC demonstrated that
livers of obese mice were predisposed to tumor development via DCA (deoxycholic acid)-
induced senescent hepatic stellate cells. DCA was produced by the gut microbiota and
resulted in increased senescence in the liver. The senescent stellate cells promoted
tumorigenesis by the secretion of SASP factors.
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Figure 3. A role for senescence in age-related tumor development
Senescent cells accumulate in tissues with age but little is known regarding the impact of

this phenomenon on inflammation and cancer development. SASP factors can both promote
and restrict tumor development through modulation of immune cells. The types of
inflammation elicited by senescence in aging microenvironments as well as the consequence
of this inflammation on tumorigenesis remain open questions.
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