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ABSTRACT 
 
As the natural process of aging occurs along with stresses and insults from the environment, cells 

in various organs and tissues of the body can undergo senescence, a phase of arrested growth and 

exit from the cell cycle that is established in order to prevent further propagation of damaged 

cells. Though cellular senescence is acutely beneficial for the organism, chronic accumulation of 

senescent cells can have negative effects on organ function and overall survival. In this thesis 

dissertation, I will provide a background on senescence in various aspects.  I will discuss the 

types of cellular senescence and their inducers along with typical features of senescent cells. The 

relationship that senescent cells and their senescence-associated secretory phenotype (SASP) 

have with cell signaling pathways will be discussed. The role senescent cells play in the 

development and pathogenesis of cancer will also be discussed. In addition, how certain drugs 

can induce cellular senescence and how senescence can have an impact on the efficacy of drug 

treatments will be assessed. Lastly, in vivo models of cellular senescence will be highlighted for 

their potential and ongoing use in the understanding and targeting of senescence. Subsequently, I 

will describe findings from two projects where I studied the impact of senescence in an animal 

model, INK-ATTAC that allows for detection and reversal of senescence.  

The first project was identifying the contribution of tissues and cell types that undergo 

senescence in response to low dose chronic angiotensin II administration. I observed that 

oxidative stress from low dose chronic angiotensin II caused induction of senescence in kidney 
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endothelia that was accompanied by a signature of endothelial damage. Quite strikingly, 

elimination of senescent cells prevented the senescence and damage-related pathway activation 

and endothelial damage signature.  

The second project was to assess the impact of host cell senescence on the efficacy of 

immune checkpoint inhibitor treatment of a syngeneic mouse model of triple negative breast 

cancer. I observed that resistance to treatment with immune checkpoint inhibitors was 

ameliorated by the elimination of host senescent cells and resulted in an altered composition of 

immune cell infiltration into the tumors. Further analyses will be done to elucidate the pathways 

and proteins involved in the crosstalk between senescence and immune checkpoint inhibitor 

resistance.  
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CHAPTER I: INTRODUCTION 
 

CELLULAR SENESCENCE  

Cellular senescence is marked by the inability of cells to progress effectively through the cell 

cycle (Campisi et al., 2007). Cells undergoing senescence were first observed in 1881 by 

Weismann and rediscovered by Hayflick and Moorhead, when they saw how normal human 

fibroblasts entered a state of irreversible growth arrest in vitro after continuous states of 

passaging (Hayflick et al., 1961; Collado et al., 2007; Shay & Wright 2000). This growth arrest 

specifically occurs at the G1 phase of the cell cycle. Interestingly, though these senescent cells 

lack the ability to undergo mitosis, they are still very much metabolically active (Campisi et al., 

2007). In addition, once in the arrested phase, senescent cells will not undergo DNA replication 

even if put into conditions that are optimal for growth and proliferation (Campisi et al., 2007). 

This makes senescence different from quiescence which is a reversible state that can join the cell 

cycle again if given a strong mitogenic stimulus. Thus, the senescent state is considered to be a 

permanent state. However, recent studies have shown that the senescent state is not as 

irreversible as once thought, and if certain proteins such as p16 or p38MAPK (elaborated upon 

the cell signaling section) are inhibited, the once senescent cell can re-enter the cell cycle (Childs 

et al., 2015). Research in this area is still ongoing to truly understand this phenomenon and at 

one time the so-called "Hayflick Limit" of cell growth was hotly contested. Peyton Rous, one of 

the editor’s for the Journal of Experimental Medicine had rejected Hayflick and Moorhead’s 

pioneering paper on the grounds that at the time it was believed that cells had the potential to 

grow continuously if supplied with the right ingredients optimal for growth (Shay & Wright 

2000). Nonetheless, the above Hayflick and Moorhead paper was accepted by Experimental Cell 
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Research in 1961, has been cited by over 3,000 articles to date and has been instrumental in 

establishing the field of ageing research (Shay & Wright 2000). 

To fully appreciate the complexity of cellular senescence requires understanding its 

drivers. There are multiple ways senescence can be induced and to just state a few, they include 

replicative induced senescence, therapy induced senescence, oncogene induced senescence, and 

tumor induced senescence. When going into the specifics of what causes these different 

senescence types to arise, they include activation of oncogenes (RAS, BRAF), inhibition of 

tumor suppressors (PTEN, PTTG1, CSKNK1A1), or DNA damage such as dysfunctional and 

shortened telomeres (Serrano et al., 1997; Coppe et al., 2011). Shortened telomeres are a  

natural form of DNA damage that occurs with each subsequent cycle of cell division. 

Consequently, telomeres will end up short enough where it can lead to DNA breaks that cause 

the activation of the tumor suppressor protein p53. p53 along with Rb are tumor suppressors that 

are controlled by the INK4a/ARF locus or Cyclin Dependent Kinase inhibitor 2A (CDKN2a) 

(Collado et al., 2007). CDKN2a encodes for p16ink4a and p14ARF, with p16ink4a inhibiting cyclin-

dependent kinase 4 (CDK4) and CDK6 of the cell cycle while p14ARF prevents p53 degradation 

by inhibiting Mdm2 (Herranz et al., 2018). When this locus is activated, it can induce senescence 

(Collado et al., 2007). When CDK4/6 hyperphosphorylates the retinoblastoma protein (Rb), it 

will cause Rb to dissociate from E2 transcription factor (E2F) allowing for the S phase genes to 

be transcribed and cell cycle progression (Zhang et al., 2000, Khan et al., 2021). On the other 

hand, when p16 is expressed and inhibits CDK4/6 it will lead to Rb being hypophosphorylated 

causing it to be bound to E2F and preventing the transcription of S phase genes leading to 

senescence (Fischer and Muller, 2017; Khan et al., 2021).  
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In addition, p21Cip1, another CDK inhibitor, encoded by CDKN1a, impacts the cell cycle 

by acting as the downstream mediator of the p53 pathway (Coppe et al., 2011). Specifically, 

p21Cip1 works to maintain the p53 mediated senescence growth arrest, while p16ink4a helps in 

establishing the Rb regulated growth arrest (Coppe et al., 2011). Overall, the proteins and 

pathways involved are highlighted in (Figure 1). 

Figure 1. Pathways and proteins that can induce cellular senescence. The DDR promotes 
activation of p53 and p21Cip1 while activation of genes in the INK4a/ARF locus leads to 
expression of p16ink4a and p14ARF which inhibit cyclin kinases and Mdm2 respectively 
promoting senescence.  
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While understanding what induces senescence is vital, it is also essential to know how 

senescent cells are recognized and the biomarkers used for identifying and assaying senescence. 

Though markers have been discovered, there has not yet been a single biomarker that is specific 

only for senescent cells. When in culture, senescent cells are characterized by a large and 

flattened morphology. In addition, one of the main biomarkers used to identify senescent cells 

has been Senescence-Associated Beta-galactosidase (SA-β-gal), which is beta-galactosidase 

activity detectable in senescent cells at pH 6.0 (Lee et al., 2006; Campisi et al., 2007). The 

increased SA-β-gal staining seen in senescence may be caused by increased lysosomal 

biogenesis in these cells (Lee et al., 2006; Campisi et al., 2007). In recent studies, a specific 

enzyme has been used as a possible read-out for Beta-Gal activity, GLB1 or galactosidase Beta 1 

(Wagner et al., 2015). This could extend the repertoire of senescence markers, as SA-β-Gal is 

only limited to being useful for staining of frozen tissues or staining of in vitro cell culture, while 

the GLB1 could be detected in formalin-fixed paraffin-embedded tissues (Wagner et al., 2015). 

In addition, cyclin-dependent kinase inhibitors of the cell cycle, such as p16ink4a, p14ARF, and 

p21Cip1 are used as indicators but unfortunately not always specific, as p16ink4a levels can 

increase independent of senescence, for example due to the loss of Rb in some cancers (Campisi 

et al.,2007; Sieben et al., 2018). Other markers for identifying senescence are highlighted in 

Figure 2 and include DNA damage markers (γH2AX foci), alterations in the chromatin 

(heterochromatin foci and lamin B deficiency) and the senescence-associated secretory 

phenotype (SASP) (Sieben et al., 2018).  
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The SASP is a unique feature of senescent cells. It is a mix of secreted cytokines, growth 

factors, and proteases that have varying effects on the microenvironment depending on the 

mechanism of senescence induction, the cell type and length of exposure to the induction. In 

turn, the duration of exposure of the SASP impacts the local microenvironment to a different 

context. In the acute phase, senescent cells and the SASP provide optimal fitness for the 

organism. Such events occur during embryonic development, wound healing, suppression of 

tumor growth, and recruitment of immune cells (Serrano et al., 1997, Kang et al., 2011). On the 

other hand, when senescent cells are present chronically, the SASP can have more negative 

effects, which include promoting an environment for tumorigenesis, metastasis, and 

immunosuppression (Kuilman et al., 2008; Kim et al., 2017; Ruhland et al., 2016). Due to its 

importance and complexity, the next section will delve deeper into the SASP. 

 

Figure 2. Cellular changes during senescence. Recognizable features of senescent cells 
include SA-β-gal, chromatin changes (SAHF), nuclear lamina and envelope defects (Lamin 
B1 deficiency), SASP secretion, mitochondrial damage, DNA Damage markers (γH2Ax) with 
an overall flattened and enlarged morphology in cultured cells.  
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SASP: SENESCENCE ASSOCIATED SECRETORY PHENOTYPE  

The SASP represents a group of cytokines, proteases, and growth factors secreted by senescent 

cells that impact the tissue microenvironment. Specific components of the SASP include 

cytokines and chemokines IL-6, IL-8, IL-10, IL-13, MCP-2, IFNγ, TNFα, CXCLs, TGFb as well 

as MMPs and MIP-3a, growth factors such as FGF2, HGF, and IGFBPs plus shed cell surface 

molecules ICAMs, uPAR, and TNF receptors (Coppe et al., 2008; Coppe et al., 2010). Each 

component has a specific function or role which may include promoting tumor growth, 

prevention of fibrosis during tissue repair, or acting as signals for the immune system to clear the 

senescent cells (Coppe et al., 2011). 

Senescence characteristics such as the large and flattened cellular morphology and SA-β-

galactosidase activity occur rapidly, while the induction of the SASP develops at a slower rate, 

requiring several days and only in the presence of severe genotoxic stress (Coppe et al., 2008; 

Coppe et al., 2011). The SASP produced by cells exposed to genotoxic stress are mostly 

associated with inflammation and malignancy (Coppe et al., 2008).  The principal cytokines of 

action in that SASP are IL-6 and IL-8 and both promote a pro-inflammatory microenvironment 

optimal for tumor growth and metastasis by inducing epithelial-mesenchymal transition (EMT) 

and invasiveness (Coppe et al., 2008; Orjalo et al.,2009). Such features are amplified and 

accelerated in the setting of gain of function for oncogenic RAS or loss of function for tumor 

suppressor p53 (Coppe et al., 2008).  

Up until recently, not much was known about how the SASP is secreted and how its 

presence is maintained over time. However, the expression and secretion of IL-6 and IL-8 has 

been identified to be controlled and maintained by cell surface bound IL-1α (Orjalo et al., 2009). 

The steps start with IL-1α binding to IL-1R on the plasma membrane of the senescent cell from 
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which it was secreted. Then, Interleukin-1-receptor kinase 1 (IRAK1) is stimulated by IRAK4 

and myeloid differentiation primary-response protein 88 binds to the IL-1/IL-1R complex 

(Orjalo et al., 2009). Subsequently, IRAK4 phosphorylates IRAK1, which then leads to the 

nuclear translocation of NF-κB and consequently the transcriptional activation of the IL-6 and 

IL-8 genes (Orjalo et al., 2009). This highlights how IL-1α is an important and integral initiator 

of the SASP network, specifically in the promotion of IL-6 and IL-8 expression (Orjalo et al., 

2009; Sieben et al., 2018). Moreover, it is believed that IL-1α works in an autocrine positive 

feedback loop further promoting its secretion by the cell from which it originated (Orjalo et al., 

2009). Thus, it is intriguing that a possibility to suppress the pro-inflammatory actions of IL-6 

and IL-8 could be mitigated by blocking of IL-1α’s binding to the IL-1R. However, it may not be 

that straightforward as there may be other components of the SASP not under the control of IL-

1α that promote similar effects. Furthermore, the tumor suppressive benefits of senescence may 

be lost with this approach. Additional studies will need to be done to elucidate the relationships 

between the various components of the SASP. 

Another vital component of the SASP is the chemokine, growth regulated oncogene 1 

(Gro-1). The importance of Gro-1 in senescence stems from the understanding that the 

interactions between epithelial cells and stromal cells play a significant role in tumor cell growth 

and progression towards invasion and metastasis (Yang et al., 2006). The manner by which 

epithelial cells are able to signal to the stroma to become pro-tumorigenic continues to be 

researched. It is believed that Gro-1 may be that crucial signaling component. Interestingly, Gro-

1 is the link that connects RAS induced transformation of epithelial cells, senescence, and 

promotion of tumor growth in the microenvironment (Yang et al., 2006). RAS-transformed cells 

secrete Gro-1 which interacts with receptors on fibroblasts (Yang et al., 2006). The receptor 
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binding serves as a signal to induce senescence in the fibroblasts, which in turn depends on a 

functional p53 tumor suppressor (Yang et al., 2006). The senescent fibroblasts, like other 

senescent cells, will then secrete the SASP promoting a pro-tumorigenic environment (Yang et 

al., 2006).   

Matrix-metalloproteinases are another secretory component of the SASP. Exposure to 

agents that cause DNA damage can also induce fibroblasts to undergo senescence and promote 

the growth of cancer cells (Liu et al., 2007). The damage caused by such agents can result in 

fluid accumulation in the senescent tissues, due to the actions of MMPs (Liu et al., 2007). 

Generally, MMPs are present in areas of tissue injury and inflammation and their function as 

proteases is to promote microvascular permeability, extravasation of plasma components, and 

accumulation of extracellular fluid (ECF). This can allow for proper healing and restoration of 

function for the tissue. However, in the setting of cancer, the exposure of cancer cells to growth 

factors and nutrients from the extravasated ECF along with the SASP components from adjacent 

senescent cells can further enhance tumor growth (Liu et al., 2007). Thus, MMPs may have an 

indirect role as a secretory component of the SASP in promoting tumorigenesis. Other cytokines 

and factors found in the SASP with similar effects include CXCL12, which promotes tumor 

invasion, and CCL2, which inhibits the ability of natural killer cells to eliminate cancer cells by 

recruiting immunosuppressive myeloid cells (Eggert et al., 2016; Kim et al., 2017).  

While the above does portray the SASP as having negative effects on tissue homeostasis 

and health, the SASP can also be beneficial (Ritschka et al., 2017). When cells are transiently 

exposed to the SASP, restorative effects are seen including expression of stem cell markers and 

an increased capacity for regeneration (Ritschka et al., 2017). However, prolonged exposure to 

the SASP reverses the regenerative stimulus and promotes the cell cycle arrest seen with 
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senescence, possibly as a suppressive mechanism to block the proliferation of cells exhibiting 

enhanced plasticity (Ritschka et al., 2017). The reversal to growth arrest would be especially 

beneficial to cells that are pre-malignant, preventing cancer cells from exhibiting “stemness” and 

malignant progression.  

Lastly, this discussion has so far implied that the SASP is composed of a standard set of 

factors and typical secretion from senescent cells. However, that would be too simplistic. A 

study in 2011 assessed whether the SASP is a regular feature of senescent cells by inducing 

normal human fibroblasts to senesce either by undergoing high dose radiation, oncogenic Ras 

expression, replicative exhaustion, or ectopic p16ink4a expression (Coppe et al., 2011). Fibroblasts 

that undergo oncogenic Ras expression, replicative exhaustion, or high dose radiation, all express 

similar SASPs, while ectopic p16ink4a induced senescence exemplifies a secretory profile that is 

similar to that of pre-senescent cells, even though they show signs of senescence (growth arrest, 

SA-B-gal, typical senescence morphology) (Coppe et al., 2011). The authors concluded that the 

SASP is not a direct consequence of senescence mediated growth arrest but rather a product of 

DNA damage (Coppe et al., 2011). Intriguingly, high p16ink4a expression without DNA damage 

allows for more of the beneficial effects of senescence, i.e. growth arrest, without damage to the 

microenvironment from the SASP (Coppe et al., 2011).   

It is currently understood that the SASP has varying functions depending on the type of 

cell, damage, and the environment. Senescence functions to prevent cancerous progression, but 

the secretions produced by senescent cells can have detrimental effects on the local tissue 

environment with prolonged exposure. Being able to understand the functions of each 

component of the SASP will provide further insight into the role senescence plays in tumor 

growth and how to target it therapeutically. 
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SENESCENCE SIGNALING NETWORKS 

Fully comprehending the components of the SASP and their functions in maintaining tissue 

homeostasis requires understanding the intricacies of the cell signaling networks and pathways 

that regulate senescence and the SASP.  

It has been established that DNA damage is one of the inducers of cellular senescence, 

with a prime example being DNA double strand breaks (DSBs) (Rodier et al., 2009). DSBs that 

cannot be repaired cause prolonged and persistent DNA damage response (DDR) signaling and 

p53 activation leading to senescence (Rodier et al., 2009). Components of the DDR, specifically, 

ATM, NBS1, and CHK2 are important in regulating levels of IL-6 secretion in response to DNA 

damage (Rodier et al., 2009). Depleting ATM abolishes senescence-driven secretion of IL-6 and 

the ability of cancer cells to be invasive, a property conferred by IL-6 (Rodier et al., 2009). 

However, the DDR only promotes the regulation of IL-6 and IL-8 and no other components of 

the SASP (Rodier et al., 2009). This highlights how the DDR pathway not only promotes p53 

dependent senescence, but also induces the inflammatory cytokine response seen with 

senescence (Rodier et al., 2009).  

It is interesting to note that detectable senescent phenotype of cells appears when the 

DDR is activated, whereas the SASP is detectable at different later time points. Both SA-β-gal 

positivity and the DDR response occur immediately after the insulting damage, while induction 

of the SASP takes a few days to develop after the event, suggesting that the regulation of SASP 

may not entirely depend on the DDR (Rodier et al., 2009; Freund et al., 2011). There must be 

additional proteins or pathways that serve as a connection between these slow and fast phases of 

senescence and DDR. p38MAPK is suggested to be the major regulator. p38MAPK signaling 

interacts with NF-κB which promotes expression of the pro-inflammatory cytokines in the SASP 
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(Freund et al., 2011). In addition, activation of p38MAPK after DNA damage occurs at a slow 

rate, which coincides with the kinetics of SASP expression (Freund et al., 2011). Transient DDR 

does not promote expression of SASP. That only happens after chronic activation of DDR and 

matches with the slow onset of the activation of p38MAPK (Rodier et al., 2009). It is actually 

p53 that suppresses the p38MAPK pathway so that it cannot induce SASP after DNA damage, 

allowing the cell to repair any “fixable” damage (Freund et al., 2011). Promoting this delay 

establishes that if the SASP is induced, it is a necessary commitment for the cell, because of 

long-term damaging by the SASP. Interestingly, when looking at the SASP components, if 

p38MAPK is inhibited, secretion of MMPs are not affected, while the chemokines, cytokines, 

and growth factors are reduced (Freund et al., 2011), illustrating that not all components of the 

SASP are dependent on p38MAPK. When relating p38MAPK and the DDR, having ATM or 

CHK2 depleted does not affect the SASP induction by p38MAPK, showing its independence 

from the DDR pathway (Freund et al., 2011). Most importantly, expression and regulation of the 

SASP by p38MAPK requires functional NF-κB transcriptional activity as depletion of the RelA 

subunit of NF-κB substantially decreases the secretion of SASP components by senescent cells 

(Freund et al., 2011).  

The NOTCH pathway provides additional signaling that regulates the composition and 

function of the SASP secretome. At the initial phases of senescence, NOTCH1 increases on the 

cell surface, while in the later stages of senescence, NOTCH1 is downregulated to basal levels 

(Hoare et al., 2016). When NOTCH1 is active, it negatively regulates the expression of the SASP 

pro-inflammatory cytokines while promoting an increase in TGF-β expression (Hoare et al., 

2016). The negative regulation occurs through the repression of the transcription factor C/EBPβ 

which together with NF-κB mediates the transcription of the SASP pro-inflammatory cytokines 
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(Hoare et al., 2016). Though it inhibits the pro-inflammatory secretome, NOTCH1 instead 

induces a TGFβ rich secretome that acts on adjacent cells leading to a “lateral induction of 

senescence” (Hoare et al., 2016). Inhibiting NOTCH1 releases the suppression on pro-

inflammatory cytokines allowing for the recruitment of lymphocytes and subsequent senescence 

surveillance (Hoare et al., 2016). Most importantly, this illustrates that NOTCH1 has a unique 

effect on senescence, inducing 2 different types of secretomes (TGF-β rich or pro-inflammatory) 

based on whether it is early or late senescence, respectively (Hoare et al., 2016).   

The last pathway to consider for its regulation of the SASP is the mTOR pathway. mTOR 

is a protein that senses levels of nutrients and growth signals (Laberge et al., 2015).  High 

expression of mTOR induces somatic growth and decreased lifespan, while low levels of mTOR 

allows for increased lifespan (Laberge et al., 2015). Rapamycin is a well-established inhibitor of 

mTOR and when senescent cells are exposed to this compound, levels of several SASP factors 

are reduced (Laberge et al., 2015). Rapamycin negatively affects the Elf4A1 helicase whose 

function is to resolve stable secondary mRNA structures. When such secondary structures 

persist, translation of mRNAs coding for pro-inflammatory cytokines are perturbed. Rapamycin 

reduces protein levels of IL-1α which together with NF-κB normally stimulates the transcription 

of several pro-inflammatory cytokines, especially IL-6, thus highlighting rapamycin as an 

indirect modulator of the SASP secretion (Laberge et al., 2015). Through the inhibition of IL-1α, 

rapamycin impedes the ability of senescent cells to stimulate tumor growth via the effects of the 

SASP on the microenvironment (Laberge et al., 2015).  With this knowledge, it further supports 

the established concept that mTOR plays a role in tumorigenesis.  
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Understanding how various cellular pathways establish, maintain, and regulate the SASP 

can provide novel approaches for targeting cancer and diseases related to aging. Discovering 

specific proteins within these pathways will allow for continued expansion of knowledge 

pertaining to the SASP and further enhance understanding of the relationship between 

senescence and cancer.  

 

SENESCENCE SURVEILLANCE AND IMMUNOSENESCENCE  

The immune system plays a very important role in being able to target and eliminate cancer cells 

and the adaptive immune system is the main force behind the targeting. Cytokines secreted by 

immune cells, such as IFNγ and TNFα allow for the recruitment of helper T and cytotoxic T cells 

to areas of tumor growth. However, when senescent cells are present in the tumor 

microenvironment, they can either promote or inhibit the immune response. The manner by 

which immune cells not only promote senescence but are also affected by cellular senescence are 

two components that impact the immune system’s functions.  

Through the adaptive immune system, helper T cells secrete IFNγ and TNFα, along with 

anti-angiogenic chemokines (i.e. CXCL9, CXCL10) that are able to inhibit tumor growth by 

inducing senescence in the cancer cells (Braumueller et al., 2013). Cancer cells grown in the 

presence of IFNγ and TNFα enter fully-arrested growth within five days of exposure to these 

cytokines and display the typical signs of senescence (i.e. SA-β-gal, heterochromatic foci), 

p16ink4a activation and Rb hypo-phosphorylation (Braumueller et al., 2013). Interestingly, neither 

IFNγ nor TNFα individually are able to induce senescence in cancer cells, highlighting their 

synergistic function. However, knocking down p16ink4a and p19ARF (murine p14ARF) inhibits 

IFNγ and TNFα’s senescence inducing effect allowing cancer cells to proliferate in the presence 
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of these chemokines (Braumueller et al., 2013). This highlights the upstream impact and 

dependence of p16ink4a and p19ARF/p14ARF on the function of senescence-promoting factors. 

Senescence surveillance is one of the more beneficial impacts of the SASP. It is a manner 

of tumor suppression where pre-malignant senescent cells secrete their SASP composed of 

chemokines and cytokines that recruit CD4+ T cells of the adaptive immune system (Kang et al., 

2011). These T cells then eliminate the pre-malignant senescent cells. However, when 

senescence surveillance is impaired, the pre-malignant senescent cells can become cancerous, as 

shown for pre-malignant, senescent hepatocytes that evolved into hepatocellular carcinoma 

(HCC) (Kang et al., 2011). Upon closer examination of these pre-malignant senescent 

hepatocytes, various immune cells were seen to cluster around the hepatocytes including 

neutrophils, monocytes, natural killer cells, macrophages, CD11c+ dendritic cells, and CD4+ 

lymphocytes (Kang et al., 2011). To eliminate the senescent hepatocytes, the CD4+ T cells 

require innate immune cells, specifically, monocytes and macrophages and mice with 

deficiencies in monocytes and/or macrophages have reduced senescence surveillance (Kang et 

al., 2011). Senescence surveillance is also relevant in human livers. Senescent hepatocytes 

accumulate in the liver of Hepatitis C patients who have an established HIV infection or are 

undergoing immunosuppressive therapy (Kang et al., 2011). These patients also show an 

increased incidence of HCC, as both the HIV infection and immunosuppressive therapy reduce 

the number and functions of the CD4+ T cells inhibiting the clearance of pre-malignant senescent 

hepatocytes (Kang et al., 2011).  

Though immune cells can induce senescence in tumor cells, the opposite can occur as 

well. Tumors can induce senescence in immune cells (= immunosenescence), leading to tumor 

immune evasion, and promoting an immunosuppressive environment ideal for tumor growth 
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(Montes et al., 2008). Whether T cells undergo apoptosis or senescence depends on the ratio of 

tumor cells to T cells, as a low ratio leads to senescence while a high ratio induces apoptosis 

(Montes et al., 2008). When tumors induce senescence in T cells, direct cell-to-cell contact is not 

required, implying the presence of secreted soluble factors from the tumors that interact with the 

T cells and activate intracellular signaling pathways that then lead to T cell senescence (Montes 

et al., 2008). In addition, a significant marker of senescence in T cells is loss of CD27 and CD28. 

Detection of T cells lacking these CD markers indicates a poor prognosis for cancer patients 

(Tsukishiro et al.,2003; Martinez-Escribano et al., 2003). Senescent T cells can also suppress the 

proliferation of other T cells, specifically regulatory T cells through direct cell to cell contact and 

also by decreasing levels of immunosuppressive cytokines such as TGF-β and IL-10 (Montes et 

al., 2008). In terms of the cytokine secretion from senescent T cells, there are increases in IL-6 

and IFNγ, which are also secreted by suppressor T cells, another group of T cells increased in 

patients with cancer (Montes et al., 2008). It is interesting that regulatory T cells and TGF-β and 

IL-10 are suppressed as it would rather be expected that their immunosuppressive functions 

would aid in promoting tumor immune evasion. Upon further analysis of more recent findings, 

suppression or activation of certain immune cells and cytokines and the effect they exert is 

dependent on the stimulus and the environment, as will become evident when discussing cancer 

and senescence in the next section (Ruhland et al., 2016).   

In addition to the adaptive immune cells, innate immune cells such as the natural killer 

cell are also involved in senescence surveillance by eliminating senescent tumor cells (Ianello et 

al., 2013). As tumor cells undergo senescence, they express the NKC ligand, NKG2D on their 

membrane surface. The combination of NKG2D and secretion of specific chemokines and 
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cytokines from the senescent cells signals the recruitment of natural killer cells (Ianello et al., 

2013).  

It is evident that differentiating the immune response into anti-tumor and pro-tumor is 

important. An anti-tumor response is indicated by recruiting CD4, CD8 and NK cells to 

eliminate cancer cells, while a pro-tumor response involves IL-6 and IL-8 expression and 

promoting malignant growth and recruiting of immunosuppressive cells that inhibit CD4, CD8, 

and NK cells. However, a pro-inflammatory response can also have a distinct impact: it can be 

beneficial by initially recruiting immune cells to eliminate cancer cells but over a long time it can 

become detrimental by promoting invasiveness. Isolating and identifying the cells and cytokines 

in the acute and chronic phases of the inflammatory stages will prove essential as it will allow us 

to know how to best utilize senescence mechanisms to fight cancer.  

 

SENESCENCE AND TUMORIGENESIS 

As can be gathered so far, senescence is a double-edged sword when it comes to cancer. On one 

side, it can serve as a barrier to cancer cell growth, while on the other side, senescence can 

promote it. The type of cell that undergoes senescence and how long the environment is exposed 

to the secreted SASP can dictate the course of malignant progression.  

A recent study looked at how the growth and spread of papillary thyroid carcinoma 

(PTC) is impacted by senescence (Kim et al., 2017). When tumors begin to spread, they must 

first invade the surrounding tissues. With invasion, the cancer cells have to modify their shape 

and their attachment to surrounding cells and the extracellular matrix (Kim et al., 2017). This 

modification is also known as the epithelial to mesenchymal transition (EMT) (Kim et al., 2017). 

Each type of cancer has their own unique way of invading and metastasizing, as high-grade 
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tumors infiltrate by single-cell migration with EMT, while low grade tumors maintain cellular 

adhesions and invade via multi-cellular collective invasion (Kim et al., 2017). In collective 

invasion a group of tumor cells take the lead and invade with other tumors cells following behind 

(Kim et al., 2017).  

Within the thyroid cancer, senescent cells are frequently found at the borders of the PTC, 

which are also the invasive regions (Kim et al., 2017). As is characteristic of collective invasion, 

cells at the invasive border of PTC exhibit multi-cellular cohesive units and E-cadherin 

expression but do not express any significant EMT related proteins, such as N-cadherin, Twist1, 

or Zeb1 (Kim et al., 2017). The invasive senescent tumor cells have high levels of expression of 

IL-6, IL-8 and MMPs, essential factors of the SASP (Kim et al., 2017). For collective invasion to 

work effectively, there must be chemical guidance communication between the leader and 

follower cells. Because senescent cells secrete the SASP, the chemokines present in the SASP 

are likely to play a role in the collective invasion. There is an upregulation of numerous 

chemokines at the invasive border including, CCL4, CCL19, CCL21, CXCL12, with only the 

CXCL12 receptor, CXCR4, also significantly expressed (Kim et al., 2017). Thus, CXCL12 and 

CXCR4 likely mediate the chemical guidance communication that occurs between the senescent 

tumor cells (leader cells) and the rest of the tumors (follower cells) as invasion by cancer cells 

decreases with CXCL12 or CXCR4 knockdown (Kim et al., 2017). In addition, interaction 

between CXCL12 and CXCR4 prevents anoikis, a form of apoptosis which occurs when cancer 

cells detach from the extracellular matrix (Kotchekova et al.,2009). Tumor cells that are resistant 

to anoikis are associated with higher metastasis rates (Mehlen et al., 2006). Furthermore, 

senescent thyrocytes are able to promote lymphovascular invasion of thyroid cancer cells 

through CXCL12 and CXCR4 when both are injected into female nude mice (Kim et al., 2017).  
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Another aspect to look at in the tumor microenvironment is the stroma. Throughout 

embryogenesis, the mesenchymal stroma has a role in providing paracrine signaling for 

development-related senescence. For tumors, the stroma plays an equally significant function. 

With age, not only do mutations in cellular DNA begin to accrue, but so do changes in the 

stroma and together this can promote tumorigenesis. Changes in the stroma can be caused by 

inflammation which becomes more persistent and prominent with age due to accumulation of 

senescent cells and their SASP. As the stromal cells enter senescence, these cells in turn will 

secrete their own SASP and continue to drive the inflammation (Ruhland et al., 2016). Senescent 

stromal cells express high levels of MMPs, cytokines, and chemokines and through these factors 

immune cells are recruited to the stromal environment (Ruhland et al., 2016). The main type of 

immune cells observed with stromal senescence are CD11b+ myeloid derived suppressor cells 

(MDSC) and Foxp3+ regulatory T cells which are both associated with immunosuppression 

(Ruhland et al., 2016). Along with immunosuppressive cells, cytokines including IL-10 and 

TGF-β and the protein Stat3 which is known to stimulate immunosuppressive SASP expression 

are present (Ruhland et al., 2016). Together with MDSCs, T-regulatory cells, and 

immunosuppressive cytokines and proteins drastically reduce the number of cancer killing CD8+ 

T cells and make CD8+ T cells less responsive to stimuli (Ruhland et al., 2016). By limiting the 

actions of cytotoxic T cells, MDSCs stimulated by senescent stromal cells are able to establish an 

environment ideal for tumor growth (Ruhland et al., 2016).  In addition, IL-6 is secreted by the 

stromal senescent cells (Ruhland et al., 2016). Neutralization of IL-6 leads to a decrease in tumor 

cell growth highlighting how crucial the role of IL-6 is in creating an immune environment 

optimal for tumorigenesis (Ruhland et al., 2016).  
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The changes that occur in the stroma with age alone are strong enough to stimulate the 

recruitment of immunosuppressive cells and in doing so create an environment conducive to 

cancer growth. Future areas of research should be to evaluate how an already established tumor 

impacts the presence of senescent stroma and how this in turn affects the cancer’s growth over a 

long period of time.  

 

THERAPEUTIC TARGETING OF SENESCENCE  

Assessing the ways in which senescent cells can be targeted therapeutically could be beneficial 

for cancer therapeutics. Cancer treatments use combination drug therapies to maximize efficacy 

and reduce the development of drug resistance. Having established that senescent cells can 

promote either an anti-or pro-tumorigenic environment, it would be of great benefit to be able to 

isolate the former over the latter in the setting of cancer therapeutics. It is hopeful with the 

current and forthcoming research that a potentially synergistic effect between senescence 

targeting drugs and cancer drugs can be elucidated.   

 

IMPACT OF SENESCENCE ON DRUG ACTION 

As discussed earlier, the SASP of senescent cells can promote the anti-tumor response by 

activating the immune system (Kang et al., 2011; Rodier et al., 2011). Thus, one goal is to 

harness the anti-tumor effects of the SASP and thus provide a synergistic effect with other cancer 

therapies. However, it is also possible that induction of senescence by some chemotherapeutics 

may reduce their efficacy due to SASP secreted by senescent cells that counteracts the tumor 

killing effects and promotes tumor growth as well as immunosuppression. A recent study 
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assessed this conundrum by looking at the efficacy of a chemotherapeutic in a tumor model by 

activating the SASP of senescent cells (Toso et al., 2014).  

The tumor model utilized was the Pten-null prostate cancer mouse (Toso et al., 2014). 

Senescent cells are detectable in the mice by seven weeks of age and the SASP molecules 

secreted by the cells were shown to promote an immunosuppressive microenvironment (Toso et 

al., 2014). The Pten-null tumors show an increase in CD11b+ myeloid derived suppressor cells, 

which block the activity and proliferation of CD4+ and CD8+ T cells and natural killer cells. The 

cytokines secreted in the SASP of Pten-null senescent tumor cells include CXCL1, CXCL2, IL-6 

and IL-10. All these factors are regulated at the transcriptional level by Stat3, an important 

regulator of the immunosuppressive cytokine network (Yu et al., 2009; Toso et al., 2014). Stat3 

inactivation creates unique changes in the SASP and senescent phenotype with normal to slightly 

increased levels of p53, NF-κB signaling and SA-β-gal activity, while levels of the 

immunosuppressive chemokines, IL-10, IL-13, and GM-CSF are reduced (Toso et al., 2014). 

Chemokines important for the recruitment of B cells, T cells, and monocytes, such as CXCL10 

are instead upregulated. With Stat3 inactivation, there is increased infiltration of CD8+ T and NK 

cells and subsequently reduced p16ink4a levels, indicative of senescent tumor cell clearance (Toso 

et al., 2014). This illustrates that while inactivating Stat3 keeps the senescent phenotypic 

characteristics stable, it however severely impacts the SASP by changing it from pro-

tumorigenic to anti-tumorigenic.  

Understanding how the SASP of Pten-null prostate cancer mice can be changed leads to 

the question of how such variations in SASP would affect the efficacy of chemotherapeutics, 

such as docetaxel. Docetaxel, a microtubule poison, limits tumor growth by promoting 

senescence (Schwarze et al., 2005). When administered to Pten-null mice, docetaxel does not 
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cause any decrease in tumor size or an anti-tumor response but rather a stabilization in growth of 

the tumor, possibly due to docetaxel’s senescence inducing effects (Toso et al., 2014). However, 

the combination of a Jak2 inhibitor (Jak2 is an upstream activator of Stat3) with docetaxel 

drastically reduced tumor size and activated a strong anti-tumor immune response (Toso et al., 

2014).  

Interestingly the composition of the SASP secreted by Pten-null senescent tumor cells is 

different from cells undergoing mutant KRAS oncogene induced senescence (OIS) (Kang et al., 

2011). Immunosuppressive cytokines are higher in the SASP of Pten-null senescent cells 

compared to OIS cells, while activated Stat3 levels are lower in OIS cells. Interestingly, KRAS 

oncogene induced senescent cells are cleared out, while Pten-null senescent cells are not (Kang 

et al., 2011; Toso et al., 2014). This could be due to the immunosuppressive nature of the Pten-

null SASP promoting malignant growth, whereas the KRAS mutant oncogene induced 

senescence SASP leads to benign tumor lesions due to senescence mediated surveillance (Kang 

et al., 2011; Toso et al., 2014). Thus, the genetic background changes that occur in senescent 

tumor cells dictate the characteristics of the SASP and in turn could have an impact on drug 

efficacy.  

 

THERAPY INDUCED SENESCENCE  

Another aspect to consider are drugs that can induce senescence. One such drug is Palbociclib. 

Palbociclib is a CDK4/6 inhibitor which prevents the phosphorylation of Rb that would normally 

lead to cell division (Guan et al., 2017). One of the aspects of palbociclib is that on long term 

exposure, it can lead to cellular senescence in fibroblasts (Caparelli et al., 2012). Long term 

palbociclib treatment induces senescence through degradation of Mdm2 which stabilizes 
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expression levels of p21Cip1 (Guan et al., 2017). Fibroblasts exposed to palbociclib express a 

more potent pro-inflammatory SASP than fibroblasts exposed to other senescence inducers such 

as ultraviolet radiation or the chemotherapeutic Mitomycin C (Guan et al., 2017). The SASP 

secreted by palbociclib induced senescent cells is regulated by the NF-κB pathway and produces 

an immune cell infiltrate that has a significant increase in Gr-1+ immunosuppressive MDSCs 

(Guan et al., 2017). Furthermore, palbociclib-induced senescent fibroblasts are able to promote 

the growth of melanoma cell lines both in vitro and in vivo (Guan et al., 2017).  

Another example of a senescence inducing chemotherapeutic is doxorubicin. 

Doxorubicin works by causing intercalations in the DNA that cannot be relieved by 

topoisomerase II and by also impacting histones on the chromatin leading to activation of the 

DNA damage response, a known inducer of senescence (Pommier et al., 2010). Doxorubicin-

induced senescent cells secrete an SASP rich in inflammatory cytokines and chemokines that 

negatively impact the bone marrow and cardiac function and induce fatigue (Demaria et al., 

2017). In the early stages of doxorubicin treatment, tumor growth regresses (Demaria et al., 

2017). However, with long term exposure, tumors relapse and metastatic foci increase in count 

(Demaria et al., 2017).  

Both of these anti-cancer drugs, palbociclib and doxorubicin, highlight that when treating 

cancer, it is imperative to consider all angles. With such drugs, long term treatment may promote 

senescence in the microenvironment leading to a situation where the efficacy of the drug is 

limited allowing for tumor to progress. Thus, knowing how to manage senescence induction 

during cancer treatment will provide the base for a more effective strategy for treatment. 
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SENOTHERAPY 

Senotherapy encompasses numerous aspects and can include elimination of senescent cells 

(senolytics), neutralization of components of the SASP, or targeting of senescence-related 

proteins.  Eliminating senescent cells requires a delicate balancing act: on one hand it can be 

beneficial (decrease of drug-induced, senescence-related side effects) and at other times 

detrimental (ineffective wound healing). Numerous studies have been conducted that show how 

targeting senescent cells by blocking a certain protein or interaction could help in restoring 

normal function.  

 

SENOLYTICS 

Senolytics use a targeted approach to eliminate senescent cells. As discussed above, cellular 

senescence can take days to weeks to become fully active and over this time span the properties 

of senescent cells and the respective SASP can change (Zhu et al., 2015; Kirkland et al., 2017). 

Some of the components of the SASP are characterized as pro-apoptotic and as such senescent 

cells have anti-apoptotic pathways that shield the cells from the effects of the pro-apoptotic 

proteins (Zhu et al.,2015). These anti-apoptotic pathways have been recognized as the Achilles’ 

heel of senescent cells and have been essential towards the discovery of senolytic compounds 

such as ABT-263 (navitoclax), dasatinib, and quercetin (Zhu et al.,2015). The senescent cell anti-

apoptotic pathways (SCAPs) include proteins of the BCL2 family, phosphoinositide 3 kinase 

(PI3K), p53, p21, and ephrin receptor tyrosine kinases (Zhu et al.,2015).  

ABT-263 (navitoclax) is a BH3 mimetic and functions by binding to the BH3 domain of 

BCL2 preventing BCL2 from interacting with Bax and thus promoting apoptosis. One study 

established the utilization of ABT-263 for the regeneration of stem cells in tissues and in the 
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process extending health-span (Chang et al., 2016). With ABT-263 treatment, there were 

decreased levels of p16ink4a, TNFα, and chemokines such as CCL5 (Chang et al., 2016). The 

clearance of senescent cells by ABT-263 also promotes the proliferation of normal HSCs as a 

way to regenerate the tissue and replace the eliminated senescent cells (Chang et al., 2016). 

However, even with its senolytic capabilities, ABT-263 has side effects including transient 

thrombocytopenia and neutropenia and this limits its possible use in targeting age-related 

pathologies to short term treatments (Rudin et al., 2012).  

Another potential senolytic is Dasatinib, an inhibitor of abl, src, and kit kinases. 

Dasatinib is used clinically for patients with chronic myelogenous leukemia (CML), Philadelphia 

Chromsome+ acute lymphoblastic leukemia and chronic lymphoblastic leukemia if the first line 

imatinib does not prove efficacious (Cortes et al.,2017). Long-term use displays similar side 

effects to that of ABT-263 along with malignant pleural effusion and it is thus used with caution 

in patients with former smoking history or pulmonary problems (Cortes et al.,2017). Quercetin 

which is characterized as an anti-oxidant that inhibits the PI3K pathway and functions to reduce 

inflammation has also been identified as a potential senolytic. Because of this property, it is 

thought that quercetin may interfere with chemotherapeutic drugs, whose main function is 

usually to promote oxidative stress. Nonetheless, a recent study highlighted the synergistic 

effects of dasatinib and quercetin towards elimination of naturally occurring senescent cells and 

lead to a decrease in production of senescence associated pro-inflammatory cytokines in human 

adipose tissue (Xu et al.,2018).   

Another potential senolytic to highlight is UBX0101. It is thought to function as an 

inhibitor for the interaction between Mdm2 and p53. It is a recent addition and has not yet been 

tested in humans clinically for potency and side-effects. The last compound discussed and 
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recently analyzed for its senolytic effects is salidroside. Salidroside is an active ingredient found 

in Chinese herbal roots and similar in function to quercetin (Xing et al., 2017). Salidroside’s 

impact was studied for its effect on endothelial cellular senescence (Xing et al., 2017). In 

atherosclerosis, endothelial cells exhibit features of senescence, which produces a pro-

inflammatory environment (Donato et al., 2015). Atherosclerotic effects were studied using 

hyperhomocysteinemia (HHC) mice. These mice exhibit increased aortic medial thickness, 

increased collagen deposition and increased macrophage infiltration, features of atherosclerosis 

(Xing 2017). HHC mice exhibit lowered expression of SIRT3, a deacetylase found in the 

mitochondria that helps enhance antioxidant enzyme activity to eliminate ROS, which can 

damage the endothelial lining of vasculature (Xing et al., 2017). When given salidroside, 

collagen deposition was inhibited and hyperplasia of the aortic intima was decreased. Salidroside 

also upregulated the expression of SIRT3. Most importantly, it reduces the expression of 

senescence markers p16ink4a and p21Cip1 and the inflammatory cytokines and immune cell 

infiltrates associated with the SASP that promote atherosclerotic effects (Xing et al., 2017). 

There are advantages to utilizing senolytics. One is the ability to be targeted towards 

specific cellular signaling pathways (Childs et al., 2017). A second is the need for only short 

treatment periods as the drugs act quickly and one would want to avoid elimination of the more 

short-term induced beneficial senescent cells (Baker et al., 2016). With the acute administration, 

there is less chance for development of side effects (Kirkland et al., 2017). Most importantly, 

senescent cells will not develop resistance to senolytics as senescent cells do not divide and thus 

will not pass on mutations (Kirkland et al., 2017). Though it may seem that senotherapy could be 

mainly carried out by senolytics, there is a major challenge as neither of the senolytics above are 
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able to eliminate all types of senescent cells, leading to the requirement for development of other 

additional compounds or mechanisms of action.  

 

REDUCING SASP EXPRESSION 

In addition to the approach with senolytics, there are indirect ways in modulating the impact of 

cellular senescence. The SASP is what promotes senescence in surrounding cells of the 

microenvironment and thus inhibiting its expression or function could be a valid approach. One 

unique approach would involve disrupting the secretion of the SASP by targeting proteases. 

Proteases are essential for the maturation of numerous components of the SASP (i.e. IL-1α) 

(Rovillain et al., 2011; Childs et al., 2017). In addition, by targeting proteases, degradation of the 

extracellular matrix, a stimulus for cancer invasion and metastasis, can be prevented. Thus, 

inhibiting such proteases could prove to be beneficial on numerous fronts.  

Another approach could be by blocking individual components of the SASP or its 

receptors, such as the application of Siltuximab, an antibody to IL-6 or Tocilizumab, an antibody 

to the IL-6 receptor (Childs et al., 2017). These compounds are approved as anti-inflammatory 

drugs in the clinic for diseases such as Castleman’s Disease and rheumatoid arthritis (Emery et 

al., 2008; van Rhee et al., 2014; Childs et al., 2017). The advantage is being able to target a 

select pathway, although this is only one factor in the complex mixture of multiple components 

in the SASP (Childs et al., 2017).  

Targeting the signaling pathways that promote expression of SASP is another approach 

towards neutralization of the SASP. This can be split into NF-κB dependent and independent 

pathways (Soto-Gamez et al., 2017). As stated above, NF-κB mediates the transcription of 

several pro-inflammatory cytokines in the SASP. Glucocorticoids are naturally secreted by the 
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body and are known to have anti-inflammatory effects (Chrousos et al., 2009). In terms of 

senescence, glucocorticoids decrease the transcriptional activity of NF-κB and thus reduce the 

expression of SASP cytokines such as IL-6 (Laherge et al., 2012). Another similar compound 

being assessed is metformin, an anti-diabetic drug, with one of its pharmacological actions 

inhibiting NF-κB’s ability to translocate to the nucleus (Stavri et al., 2015). Furthermore, 

metformin has been shown to inhibit expression of the cytokines of the SASP leading to growth 

reduction of prostate cancer cells (Moiseeva et al., 2013). Proteins and cytokines upstream of 

NF-κB can also be targeted. Antagonizing the IL-1α receptor by using the IL-1R antagonist, 

Anakinra disrupts the IL-1α and NF-κB autocrine positive feedback loop leading to reduction in 

IL-6 and IL-8 cytokine secretion (Orjalo et al., 2009). In addition, mTOR regulates IL-1α 

expression on the membrane of senescent cells and by inhibiting mTOR with rapamycin, it 

negatively impacts the IL-1α and NF-κB positive feedback loop (Laherge et al., 2015).  

On the other hand, NF-kB independent pathways such as the JAK/STAT pathway can 

also be targeted to neutralize the SASP (Soto-Gamez et al., 2017). Similar to the IL-1α and NF-

κB autocrine positive feedback loop, JAK/STAT is involved in a similar feedback loop with IL-

6. When IL-6 binds to its receptor, it stimulates JAK/STAT signaling that leads to activation of 

C/EBPβ, the transcription factor that promotes expression of SASP cytokines (i.e. IL-6, IL-8, 

VEGF) (Niehof et al., 2001). A more recent study highlights the increased efficacy of 

chemotherapeutic drugs in the setting of JAK2 inhibitors (i.e. Ruxolitinib), with the evident 

decrease in levels of SASP inflammatory cytokines (Toso et al., 2015).  

One last approach to target the SASP independent of NF-κB involves the post-

translational modification of certain SASP molecules via protein prenylation, important for 

proper function (Palsuledesai et al.,2015). A group of drugs that prevent protein prenylation are 
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statins, known for the ability to lower cholesterol levels. Studies shows that simvastatin lowers 

levels of the SASP cytokines IL-6 and IL-8 and associated that with inhibition of cancer growth 

(Rezaie-Majd et al., 2002; Sakoda et al., 2006; Liu et al., 2015). Overall, these various pathways 

will continue to serve as pharmacological targets that require continued assessment to create 

optimal and efficacious clinical drugs and provide causality.  

 

TARGETING SENESCENT-RELATED PROTEINS 

To develop more unique and specific ways of targeting senescence it is important to understand 

the relationship between senescence and apoptosis. Senescent IMR90 fibroblasts express all the 

proteins to be able to initiate apoptosis, but FOXO4, a protein elevated during senescence 

prevents apoptosis (Baar et al., 2017). When FOXO4 is inhibited through shRNA in senescent 

cells, there is a subsequent release of mitochondrial cytochrome C and BAX/BAK-dependent 

caspase 3 cleavage, reducing their viability and signifying initiation of apoptosis (Baar et al., 

2017). During senescence, DNA segments with chromatin alterations reinforcing senescence 

(DNA-SCARS) fuse with PML bodies and 53BP1 foci in the nucleus (Rodier et al., 2011). p53 

interacts and localizes with the DNA-SCARS/PML bodies and through the complex regulates the 

expression of the SASP (Rodier et al., 2011; Baar et al., 2017). FOXO4 is also recruited to the 

nucleus and found to interact with p53 within the PML bodies (Baar et al., 2017). Through 

FOXO4, p53 interacts with p21Cip1 and induces senescence (de Keizer et al., 2010). By 

introducing FOXO4-DRI, a peptide that disrupts the interaction between FOXO4 and p53, the 

localization of FOXO4 with PML/DNA-SCARS complex is reduced, p21Cip1 levels decline and 

p53 is excluded from the nucleus (Baar et al., 2017). The excluded p53 translocates to the 

mitochondria and leads to mitochondrial based apoptosis (Baar et al., 2017). FOXO4-DRI anti-
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senescence effects were also assessed in the setting of therapy-induced senescence in the p16-

3MR model. Mice treated with doxorubicin have FOXO4 foci localize with PML/SCARS in the 

nuclei, IL-6 levels increase and body weight decrease, which are senescence-related effects (Baar 

et al., 2017). However, with administration of FOXO4-DRI to the mice, these effects are reduced 

(Baar et al., 2017). In addition, when using a premature aging mouse model (XPD-TTD) which 

models trichothiodystrophy (de Boer et al., 1998), FOXO4-DRI counteracts the loss of renal 

function, hair loss, higher abdominal temperatures, and less exploratory behavior, symptoms 

normally present in TTD mice (Baar et al., 2017). Most importantly, FOXO4-DRI selectively 

eliminates senescent cells without the side effects seen of other senolytics such as ABT-263. 

Thus, further research should be done to assess its possible utilization in other diseases 

exacerbated by senescence in addition to how well it can target all types of senescent cells.  

 

IN VIVO SENESCENCE MODEL: p16-3MR 

By using animal models, senescent cells can be identified, isolated, and even eliminated with the 

use of pharmacological inputs. The transgenic mouse model p16-3MR was first described by 

Demaria et al. in 2014 assessing the role of senescence in wound healing. The model uses a 

fusion protein (see Figure 3) which contains the functional domains of a synthetic Renilla 

luciferase (LUC), a monomeric red fluorescent protein (mRFP), and the truncated Herpes 

Simplex Virus Thymidine Kinase (HSV-TK). The promoter driving expression contains 50 kb of 

the p16ink4a promoter (Demaria et al., 2014). The LUC provides a luminescent method of 

detecting 3MR senescent cells, while mRFP can be used to sort senescent cells from various 

tissues. HSV-TK permits the elimination of p16-dependent senescent cells when ganciclovir 

(GCV) is administered to mice, as HSV-TK will convert GCV into a DNA chain terminator that 
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damages mitochondrial DNA leading to apoptosis (Demaria et al., 2014). The mouse model 

proved essential in the Demaria 2014 study as it assisted in identifying which specific cells are 

senescent in healing wounds. RFP positive cells were seen amongst fibroblasts and endothelial 

cells indicating these are the cells that undergo senescence upon skin injury and subsequent 

healing (Demaria et al., 2014). Most importantly, by using GCV, the effect of the presence or 

absence of senescent cells on the kinetics of wound healing were assessed (Demaria et al., 2014). 

The p16-3MR mice were also used to assess the actions of the senolytic ABT-263 (Chang et al., 

2016). In addition, it was most recently used to assess the impact of the presence and/or absence 

of senescent cells in mice that underwent anterior cruciate ligament transection to simulate 

osteoarthritis (Jeon et al., 2017).  

 

 

 

 

Figure 3. p16-3MR model. Adapted from (Demaria et al., 2014). Details are in the text.  
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IN VIVO SENESCENCE MODEL: INK-ATTAC 

The second mouse model is the p16ink4a-ATTAC model. ATTAC stands for Apoptosis through 

Targeted Activation of Caspase 8. The ATTAC cassette was first developed and utilized for 

targeting adipose cells (Pajvani et al., 2005).  Most recently, it was used to study aging and age-

related pathologies (Baker et al., 2011; Baker et al., 2016) (Figure 4). The ATTAC transgene is 

developed similarly to the p16-3MR model. In the original 2005 study, adipocytes were 

selectively targeted for apoptosis when FAT-ATTAC mice, were injected intraperitoneally with 

the dimerizer drug AP20187 (Pajvani et al., 2005, Baker et al., 2011). AP20187 induces the 

dimerization of a membrane-bound myristolyated FK506 binding protein caspase 8 (FKBP-

Caspase 8), activating it and leading to apoptosis (Baker et al., 2011). For the 2005 study, the 

ATTAC cassette was expressed under the control of the Fabp4 promoter, an adipocyte specific 

gene that allowed to eliminate adipoctytes by administration of AP20187 (Pajvani et al., 2005). 

To study the impact of aging and senescence, the Fabp4 promoter was replaced with the p16ink4a 

promoter and transgenic mice carrying this construct were termed INK-ATTAC (Baker et al., 

2011). As seen in Figure 4, another difference relative to the p16-3MR model is the addition of 

an internal ribosome entry site (IRES) with an ORF that codes for GFP (Baker et al., 2011). This 

allows for both the detection and isolation of cells that are p16ink4a positive (Baker et al., 2011).  

A 2016 study utilized the INK-ATTAC mouse to characterize senescence in various 

tissues of the mice and to demonstrate the effect that elimination of senescent cells by the 

AP20187 dimerizer has on the overall health of the mice. INK-ATTAC mice were compared 

over various ages from 2 months to 18 months in order to analyze age-related effects. Tissues 

assessed include the eye, gastrocnemius muscle, liver, lungs, colon, heart, kidneys, spleen, and 

fat (Baker et al., 2016). The most dramatic changes in age-related increases of inflammatory 
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cytokines (i.e. IL-6, IL-1α, TNFα) occur in the fat, skeletal muscle, and kidneys (Baker et al., 

2016). mRNA expression levels of the human caspase 8 were used to assess levels of p16-

dependent senescence in the various tissues, as it is human caspase 8 not found in mice. Most 

significantly, impairment in kidney function leading to glomerulosclerosis was seen with 

increasing age of these mice. This was attenuated in mice receiving AP20187 (Baker et al., 

2016). Furthermore, in parallel with the 2014 wound healing study with the p16-3MR, similar 

findings were shown with the INK-ATTAC mice and AP20187. Healing and wound closure are 

delayed when senescent cells are eliminated by treatment with AP20187 further supporting the 

original finding of senescent cells being vital to wound healing (Baker et al., 2016).  

These in vivo models for senescence are and will continue to be essential in studying 

cancer and senescence. A 2017 study that looked at cancer therapy-induced senescence, used the 

p16-3MR mice, injecting them with a syngeneic murine mammary cancer cell line and then 

treating mice with the chemotherapeutic, doxorubicin, one of the drugs used to treat breast 

cancer. Doxorubicin induces senescence during long exposure, and the study asked how much of 

the drug effect is due to senescence induction (Demaria et al., 2017). Over time, doxorubicin 

promoted tumor growth, but when GCV was co-administered, tumor growth was reduced and 

survival of mice increased compared to mice without GCV (Demaria et al., 2017). Overall, the 

INK-ATTAC mouse appears to be more useful because the compound used to eliminate 

senescent cells, AP20187 showed no adverse effects while GCV is an anti-viral drug with 

adverse effects.  The two projects that comprise my thesis dissertation utilize the INK-ATTAC 

mouse model.  
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Figure 4. INK-ATTAC model. Adapted from (Baker et al., 2011) 
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CHAPTER II: CHRONIC ANGIOTENSIN II INDUCED OXIDATIVE STRESS LEADS 
TO SELECTIVE SENESCENCE IN KIDNEY ENDOTHELIAL CELLS 

 
 

INTRODUCTION 

The Renin-Angiotensin-Aldosterone system plays a prominent role in hypertension, 

cardiovascular and kidney diseases, in which the hormone, angiotensin II, promotes 

vasoconstriction (Harrison-Bernard, 2009) and induces reactive oxygen species (ROS). These 

actions can cause vascular injury and inflammation (Nataraj et al., 1999; Guzik et al., 2007). 

ROS production and signaling can lead to senescence induction and subsequent cell cycle arrest 

(Childs et al., 2015) and is linked to increased expression of cell cycle control proteins (p15ink4b, 

p16ink4a, p21Cip1).  

Thus, to study if and where angiotensin II could induce senescence and what role 

senescence plays in the tissue damages due to angiotensin II, we utilized the INK-ATTAC mice 

and administered a slow pressor infusion of angiotensin II, which has been established to cause a 

small increase in blood pressure and promote oxidative stress leading to cardiovascular damage 

(Kawada et al., 2002). The mice were treated with either vehicle or AP20187 intraperitoneally 

twice a week during a continuous 3-week infusion of angiotensin II. Lungs, brains, spleens, and 

kidneys were analyzed before and after the different treatments for an indication of increased 

p16ink4a expression using the caspase 8 gene that is part of the ATTAC cassette (see Figure 4) as 

a readout. A significant induction of caspase 8 above baseline was only observed in the kidneys 

of angiotensin II treated mice. We identified endothelial cells in the kidneys as the target cell that 

was validated by increased von Willebrand factor staining and expression, increased angiopoietin 

2 expression and increased GFP staining (GFP is a part of the ATTAC transgene cassette, see 

Figure 4). We also observed how angiotensin II led to increased expression of various SASP and 
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inflammation genes in the kidneys along with increased immune cell infiltration. Most strikingly, 

elimination of senescent cells using AP20187 treatment, prevented all of the above 

pathophysiological effects and thus provides evidence that angiotensin II’s adverse events are in 

large part due to its induction of cellular senescence.  

 

METHODS 

ATTAC mice 

The van Deursen laboratory generously provided the INK-ATTAC C57/BL6 mice (Baker et al., 

2011). 4 to 6 month old male mice were acclimated to blood pressure measurements via tail cuff 

plethysmography over 3 days during which baseline blood pressure readings were gathered. 

After the 3 days, mice were split into receiving either vehicle (DMSO) or AP20187 (AP) at 2 

ug/g bodyweight (Figure 5). Blood pressure measurement were always taken before drug 

administration. Osmotic pumps containing angiotensin II infused angiotensin II at a rate of 400 

ng/kg/min over 21 days, during which mice received additional DMSO or AP. After 21 days of 

infusion and treatments, the mice were euthanized and the lungs, kidneys, brain and spleen were 

harvested for analysis and collected in either RNAse later (for RT-qPCR and sequencing), 10% 

formalin for paraffin sections and IHCs, and OCT for frozen sectioning and staining.  

 

 

 

 

 

 

Figure 5. Experimental design. Mice received vehicle or AP20187 (2 ug/g) 
intraperitoneally (i.p.) and angiotensin at 400 ng/kg/min via minipump. 
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RNA extraction and quantitative PCR 

Tissues that were collected in RNAse later were stored at -80C. RNA was extracted by using the 

Qiagen RNeasy mini kit and concentration estimated by Nanodrop. The RNA sample underwent 

reverse transcription into cDNA using the Bio-Rad I-script cDNA synthesis kit. Quantitative 

PCR was then carried out by using the Bio-Rad iQ SYBR Green Supermix. For analysis, the 

cycle threshold (CT) values for caspase 8 expression from the ATTAC transgene cassette were 

subtracted from CT values of actin expression to normalize the data across different samples. 

When looking at the qPCR graphs (Figure 6), Caspase 8 values that have higher delta CT values 

indicate lower expression, while caspase 8 that have lower delta CT values indicate higher 

expression. Within the same graph, the right Y-axis expresses the fold change of expression 

compared to the control.  

 

Immunohistochemistry of formalin-fixed, paraffin embedded tissues  

Tissues fixed in 10% formalin were embedded and sectioned by the Georgetown Histology and 

Tissue Shared Resource core (HTSR). Immunohistochemistry was initiated by washing the slides 

in xylene and hydrating in ethanol and then boiling in 1X citrate buffer for 10 min to expose the 

antigens of the tissue followed by 10 min incubation in 3% H2O2 to eliminate endogenous 

peroxidase activity. The slides were then blocked in the appropriate 1x PBS serum buffer for 30 

min before incubation with the appropriate primary antibody overnight at 4C. Dilutions used for 

anti-CD45R (ebioscience RA3-6B2) were 1/800 and 1/1,2000 in the kidneys, anti-vWF 

(Millipore AP7356) 1/250 and 1/500, anti-CD31 (Cell Signaling 77699) 1/250 and anti-CD68 

(Invitrogen PA5-78966) 1/500 and 1/1000. Anti-GFP staining (Invitrogen 332600) was carried 

out with at 1/5000 and 1/10,000 dilution. Lastly, anti-CD3 staining was carried out by the GU 
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HTSR with antigen retrieval done using Tris/EDTA pH 9 buffer and primary CD3 antibody 

(Agilent A0452) staining done at 1 hour room temperature incubation. All the above antibodies 

were incubated with the appropriate secondary antibodies between 30 min to 1 hour. Optimized 

staining for CD31, vWF, and CD68 was done using the Vector laboratories Rabbit IgG 

Vectastain Elite ABC peroxidase kit, while for CD45R the respective Rat kit was utilized. For 

GFP staining, the Vector Laboratories Mouse on Mouse immunodetection kit was used. DAB 

was utilized to develop the stains. After developing, slides were stained in Hematoxylin then 

dehydrated in ethanol and then washed in xylene before being mounted using cytoseal.  

 

Frozen tissue immunohistochemistry 

Kidney tissues were also frozen in OCT and stored at -80C. The tissues were sectioned by GU 

HTSR and American Histolabs. The kidney slides underwent Beta-Galactosidase staining by 

utilizing the Cell Signaling Senescence Beta-Galactosidase Staining Kit (9860S). The kidney 

samples were then incubated in Beta-Gal staining solution at 37 C in a humidified chamber for 

48 hours.  

 

Gene set enrichment and Ingenuity pathway analysis through RNA sequencing 

Three independent kidney samples from each of the three different treatment groups (Control, 

DMSO, AP) underwent transcriptome wide RNA expression analyses by RNA sequencing. 

Sequencing was run by Novogene in Sacramento, CA and at a depth of 40 million paired reads 

per sample with 150 bp sequencing length. Sequencing files underwent differential expression 

analysis by using the EdgeR package in R and subsequently analyzed for various activated or 

inhibited pathways by GSEA and IPA (Subramanian et al., 2005). Hallmark, C2, and C5 (GO = 
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Gene Ontology) Pathway enrichment were compared between DMSO and angiotensin II samples 

and control untreated samples and also between DMSO and AP20187 with angiotensin II 

samples. The first comparison allowed for assessment of pathways significantly enriched in the 

DMSO and angiotensin II samples, while the second comparison allowed us to see how those 

angiotensin II impacted pathways were affected by AP20187, i.e. the elimination of senescent 

cells. The data is deposited to the GEO repository under GSE179195.  

 

Statistics 

Statistical Analysis used the GraphPad Prism 8 package.  One Sample T test was used in Figure 

6, 9, 13, and 17. Unpaired T test was used for Figure 19, 20, and 22.  

 

Data availability statement 

The datasets utilized in this project can be found under the GEO repository number GSE179195.  

 

Ethics statement 

The animal study was reviewed and approved by the Georgetown University Animal Care and 

Use Committee (GUACUC) (#2016-1113).  
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RESULTS 

Angiotensin II induces p16 mediated transgene expression in kidneys from INK-ATTAC 

mice 

As mentioned above, the INK-ATTAC mouse model (Baker et al., 2011) was utilized to monitor 

potential p16ink4a induced senescence over 3 weeks of angiotensin II. Background expression of 

the genes present in the ATTAC cassette is undetectable or very low in young adult mice (which 

were utilized in this study) and thus should not be impacted by AP20187 treatment (Baker et al 

2011). Due to this low background, we were able to assess different tissues for possible 

activation of the p16 transgene. Activation was assessed by monitoring mRNA expression of the 

human caspase 8 that is part of the ATTAC cassette and bears no homology with endogenous 

mouse caspase 8. In tissues with p16 activation, the administration of AP20187 should reduce 

expression of the human caspase 8 because the AP20187 activates the caspase 8 by dimerizing 

and activating the protein leading to induction of apoptosis and elimination of the cell expressing 

human caspase 8. In the angiotensin II treated mice, lungs, brains, and spleens did not show 

significant change in expression of the caspase 8 after 3 weeks of angiotensin II relative to 

controls or the mice treated with angiotensin II plus AP20187 (Figure 6). There was, however, a 

significant 4-fold increase in caspase 8 expression in the kidneys of angiotensin II treated mice 

that was reversed back to baseline levels by additional AP20187 administration (Figure 6). 

Because of this significant difference in the kidneys, all subsequent analysis focused on the 

kidneys.  
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Gene expression and pathway analysis of Angiotensin II treated kidneys 

As mentioned in the Methods section, three independent kidney samples from each of the 3 

treatment groups (baseline, angiotensin II plus DMSO, angiotensin II plus AP20187) were 

subjected to RNA sequencing. The data set was first analyzed at the global level using Gene Set 

Enrichment Analysis (GSEA). Pathways that showed significant alterations (FDR q-value <0.25) 

in kidneys in the angiotensin II group versus the baseline group were cellular senescence and 

regulation of arterial blood pressure. These same pathways did not show any significant change 

when comparing baseline versus angiotensin II plus AP20187 kidneys. In addition, other 

pathways that showed significant change compared to baseline and angiotensin II plus AP20187 

included angiogenesis, PI3K-mTOR-AKT signaling, epithelial-mesenchymal transition, apical 

junction formation, and IFN-gamma signaling (Figure 7 and Table 1).  

 

 

 

 

Figure 6. mRNA Expression of human caspase 8 in various organs. Left axis are the Ct 
values relative to actin. Right axis indicates fold change relative to control. **, p<0.01; ns, not 
significant 
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We also used the Ingenuity Pathway Analysis to identify upstream pathway regulators 

that are known to control expression of genes sets matching with the findings in our 

experimental series (Figure 8 and Table 2). The regulated gene sets of the angiotensin receptor 

blocker, Candesartan showed significant (p= 2.2x10-23) negative 4.4 fold activation score 

supporting the notion that gene sets related to angiotensin II signaling were being impacted. In 

addition, erdafitinib and danusertinib, FGF receptor kinases, exhibited significant negative 

activation scores (>7) which corroborates the crosstalk between angiotensin II and FGFR 

signaling during blood pressure control (Tassi et al., 2018). Gene sets regulated by sorafenib, a 

PDGFR/VEGFR inhibitor, showed negative activation which aligns with the intricate crosstalk 

Figure 7. GSEA Pathways impacted in kidneys in the different treatment 
groups. RNA-seq data from the angiotensin II (AGII) plus DMSO or angiotensin II 
plus AP20187 treated mice were compared with control baseline untreated mice. 
Hallmark Pathways: EMT (Epithelial Mesenchymal Transition), Apical Junction, 
PI3k-Akt-mTOR, Angiogenesis. Gene Ontology Pathways: Senescence (Cellular 
Senescence), Hypertension (Renal System Process Involved in regulation of 
systemic arterial blood pressure), IFNγ signaling (Interferon Gamma mediated 
signaling pathway) 
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of angiogenesis, angiotensin II, and growth factor signaling. In addition, gene sets regulated by 

rigosertib, a PI3K pathway inhibitor also showed negative regulation which matches with the 

GSEA analysis that showed the activation of PI3K-mTOR-Akt signaling pathway. Most 

fascinating, sirolimus (mTOR inhibitor) and ruxolitinib (JAK2 inhibitor) regulated gene sets 

showed negative activation scores: mTOR plays a crucial role with p53 and p16 in senescence 

induction along with SASP expression and JAK2 is one of the kinases involved in the signaling 

controlling SASP expression.  

 

 

 

 

 

 

 

 

 

 

 

 

On the flip side, gene sets that exhibited positive activation scores include those of 

senescence inducers such as the cytotoxic doxorubicin, or the regulatory genes CINK4, RB1, and 

FOXO3. This matches with the senescence induction and SASP expression observed in the 

Figure 8. Identified upstream regulators through Ingenuity pathway analysis. Kidneys of 
Angiotensin II treated mice were compared to Kidneys of Angiotensin II plus AP20187 treated 
mice.  
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angiotensin II alone treated mice. Antioxidant drugs (Bardoxolone) and genes (NRF1, NFE2L2) 

and ROS metabolizer (ALDH3A1) gene sets exhibited positive activation scores and this aligns 

with the known fact that angiotensin II leads to increased ROS production and oxidative damage.  

 

Impact of Angiotensin II on senescence induction and SASP expression 

ATM is a prominent protein involved in the DNA damage response pathway (Lavin et al., 2006). 

Oxidative stress can lead to DNA damage and as an indication of that we found ATM expression 

to be significantly increased in kidneys from angiotensin II treated mice (Figure 9). The 

increased expression of ATM is reversed when mice are treated with AP20187 in addition to 

angiotensin II suggesting that the cells expressing the INK-ATTAC cassette are susceptible to 

the DNA damage and eliminated by the AP20187. In addition, DNA damage is one of the 

inducers of cellular senescence through the various cyclin dependent kinase inhibitor genes 

highlighted in the background section (i.e. p16, p15, p21, p27) (Fischer and Muller, 2017; Stagni 

et al., 2021). Cdkn2b or p15ink4b (Hannon and Beach, 1994) was upregulated 4-fold in kidneys 

from angiotensin II treated mice. The upregulation was reversed by additional treatment of 

AP20187 (Figure 9). A similar pattern, though less prominent (2-fold increase) was observed for 

Cdkn1a or p21Cip1 (Figure 9). Interestingly, other regulators of senescence, p19 (Hashimoto et 

al., 2016), and p27 (Rukhland et al., 2016) known to function in different contexts did not show 

any significant mRNA expression in these treatment groups (Figure 9).  
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Figure 9. Comparative RNA-Seq analysis of different senescence related genes. (A) 
Expression of oxidative stress (NOX4), DNA damage (ATM, p53) and control gene (β-actin). 
(B) Cyclin-dependent kinase inhibitor genes which modulate senescence pathways (p15, p21, 
p27, p19). Endogenous p16 was not detected by RNA-seq. (C) Various SASP genes. The Left 
Axes show absolute FKPM (fragment per kilobase of exon per million) expression on a log2 
scale. The Right Axis shows fold change relative to control untreated group. *, p<0.05; **, 
p<0.01; ***, p<0.001 



45 
 

Epithelial-mesenchymal transition (EMT) and subsequent fibrosis is a prominent 

response initiated in kidneys undergoing chronic damage during hypertension or metabolic 

disease (Smit and Peeper, 2010; Laberge et al., 2012). Indeed, gene sets that are associated with 

Epithelial-mesenchymal transition (EMT) were significantly upregulated after angiotensin II and 

decreased after additional AP20187 (Figure 10).  

 

 

 

 

 

 

 

In parallel with changes in senescence inducers, there were also significant changes in the 

expression of SASP factors. Tissue type plasminogen activator (tPA), insulin growth factor 

binding protein 2 (IGFPB2), fibroblast growth factor 2 (FGF2), and matrix metalloproteinase 3 

(MMP3) showed significant upregulation in the kidneys of angiotensin II treated animals that 

were reduced in animals receiving additional AP20187 (Figure 9). Other SASP factors such as 

MMP-13 did not show any significant change (Figure 9). The increased expression of FGF2 

mRNA seen in the angiotensin II group was also reflected in positive staining for FGF2 protein 

in the same kidneys. FGF2 protein was barely detectable in kidneys from control baseline and 

angiotensin II plus AP20187 treated mice (Figure 11). The FGF2 staining was most prominently 

detected in the endothelial cells (Figure 11).  

Figure 10. GSEA Graph of EMT hallmark pathway. Angiotensin II versus control. 
Enrichment of core signature genes is indicated 
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Also, senescence-associated beta-galactosidase staining was carried out in kidneys from 

the three treatment groups. The kidneys from the angiotensin II treated mice showed increased 

beta-gal positive staining which was decreased in the angiotensin II plus AP20187 group (Figure 

12).  

 

 

 

 

 

 

 

 

 

Figure 11. FGF2 staining in kidney cortex. Staining for FGF2 was done in kidneys from 
control, angiotensin II and angiotensin II plus AP20187 treated mice. Scale bar is 0.1mm 

Figure 12. Senescence associated beta-galactosidase staining in kidneys. SA-β-Gal 
staining were done on frozen sectioned kidneys of control, angiotensin II, and angiotensin 
II plus AP20187. Dotted circle indicates glomerulus. Scale bar is 0.1mm 
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Senescence in kidney endothelial cells of Angiotensin II treated mice 

A striking finding in the kidneys mRNA expression analysis was the 4-fold increase of von 

Willebrand factor (vWF) after angiotensin II that was reversed to baseline levels after additional 

AP20187 (Figure 13). The mRNA expression changes were also reflected by vWF protein 

staining which was seen in endothelial cells of the peritubular capillary network (Figure 14). 

Interestingly, as mentioned in the previous section, FGF2 staining was also seen in the 

endothelial cells. Of note, mRNA expression of conventional endothelial cell markers (CD31 or 

PECAM1 and CD34) did not show any significant differences between the treatment groups 

(Figure 13).  

 

 

 

 

 

 

 

 

This suggests that the increased vWF expression is due to endothelial cell damage 

(Muller et al., 2002; Pusztaszeri et al., 2006). This interpretation is further supported by the fact 

that angiopoietin 2 (ANGPT2) mRNA also showed significant upregulation in expression in 

angiotensin II treated mice, and ANGPT2 is a factor secreted by damaged endothelial cells 

(Figure 13) (Kim et al., 2016; Kiss and Saharinen, 2017). Also, ANGPT2 and vWF are both 

contained in the Weibel-Palade bodies of endothelial cells and the increased expression of both 

Figure 13. Gene expression of endothelial markers (vWF, CD31, CD34) and 
endothelial damage (ANGPT2).  Left Axis shows Absolute FKPM expression on a 
log2 scale and right axis is fold change relative to control untreated group. *, p<0.05; 
**, p<0.01; ***, p<0.001 
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by angiotensin II that is reversed by additional AP20187 treatment supports the notion that the 

endothelial cells in the kidneys are the ones undergoing senescence.  

 

 

 

 

 

 

 

 

To directly identify the angiotensin II-induced senescent cell in the kidneys, we stained 

for GFP expression that is part of the ATTAC transgene cassette. From the staining, we 

identified endothelial cells as GFP positive in the angiotensin II group. Decreased GFP staining 

was observed with additional AP20187 treatment (Figure 15).  

 

 

 

 

 

 

 

 

 

Figure 14. vWF staining in kidney cortex.  Staining were compared between 
kidneys from control, angiotensin II, and angiotensin II plus AP20187 treated 
mice. Scale bar is 0.1mm 

 

Figure 15. GFP staining from ATTAC cassette in kidney cortex.  Staining 
were compared between kidneys of control, Angiotensin II, and Angiotensin II 
plus AP20187. Scale bar is 0.1mm. Quantification was done through an average 
of 20 images of the kidney cortex per slide 
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We used serial sections to stain for CD31, vWF, and GFP. We observed overlaps of vWF and 

GFP staining in the endothelial cells of the peritubular capillary network (Figure 16). These 

findings support the notion that the increase in vWF expression and staining is due to senescent 

endothelial cells.  

 

 

Angiotensin II leads to increased inflammatory signaling and immune cell recruitment in 

kidneys  

Because a prominent effect of senescence through the SASP is activation and recruitment of 

immune and inflammatory cells, this was the next aspect we assessed in the kidneys (Langhi 

Prata et al., 2018; Kale et al., 2020). In animals treated with angiotensin II, we found increased 

expression of interleukin 1 receptor 1 (IL-1R1) mRNA that was decreased by additional 

AP20187 treatment. IL-1R1 binds to IL-1 which is known for promoting the signaling related to 

SASP expression (Orjalo et al., 2009; Lau et al., 2019). In addition, versican, an inflammatory 

Figure 16. Serial staining for GFP, vWF, and CD31 on kidney cortex.  Staining was 
done on adjacent serial sections (5 um thick) of kidneys in angiotensin II treated mice. 
Green arrows for vWF and CD31 overlap in the same region. Green arrow in CD31 staining 
identifies another separate positively stained endothelial cell.  Scale bar is 0.1mm 
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extracellular matrix proteoglycan showed a 16-fold increase in expression with angiotensin II 

that was reversed by addition of AP20187 (Figure 17) (Wight et al., 2020).  

 

 

 

 

 

 

Versican is also associated with the Apical Junction Pathway, which was upregulated in the 

kidneys of angiotensin II treated mice and reversed by addition of AP20187 (Figure 18).  

 

 

 

 

 

 

 

Figure 17. mRNA expression of IL-1R and Versican.  Comparisons were done between 
kidneys of control, angiotensin II, and angiotensin II plus AP20187. Left Axis shows absolute 
FKPM expression (log2 scale); Right Axis shows change relative to control untreated group. *, 
p<0.05; **, p<0.01; ***, p<0.001 

 
 

Figure 18. GSEA graph of apical junction hallmark pathway. Enrichment of core signature 
genes are indicated for the comparison between the control and angiotensin II groups.  



51 
 

Angiotensin II treatment led to increased infiltration of CD45R+ cells into the glomerular and 

peritubular capillary networks which was reversed by additional AP20187 (Figure 19). 

 

  

Staining for CD3+ T cells showed the same pattern with increased infiltration into the same 

regions as CD45R+ cells that was reversed by addition of AP20187 to angiotensin II (Figure 20).  

 

Figure 19. Staining and quantification of CD45R+ cells in kidneys.  Staining were 
compared between kidneys from control, angiotensin II, and angiotensin II plus AP20187 
treated animals. Scale bar is 0.1mm. Quantification was done through an average of 20 
images of the kidney cortex per slide 
 

Figure 20. Staining and quantification of CD3+ cells in kidneys.  Staining were 
compared between kidneys from control, angiotensin II, and angiotensin II plus AP20187 
treated animals. Scale bar is 0.1mm. Quantification was done through an average of 20 
images of the kidney cortex per slide 
 



52 
 

Notably, CD68+ cells were not found to be recruited to the kidneys (Figure 21).  

 

DISCUSSION 

Originally, cellular senescence was considered to be a state of cell cycle arrest that primarily 

occurs to prevent cells from undergoing malignant transformation. However, recent studies have 

revealed how senescence plays a prominent role in the pathophysiology of numerous diseases 

that include Alzheimer’s disease, type 1 diabetes, pulmonary fibrosis, osteoarthritis, 

cardiovascular and kidney disease. For many and most of these diseases, the extent of damage to 

the vasculature plays a significant role in the severity of the disease state (Bhat et al., 2012; 

Palmer et al., 2015; Jeon et al., 2017; Alvarez et al., 2017; Shimizu et al., 2019).  

In the present study, we use angiotensin II given at a slow pressor dose to produce 

chronic oxidative stress that can lead to vascular damage (Kunieda et al., 2006; Coffman, 2011; 

Wang et al., 2018). By using the INK-ATTAC mice, we are able to assess the contribution of 

senescence to the slow pressor effects of angiotensin II and the impacts of depleting these 

senescent cells. From assessing several target tissues of angiotensin II (brain, kidney, lung, and 

spleen), only the kidneys showed a significant upregulation of the p16ink4a-linked ATTAC 

Figure 21. Staining of CD68+ cells in kidneys.  Staining were compared between 
kidneys from control, angiotensin II, and angiotensin II plus AP20187treated animals. 
Scale bar is 0.1mm.  Positive control was done in a control spleen.  
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cassette after angiotensin II, that was reversed by additional AP20187 treatment. In addition, by 

utilizing GFP expressed from the ATTAC cassette, we were able to stain for and identify the 

cells undergoing p16-related senescence in endothelial cells. Furthermore, by both mRNA 

expression and protein staining, vWF was significantly upregulated after angiotensin II that was 

reversed by additional AP20187. vWF is a well-known endothelial cell marker and is secreted by 

damaged endothelial cells. In addition, vWF expression has been shown to be increased in 

hypertension (Dushpanova et al., 2016) and atheroscleoris (Westein et al., 2013). Of note, 

increased vWF expression has also been shown to play a prominent role in the endotheliopathy 

and hypercoagulability seen in COVID-19 disease (Gu et al., 2020). In serial sections, we found 

that vWF and GFP stains overlap in the peritubular capillary network endothelial cells. The co-

staining further suggests that the peritubular endothelial cells are the ones undergoing senescence 

and are also expressing and secreting vWF.  

A recent study from the lab of Dr. Campisi showed that hemostasis-related factors might 

be part of the SASP secreted by senescent cells. By utilizing stable isotope labeling with amino 

acids (SILACs), they showed that cells undergoing senescence due to DNA damage increase 

secretion of factors that play a role in hemostasis. The take-away from this study is that 

senescent cells may play a role in age-related thrombosis (Wiley et al., 2019).  

Several genes present in the senescence associated secretory phenotype (FGF2, MMP3, 

tPA, and IGFBP2) were significantly upregulated after angiotensin II, while others such as 

MMP13 did not show any effect. Obviously only select members of the SASP were upregulated. 

This matches with a recent study, where depending on the cell undergoing senescence and the 

type of senescence inducer, different components of the SASP may be expressed (Wiley et al., 
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2017). Thus, the SASP seen in the angiotensin II kidneys may be unique and specific to 

senescent kidney endothelial cells.  

FGF2, a member of the SASP is of particular interest. FGF2 plays important roles in 

angiogenesis, mitogenicity, and differentiation (Shiba et al., 2003, Murakami and Simons, 2008; 

Nanda et al., 2014; Tassi et al., 2018), and has also been shown to interact with angiotensin II to 

main proper renal homeostasis (Peifley and Winkles, 1998; Fulgham et al., 1999). Also, the 

PI3K-mTOR-Akt pathway and angiogenesis pathway which are utilized by FGF2 are 

significantly enriched in the kidneys of angiotensin II treated mice but not in the AP20187 

treated mice, linking this growth factor and related pathways.  

The Ingenuity Pathway Analysis also showed that gene sets in the RB1 pathway are 

significantly (p<0.001) 5.5-fold activated. One of the downstream target genes of the RB1 

pathway is ANGPT2, which was shown to be significantly expressed in the kidneys of 

angiotensin II treated mice and decreased by AP20187. Another gene associated with the RB1 

pathway is mTOR. mTOR signaling and activation leads to senescence induction and secretion 

of the SASP while its inhibition leads to quiescence and inhibition of SASP secretion 

(Kortochina et al., 2010). Matching with mTOR activation, sirolimus, an mTOR inhibitor 

showed a significant 6.9 fold negative activation score in the IPA analysis.  

As has been emphasized above, an important function of senescent cells, and more 

specifically of their SASP is to recruit immune cells. As discussed earlier a unique impact of 

angiotensin II has been on the activation of the immune system (Bengini et al., 2010; Guzik et 

al., 2007, Nataraj et al., 1999). Indeed, kidneys of mice treated with angiotensin II showed an 

increase in CD45R+ and CD3+ T cells in the renal glomerular and peritubular capillary network. 

The recruitment was decreased by additional AP20187 supporting the notion of senescent cells 
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recruiting immune cells (Vicente et al., 2016). Furthermore, with angiotensin II, there was a 

~16x increased expression of the inflammatory matrix proteoglycan, versican, which was 

reverted back to baseline with inclusion of AP20187 treatment. Versican plays a role in 

promoting an inflammatory environment and leads to recruitment of immune cells in response to 

the inflammation (Wight et al., 2014). Importantly, versican expression is reverted back to 

baseline by AP20187, further supporting the notion that elimination of senescent cells from the 

kidneys removes the inflammatory drive.  

Lastly, when looking at blood pressure, angiotensin II treated mice only displayed a small 

increase in blood pressure, which is expected from the low dose angiotensin II regimen (Figure 

22). Nonetheless, adding AP20187 prevented that slight increase in blood pressure (Figure 22). 

Furthermore, when blood pressure was measured in ATTAC mice that did not receive low dose 

angiotensin II, there was no increase in blood pressure over a similar period.  
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Overall, the low pressor dose of angiotensin II leads to senescence of kidney endothelial 

cells and promotion of an inflammatory microenvironment through both secreted factors and 

immune cells (Figure 23). What makes the results of this study even more relevant is another 

study recently published that also utilized the INK-ATTAC mice, which also identified 

glomerular endothelial cells as the ones undergoing senescence and promoting age-related 

kidney disease (Cohen et al., 2021). Targeting senescent cells that are induced by angiotensin II, 

could provide a potential target for senolytics in the management of diseases linked to oxidative 

and vascular damage including hypertension.  

 

Figure 22. Angiotensin II blood pressure changes relative to baseline. (A) Blood 
pressure at baseline and after 3 weeks of angiotensin II treatment (B) Blood pressure at 
baseline and after 3 weeks of angiotensin II plus AP20187 treatment. Solid lines are 
increase change, thin lines are decrease change, dotted lines are no change 
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LIMITATIONS 

A potential limitation for this study comes from the fact that in the INK-ATTAC model, 

AP20187 only eliminates p16 induced senescent cells. When looking at the RNA-seq analysis, 

p21 and p15 expression were significantly increased and it was surprising that their expression 

was reversed by AP20187. The most plausible explanation would be that several parallel 

pathways are expressed in the cells undergoing senescent related damage and these cells are 

eliminated when p16 is activated. On the other hand, there could be paracrine activity from p16 

expressing cells that in turn could lead to p21 and p16 expression in surrounding cells. In 

Figure 23. Graphical abstract of pathways impacted by low dose, chronic angiotensin 
II treatment in kidneys 
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essence, by eliminating p16 induced senescent cells, expression of p15 and p21 would also be 

reverted.  

 

ANGIOTENSIN II AND CANCER  

Angiotensin II (Ang II) was discovered first in the 1930s and has been labeled as an endogenous 

vasoactive hormone that is vital to the human body as it plays an important role in the Renin-

Angiotensin-Aldosterone system in terms of promoting proper blood pressure regulation and 

cardiovascular homeostasis (Kaneko et al., 1985; Wen et al., 2012). However, Ang II has also 

been shown to play a significant role in the development and pathogenesis of numerous 

cardiovascular diseases, which include congestive heart failure, hypertension, coronary ischemia 

and others (Kaneko et al., 1985; Dzau et al., 1994; Dostal et al., 1999; Gavras et al., 2002). In all 

these diseases, it has been generally thought that there is a significant excess of reactive oxygen 

species (ROS) that cannot be properly contained and managed by the antioxidant defenses.  ROS 

are produced by several enzymes which include xanthine oxidase and NADPH oxidase. Previous 

studies have shown that Ang II can increase ROS production in the vasculature through NADPH 

oxidase as a physiologic response (Rajagopalan et al., 1996). Furthermore, it has been widely 

accepted that ROS signaling through NADPH oxidase is due to Ang II binding and activation of 

the Angiotensin I receptor (AT1R) (Nickenig et al., 2002). Through continuously elevated 

reaction oxygen species production during chronic stress or other pathophysiology, this elevated 

oxidative stress can lead to significant vascular damage over time. One of the consequences of 

vascular damage is thickening of the intima, surface damage in endothelia and inflammatory 

reaction. The shedding of antigenic modified proteins can promote recruitment of immune cells. 
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Thus, in this way, angiotensin II mediated pathophysiology is linked to immune cell recruitment 

in many of the above discussed cardiovascular diseases.  

Furthermore, it is highly suggested that angiotensin II’s effect on immune cell 

recruitment may be modulated via the adrenergic system (Barrett-O’Keefe et al., 2013). As such, 

the immune organs in the human body are innervated by post-ganglionic sympathetic fibers. 

Studies have shown that activation of adrenergic receptors has unique effects on the immune 

system which include regulation in the number of immune cells infiltrating or responding in an 

inflammatory environment (Calcagni and Elenkov, 2006; Bao et al., 2007; Pesic et al., 2009). To 

go along with this, there are various aspects of the immune system that are regulated by the 

adrenergic receptor system which include production of cytokines, cellular migration, production 

of antibodies, and cell proliferation (Maestroni, 2000; Seiffert et al., 2002; Pesic et al., 2009; 

Grisanti et al., 2010). What is even more intriguing is that specific subtypes of adrenergic 

receptors may have different effects on immune system activation. Studies have indicated that 

the Beta-2-Adrenergic receptors may have a more anti-inflammatory effect, while the Beta-1-

Adrenergic receptors may have a pro-inflammatory effect (Elenkov et al., 2000, Grisanti et al., 

2010, Grisanti et al., 2011).  

When putting all of this together, this would further support the notion that angiotensin II 

through the alpha-adrenergic system not only promotes vasoconstriction but could also modulate 

immune cell infiltration and function. This could be of significance especially as numerous 

diseases mentioned above are influenced by both the state of the vasculature and also of the 

immune system.  
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Finally, one of the challenging questions is “How does angiotensin II link with cancer?” 

As an initial stab at this question the functions of the adrenergic system can provide some 

insights. As discussed in the previous section, the adrenergic system can modulate immune cell 

function. Interestingly, a recent study has shown that Beta-2 adrenergic receptor signaling plays 

a role in promoting a highly immunosuppressive tumor microenvironment, which goes along 

with what was mentioned earlier in the Elenkov, 2000 study (Mohammadpour et al., 2021). It 

has already been established that myeloid derived suppressor cells (MDSCs) proliferate during 

tumor growth and damaged tissue repair (Veglia et al., 2018; Veglia et al., 2021; Nachmany et 

al., 2019; Ou et al., 2015). MDSC also function by inhibiting the activity of CD8+ T cells while 

activating regulatory T Cells which leads to an immunosuppressive tumor microenvironment 

(Ostrand-Rosenberg and Fenselau, 2018; Pawelec et al., 2021). Infiltration of MDSCs into the 

tumor microenvironment may come from an imbalance in the ratio of tumor promoting factors 

secreted either by the tumors or stromal cells relative to the tumor inhibitory growth factors 

(Groth et al., 2019). To tie in the adrenergic system, it has been shown that Beta-adrenergic 

signaling promotes MDSC infiltration into the tumor environment (Mohammadpour et al., 2019). 

Even more so, mice housed at cold temperatures induced Beta-2 Adrenergic receptor activation 

that led to activation of various cells, with one being MDSCs (Mohammadpour et al., 2019). The 

findings from all these studies illustrate that states of high chronic stress can be a significant 

impediment to management of treatment for cancer patients (Abuatiq et al., 2020). 

And one of the many causes of high chronic stress can be from angiotensin II, as is seen 

in many of the cardiovascular diseases highlighted at the beginning of this section. Furthermore, 

angiotensin II plays a role in adrenergic system activation and potentiation and putting this all 

together would suggest that angiotensin II may have a part in tumor pathogenesis or even in 
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tumor treatment outcome. As such, one study found that targeting angiotensin II may prove to be 

beneficial for chemotherapy (Chauhan et al., 2013). For cancer therapy, getting drug delivered to 

the tumor site requires proper perfusion and organization of the vasculature (Chauhan et al., 

2011; Tsai et al., 2003; Jain 2013). As tumors grow from a combination of cancer cells, stromal 

cells and cancer associated fibroblasts (CAFs) secretions which include extracellular matrix 

components, can lead to stress within the tumor, which in turn can impact the tumor vessels 

leading to limited perfusion (Helmlinger et al., 1997; Stylianopoulos 2012; Stylianopoulos 2013; 

Janmey et al., 2007; Griffon-Etienne et al., 1999; Padera 2004). Blocking angiotensin II 

signaling leads to less production of the extracellular matrix components by the CAFs and doing 

so reduces overall stress on the tumor vasculature and allowing for delivery of drug to the tumor 

site and improved therapeutic outcomes.  

Lastly, pathophysiologic effects of angiotensin II could also be correlated to the 

pharmacological effects of certain cancer therapeutics. Chronic angiotensin II not only has 

effects on reactive oxygen species production but in also promoting hypertension. A recent 

observational study saw that cancer survivors have an increased risk for cardiovascular disease 

compared to the general population (Sturgeon et al., 2019). Furthermore, the risk of dying from 

cardiovascular disease and related complications has been shown to be closely linked with 

aggressiveness of cancer therapy after cancer diagnosis (Maki-Petaja et al., 2021). One such drug 

with which that has been shown are tyrosine kinase inhibitors that target the vascular endothelial 

growth factor receptor (Maki-Petaja et al., 2021). VEGF receptor inhibitors function by primarily 

inhibiting angiogenesis which would prevent proper blood flow to reach the tumor. However, 

one of the complications of VEGFR inhibitors is hypertension. Normally when VEGF binds to 

its’ receptor, it leads to activation of the nitric oxide pathway and thus vasodilation (Robinson et 
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al., 2010). However, when VEGF is inhibited from binding, the endothelin-1 pathway is 

activated leading to vasoconstriction and subsequent hypertension (De Jesus-Gonzalez et al., 

2012). In addition, by inhibiting VEGF, microvascular density and diameter of the peripheral 

vasculature (i. e. capillaries) are reduced also leading to increased blood pressure (De Jesus-

Gonzalez et al., 2012; Levy et al., 2001).   

In conclusion, angiotensin II plays not just a role in blood pressure regulation and 

homeostasis, but its effects on the adrenergic system and vasculature also impact cancer 

therapeutic efficacy and post therapy complications. The findings from this study will not only 

have an impact on management of cardiovascular disease but also on the possibility of gaining 

new ground on utilizing or targeting senescent cells in other areas such as cancer therapy. 
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Table 1: Gene set enrichment analysis of hallmark and gene ontology pathways 

 
GSEA parameters for select Hallmark and Gene Ontology pathways of Normalized Enrichment 
score (NES), Enrichment Score (ES), nominal p-values, false discovery corrected p-values, and 
q-values are shown.  
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Table 2. Upstream regulators through Ingenuity pathway analysis  
 

Master Regulator Expr Log Ratio Activation 
z-score 

p-value of 
overlap 

PFDN5 0.785 -8.124 3.95E-23 
FBXL14 -0.104 -7.347 1.19E-24 
estrogen NA -7.316 3.05E-25 
CD 437 NA -7.208 1.99E-16 
SGI 1776 NA -7.1 2.96E-24 
debio 1347 NA -7.038 7E-25 
derazantinib FGFR KI NA -7.038 7E-25 
pemigatinib FGFR KI NA -7.038 7E-25 
GABPB1 -0.139 -7.02 5.01E-29 
ST1926 NA -7.02 8.58E-16 
procaine NA -6.908 3.33E-23 
sirolimus NA -6.902 4.28E-18 
5-fluorouracil NA -6.696 5.26E-15 
ASP5878 NA -6.665 2.64E-25 
Erdafitinib NA -6.665 2.64E-25 
3D185 NA -6.602 6.3E-26 
ARG1 1.866 -6.528 1.43E-27 
PRN1371 NA -6.465 3.34E-25 
GW 273629 NA -6.229 3.32E-32 
nicotine NA -6.225 5.71E-25 
Tripterygium wilfordii extract NA -6.224 5.21E-30 
FBXO32 -1.097 -6.027 2.55E-25 
S-methylthiocitrulline NA -5.95 7.37E-31 
KDM5A -0.665 -5.729 1.76E-11 
RBL1 -0.343 -5.565 1.08E-32 
RRAD 0.086 -5.498 0.0000273 
vinorelbine NA -5.455 2.02E-14 
alisertib NA -5.436 1.17E-26 
DEGS1 0.148 -5.334 0.0000305 
BACH1 -0.452 -5.178 2.03E-08 
enalapril ACE inhib NA -5.138 1.09E-23 
cinaciguat NA -5.124 4.18E-11 
TLX1 NA -5.112 1.11E-08 
HUWE1 -0.812 -5.046 2.5E-24 
FBXL14 -0.104 -4.838 1.6E-30 
CRMP1 -0.452 -4.73 1.14E-24 
FBXW7 -0.145 -4.683 8.24E-27 
TRIM28 0.022 -4.587 3.18E-26 
Danusertib NA -4.537 1.33E-28 
atorvastatin NA -4.493 2.7E-23 
KDM5B -0.612 -4.472 0.0000105 
ABT-089 NA -4.445 5.58E-24 
PFDN5 0.785 -4.431 4.86E-28 
Candesartan NA -4.424 2.2E-23 
AMG 900 NA -4.406 1.7E-27 
TTP607 NA -4.406 1.7E-27 
ACP-319 NA -4.379 2.53E-25 
SNS 314 NA -4.363 2.73E-27 
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SIRT6 0.238 -4.259 1E-34 
ELOVL5 -0.205 -4.206 4.55E-09 
KDM2B -0.508 -4.196 0.00000183 
resveratrol NA -4.146 2.9E-23 
BRCA1 -1.262 -4.103 4.33E-25 
PML-RARA NA -4.098 0.00000248 
RND3 0.124 -4.071 1.01E-32 
MSRA 0.445 -4.061 0.00000218 
rabeprazole NA -3.994 4.73E-26 
BRL 26830 NA -3.969 1.75E-13 
YY1 -0.266 -3.961 1.38E-24 
flumatinib NA -3.902 4.39E-26 
radotinib NA -3.761 1.71E-24 
KEAP1 -0.057 -3.674 0.00000121 
LEP -1.215 -3.669 9.62E-20 
MXD1 -0.057 -3.658 1.59E-28 
CPT1B NA -3.58 5.1E-24 
warfarin NA -3.569 6.18E-24 
SIRT7 0.509 -3.516 4.08E-26 
Sb202190 NA -3.503 1.19E-18 
GNA12 -0.158 -3.5 0.00314 
S-equol NA -3.474 3.77E-24 
BACH1 -0.452 -3.441 0.00000624 
WNT1 NA -3.432 3.64E-16 
HOXA10 0.218 -3.402 1.46E-29 
STAT5A -0.443 -3.374 9.52E-24 
BIX 02189 NA -3.366 2.1E-31 
SRP54 -0.834 -3.342 4.45E-19 
halothane NA -3.317 6.47E-15 
AKR1B1 -1.963 -3.242 4.39E-21 
PIM/FLT3 kinase inhibitor SEL24 NA -3.229 3.5E-25 
deoxycorticosterone acetate salt sens 
hypertension 

NA -3.208 1.97E-17 

ECD -0.028 -3.186 1.46E-19 
CL 316243 NA -3.162 0.000628 
phenylephrine NA -3.154 1.86E-17 
CCL7 NA -3.108 0.00000364 
PPIF 0.646 -3.108 2.15E-23 
GSK690693 NA -3.101 0.00000418 
HOXB1 NA -3.077 1.91E-27 
LMO2 0.305 -3.069 1.64E-23 
sepantronium NA -3.064 6.16E-27 
RGS2 -0.16 -2.985 0.00133 
CCL25 0.074 -2.959 4.21E-08 
papaverine NA -2.937 0.00000035 
PCGF2 0.379 -2.889 0.00000705 
PTGDS -0.245 -2.887 0.00000131 
ruxolitinib NA -2.887 0.00000868 
SKI-G-801 NA -2.881 2.42E-26 
RAP1B 0.104 -2.874 2.21E-08 
BMS-345541 NA -2.86 3.64E-29 
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CDC42 NA -2.86 3.6E-18 
YY1 -0.266 -2.844 1.85E-26 
TRAP1 0.082 -2.837 0.00136 
valproic acid NA -2.75 0.0000379 
SAR1B 0.076 -2.73 1.73E-19 
MICAL1 0.443 -2.707 3.8E-23 
PD184352 NA -2.704 7.31E-20 
chelerythrine NA -2.699 1.25E-14 
pimagedine NA -2.692 6.34E-19 
l-asparaginase NA -2.673 0.000000259 
ghrelin NA -2.668 0.0000714 
interferon beta-1a NA -2.654 4.79E-18 
TP73 NA -2.648 3.63E-20 
PISD 0.374 -2.646 0.00104 
eplerenone NA -2.635 0.0000158 
IDH1 0.216 -2.6 7.15E-08 
RNF139 0.207 -2.596 1.91E-30 
oseltamivir NA -2.573 7.85E-12 
NDN -0.398 -2.566 0.0000553 
ERG -0.225 -2.556 0.000172 
St. John's wort NA -2.54 1.52E-20 
ACTN4 -0.129 -2.525 0.0000115 
FUT6 NA -2.525 0.000000811 
apomorphine NA -2.514 0.000000193 
SIRT3 0.315 -2.5 0.000506 
PAFAH1B1 -0.279 -2.498 1.57E-22 
TRIM28 0.022 -2.498 5.08E-29 
dalteparin NA -2.496 0.000409 
E2F3 0.154 -2.478 5.63E-15 
CREG1 0.338 -2.462 0.0000915 
PPT1 0.122 -2.462 0.0000915 
sobetirome NA -2.449 0.0000758 
ST8SIA1 -0.308 -2.449 0.0249 
GGT1 0.14 -2.447 6.74E-16 
SOX4 -0.56 -2.44 0.000000267 
alvespimycin NA -2.429 0.00000196 
S-equol NA -2.428 3.13E-16 
TP53BP1 -0.363 -2.428 6.42E-27 
BI 847325 NA -2.4 6.04E-08 
HOXA1 0.853 -2.394 0.000000661 
methadone NA -2.384 1.08E-17 
HPRT1 0.071 -2.38 2.34E-14 
GW501516 NA -2.357 0.00000418 
prazosin NA -2.357 1.56E-15 
policosanol NA -2.355 7.88E-24 
HOXA10 0.218 -2.333 0.000175 
ZFP36 1.761 -2.333 0.0000365 
HOXA4 -0.264 -2.324 0.000000268 
diazepam NA -2.321 0.00000655 
PIN4 0.926 -2.321 0.0000842 
FGF9 0.519 -2.292 1.23E-09 
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STAT5B -0.357 -2.292 0.000002 
ASAH2 -0.518 -2.25 0.000077 
NUS1 -0.136 -2.25 0.000128 
PDE2A NA -2.242 6.51E-19 
pitavastatin NA -2.242 2.63E-08 
firsocostat NA -2.236 0.0000351 
HOXA4 -0.264 -2.236 0.00000882 
pertuzumab NA -2.236 4.09E-12 
propylthiouracil NA -2.236 0.0000258 
SAT1 0.611 -2.236 0.0107 
vinorelbine NA -2.236 0.0152 
GNL2 0.224 -2.233 1.04E-12 
LIPE -1.448 -2.228 2.89E-08 
bezafibrate NA -2.227 9.02E-08 
HOXA5 -0.21 -2.223 2.24E-23 
pyrilamine NA -2.219 1.5E-14 
GnRH analog NA -2.213 0.000163 
almotriptan NA -2.209 3.12E-09 
pregnenolone carbonitrile NA -2.2 1.49E-19 
PND-1186 NA -2.183 0.000000774 
PHLPP2 -0.634 -2.18 1.62E-11 
IGF1 -0.316 -2.176 1.92E-19 
PELI1 -0.036 -2.155 1.46E-22 
tetraethylammonium NA -2.138 0.0000695 
sorafenib analog BB2 NA -2.121 1.97E-13 
BCAR1 0.081 -2.111 2.1E-10 
FAAH 0.132 -2.111 0.0000562 
silicon dioxide NA -2.108 3.9E-20 
beta-escin NA -2.092 2.26E-28 
dihematoporphyrin ether NA -2.092 3.31E-28 
N-Ac-Leu-Leu-norleucinal NA -2.078 1.09E-26 
FASN -4.417 -2.065 0.0000415 
valpromide NA -2.05 4.16E-17 
DNM2 -0.037 -2.034 3.91E-15 
inolitazone NA -2.03 1.07E-09 
BDTX-189 NA -2.023 7.76E-13 
sapitinib NA -2.023 7.76E-13 
CGAS -0.487 -2.02 3.87E-16 
rigosertib PLK1 / PI3K/Akt inhib NA -2.02 0.000000427 
STAT5A -0.443 -2.019 9.91E-18 
SIRT1 inhibitor III NA -2.018 4.64E-09 
fludrocortisone NA -2.01 1.11E-22 
continuous erythropoietin receptor activator NA -2 0.000108 
FH 0.288 -2 0.002 
MSH2 -0.01 -2 0.0000273 
pentobarbital NA -2 0.000199 
ST8SIA4 -0.555 -2 0.000117 
TXNRD1 -0.081 -2 0.0000061 
ACACB -1.535 2 0.000199 
DNMT3A 0.038 2 0.000000233 
namitecan NA 2 0.0193 
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pCPT-cAMP NA 2 0.000448 
PFDN5 0.785 2 0.002 
PT-2385 NA 2 0.00426 
zileuton NA 2.012 0.0000242 
AZD6482 NA 2.014 8.8E-09 
EGF 0.575 2.03 1.63E-13 
EAF2 0.403 2.058 0.000000139 
SP600125 NA 2.076 5.2E-17 
FKBP4 0.166 2.093 5.14E-18 
iohexol NA 2.109 0.0000915 
antilymphocyte serum NA 2.111 0.00000272 
SESN2 -0.406 2.115 1.32E-08 
ID3 0.745 2.12 1.89E-08 
PRKN 0.18 2.121 0.0272 
STUB1 0.013 2.121 0.0000394 
SPDEF NA 2.138 0.00434 
chlorogenic acid NA 2.155 5.2E-21 
ANG 0.478 2.165 3.15E-24 
FTO -0.155 2.173 1.36E-08 
PRPF6 -0.038 2.179 1.09E-18 
TRRAP -0.699 2.186 7.32E-29 
BHLHA15 NA 2.187 9.68E-12 
atorvastatin NA 2.2 2.89E-12 
clozapine NA 2.226 0.00000125 
4-hydroxytamoxifen NA 2.236 2.2E-09 
ANGPTL3  0.331 2.236 0.000758 
GRP NA 2.236 0.000335 
LIF NA 2.236 4.8E-09 
PAX8 0.131 2.236 0.0000162 
bisindolylmaleimide iv NA 2.243 2.05E-18 
Doxorubicin NA 2.249 1.18E-26 
ENPP2 -0.173 2.25 0.000117 
GSK2636771 NA 2.25 0.0000913 
TGX-221 NA 2.25 0.000128 
TNKS2 -0.294 2.258 2.6E-12 
TNKS -0.679 2.258 2.09E-12 
AT13148 NA 2.287 0.0000604 
tegaserod NA 2.29 5.63E-22 
ABTL0812 NA 2.309 0.00706 
BI 860585 NA 2.309 0.00706 
DS-3078a NA 2.309 0.00706 
LXI-15029 NA 2.309 0.00706 
finasteride NA 2.312 0.0000104 
MYCN -0.204 2.313 4.23E-21 
CREM 0.082 2.324 3.05E-09 
dec-RVKR-CMK NA 2.325 0.0000222 
HIC1 -0.305 2.325 0.0000144 
prexasertib NA 2.333 0.0000206 
HNF4A -0.007 2.335 1.15E-08 
barbiturate NA 2.357 5.58E-09 
pergolide NA 2.408 9.51E-16 
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cyclosporin A NA 2.425 0.0000432 
wortmannin - inhibits DNA repair NA 2.429 4.15E-21 
temsirolimus NA 2.44 0.000000244 
PCYT2 0.628 2.449 0.00601 
MSC2363318A NA 2.462 0.0000842 
azathioprine NA 2.496 1.06E-14 
NRF1 -0.02 2.5 0.00135 
FGF19 NA 2.53 0.000862 
TAF4 0.025 2.546 4.92E-17 
FOXO3 -0.645 2.565 8.36E-15 
ALOX5 -0.197 2.61 4.36E-26 
MBOAT7 0.002 2.646 0.0000502 
fluoxetine NA 2.65 2.79E-17 
dutasteride NA 2.654 0.0000195 
tyrphostin AG 1478 NA 2.657 3.62E-17 
bromodeoxyuridine NA 2.66 1.03E-24 
stallimycin  NA 2.664 2.15E-24 
NRF1 - antioxidant -0.02 2.668 0.000812 
PDGF receptor tyrosine kinase inhibitor IV NA 2.668 0.0000714 
gemopatrilat NA 2.677 2.98E-11 
omapatrilat NA 2.677 2.98E-11 
thiorphan NA 2.677 4.5E-11 
AZD8055 NA 2.708 2.52E-09 
Esrra 0.245 2.711 0.000542 
adaphostin NA 2.736 4.6E-16 
PITX2 -0.698 2.746 0.000765 
RUNX2 -0.119 2.817 8.94E-12 
captopril - ACE inhibitor NA 2.828 0.00225 
FGF19 NA 2.828 0.000000155 
MARCHF8 -0.048 2.828 1.24E-20 
FOXO1 -0.471 2.853 0.0000773 
mirdametinib MEK inh NA 2.862 2.58E-19 
EHD4 -0.387 2.87 8.14E-31 
bardoxolone methyl  NA 2.878 5.19E-14 
dalfampridine NA 2.887 6.43E-09 
LMO4 0.483 2.959 1.88E-23 
CREB1 -0.154 2.967 2.03E-14 
PRL NA 2.994 0.0000332 
HES5 NA 3.011 1.79E-22 
teriflunomide NA 3.029 0.000000109 
BT2 NA 3.051 0.00000427 
AZD-7451 NA 3.077 4.52E-13 
CREBBP -0.429 3.118 2.49E-27 
indinavir NA 3.154 4.23E-10 
misoprostol NA 3.197 1.62E-24 
SP4 -0.54 3.266 3.35E-23 
bexarotene NA 3.286 1.55E-08 
curcumin NA 3.289 5.82E-19 
everolimus NA 3.311 3.83E-15 
fenoterol (promote renin release) NA 3.311 1.62E-14 
AREG NA 3.317 0.00000343 
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mycophenolic acid NA 3.341 6.99E-09 
WWTR1 -0.209 3.384 6.33E-17 
simvastatin NA 3.421 8.61E-18 
PF4 0.751 3.464 4.09E-10 
OSI-461 NA 3.485 2.36E-24 
captopril NA 3.544 5.49E-08 
eflornithine NA 3.727 2.52E-08 
ZIC5 NA 3.735 1.1E-24 
RAD21 -0.294 3.788 1.68E-30 
pantoprazole NA 3.795 0.00000115 
TRERF1 -0.167 3.796 0.00000071 
BCAT1 -2.297 3.807 1.44E-08 
CINK4 NA 3.878 0.000000198 
cloprostenol NA 3.881 1E-24 
SIRT3 0.315 3.903 2.04E-20 
lycopene NA 3.973 1.65E-15 
posaconazole NA 4.01 9.96E-08 
4-hydroxytamoxifen NA 4.028 3.52E-29 
KLF3 -0.318 4.036 0.000248 
cholestyramine NA 4.162 3.87E-24 
IDEC-132 NA 4.185 9.27E-16 
NFE2L2 - antioxidant 0.2 4.196 0.00000372 
ZMIZ1 -0.328 4.233 1.38E-28 
BCR-ABL1 NA 4.302 6.43E-23 
CDX1 NA 4.308 7.61E-08 
ALDH3A1 - metabolizes ROS byproducts -3.105 4.388 0.0000206 
cisatracurium NA 4.456 1.88E-23 
pipecuronium NA 4.456 1.88E-23 
PARP16 0.209 4.491 4.3E-21 
CGP 74514A NA 4.571 6.47E-11 
MYC 0.114 4.579 1.05E-24 
blinatumomab NA 4.65 4.69E-28 
MYCL -0.773 4.707 0.00000163 
rocuronium NA 4.807 4.72E-25 
BTG2 -0.114 5.014 3.05E-10 
SCGB3A1 NA 5.199 2.89E-08 
acyclic retinoid NA 5.246 2.15E-10 
EPAS1 -0.318 5.288 2.4E-27 
fulvestrant NA 5.331 4.36E-17 
Slfn1 NA 5.361 1.26E-09 
DDX5 0.322 5.396 9.96E-18 
SU 9516 NA 5.409 9.05E-09 
RB1 - senescence -0.465 5.506 0.0000525 
enflurane NA 5.541 1.52E-22 
epothilone B NA 5.578 0.0000276 
PAPOLA -0.359 5.588 0.0000404 
doxazosin - alpha blocker NA 5.735 0.0000155 
PAX5 1.508 5.979 1.88E-13 
IKZF1 -0.092 6.136 7.1E-13 
ERG -0.225 6.174 1.49E-24 
sapropterin NA 6.229 3.32E-32 
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NOS2 -0.057 6.695 3.74E-27 
DEK-NUP214 NA 7.068 2.84E-23 
enzastaurin NA 7.178 6.96E-23 
MLXIPL 0.185 7.333 4.13E-57 
MYCN -0.204 7.509 2.66E-19 
MYC 0.114 7.535 1.86E-22 
TRRAP -0.699 7.636 8.76E-23 

 
P-values and activation z-scores are shown for various upstream regulators. Negative z-scores 
highlight inhibitory Upstream Regulators. When detected, the fold change expression of 
individual genes are included.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



72 
 

CHAPTER III: TRIPLE NEGATIVE BREAST CANCER MODEL EO771 RESISTANCE 
TO IMMUNE CHECKPOINT INHIBITOR TREATMENT IS OVEROME BY 

TARGETING SENESCENT HOST CELLS 
 
 

IMMUNE SYSTEM AND CANCER THERAPY 

Initiation of tumor growth can be precipitated by numerous causes or even a combination of 

factors. These can include genetic predisposition, environmental factors including radiation as 

well as drug treatment-related effects and others. Yet after initiation, it is the microenvironment 

of the tumor that exerts a major control on the rate of growth, its invasive nature, and the ability 

of tumor cells to metastasize to other sites. When the tumor has begun growing and forming, it is 

able to manipulate its microenvironment into a highly inflammatory region that makes it suitable 

and optimal for its own growth (Coussens and Werb 2002). The inflammation has varying 

impacts on the state of the cancer cells themselves, impacting the stability of their genome, 

modifications of the epigenome, proliferation of the cells, modulation of anti-apoptotic 

pathways, and stimulation of angiogenesis (Hanahan and Weinberg 2011). Furthermore, the 

immune system also plays a rate limiting role in tumorigenesis. Depending on the innate and 

adaptive immune systems, an incipient tumor can be completely eliminated, or subpopulations of 

the tumor cells may persist because they evade or suppress the immune attack and lead to 

unimpeded growth and metastasis (Palucka and Coussens 2016). Specifically, when tumor cells 

first encounter the immune system there are more tumor targeting cells such as CD8+ T cells and 

natural killer cells that can eliminate the highly immunogenic cancer cells (Teng et al., 2015). 

However, as these tumor cells get eliminated, the less immunogenic ones will persist and 

continue to proliferate (Teng et al., 2015). Indeed, the type of inflammatory cells found in an 

established tumor can indicate the course and fate of the disease. Increased infiltration of anti-
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tumor T cells is usually associated with a good prognosis (Clemente et al., 1996; Oldford et al., 

2006; Dieu-Nosjean et al., 2008). In contrast, increased macrophage infiltration indicates a poor 

prognosis (Zhang et al., 2012; Mantovani et al., 2017, Gonzalez et al., 2018) 

During the past decade, numerous approaches have been developed to promote the 

activity of anti-tumor T cells (Buchbinder et al., 2016). One of the essential questions is how T 

cells are able to distinguish self from non-self and how tumor cells that carry neo-antigens can 

escape T cell recognition and grow unchecked. The maturation of T cells begins in the thymus 

where they start off as naïve, uninitiated cells. A unique feature of T cells is their T cell receptors 

(TCRs) which can recognize a specific antigen and provide an activation signal. Within the 

thymus there are large number of immature T cells with various TCRs due to recombination 

between the TCR gene segments. Nonetheless, within the thymus, selection of T cells is initiated. 

First, T cells that have a TCR that reacts strongly with MHC-containing peptides of self-antigens 

are eliminated in the thymus, a process known as central tolerance (Goldrath et al., 1999). In 

addition, there are immune checkpoint pathways that regulate which T cells are activated in 

order to prevent autoimmunity (Goldrath et al., 1999; Fife et al., 2008). This process is called 

peripheral tolerance (Goldrath et al., 1999; Fife et al., 2008).  

The immune checkpoint proteins that are involved throughout this process include 

cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed death 1 (PD-1) 

(Greenwald et al., 2005). Though both CTLA-4 and PD-1 negatively impact T cell function, both 

work at different anatomical sites, can be expressed on different immune cells and employ 

different signaling pathways to promote T cell inhibition (Greenwalk et al., 2005; Krummel et 

al., 1995). CTLA-4 inhibits T cells that are self-targeting earlier in the T cell maturation phase, 

known as the priming phase, in the lymph nodes, while PD-1 acts to regulate autoreactive T cells 
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later in the immune response at peripheral tissue sites, known as the effector phase (Fife et al., 

2008; Krummel et al., 1995; Keir et al., 2008).  

Most intriguingly, tumor cells can utilize the immune checkpoint proteins in order to 

prevent the host immune system, specifically T cells from recognizing them (Dunn et al., 2004; 

Poschke et al., 2011). This very concept has formed the basis for cancer immunotherapy and 

either CTLA-4 or PD-1 blockade can decrease tumor growth and lead to overall improved 

survival (Leach et al., 1996; Hirano et al., 2005). Interestingly, blocking CTLA-4 or PD-1 have 

unique impacts on the immune system. Inhibiting CTLA-4 promotes proliferation and activation 

of increased numbers of effector T cells, which leads to more varied T cell receptor specificity 

(Fife et al., 2008). This was reported in melanoma patients treated with anti-CTLA-4 (Robert et 

al., 2014). In addition, CTLA-4 blockade also leads to suppression of regulatory T cell activity 

(Fife et al., 2008). On the other side, inhibiting PD-1 restores the function of T cells that have 

become “exhausted” by continuous exposure to antigens and inhibitory signals in advanced 

cancers (Wherry 2011; Chen et al., 2012). Because of the distinct effects of anti-CTLA-4 and 

anti-PD-1 that are synergistic, their combination has been approved by the FDA for the treatment 

of certain cancers e.g. melanoma. 

To summarize, unlike chemotherapy or radiation therapy, the goal of immune checkpoint 

is to activate and engage the host immune system that has been blunted or evaded by tumor cells. 

Also, efficacy of immune checkpoint inhibitor therapy can appear with a delayed timeline, an 

observation highlighted in clinical trials (Roberts 2020). Variation in response to immune 

checkpoint inhibitors can be due to the uniqueness of that individual’s immune system or how 

far tumor progression has occurred (i.e. metastases). Apparently, increased tumor growth may 
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not indicate a lack of efficacy of immune checkpoint therapy but may indicate that immune cells 

are infiltrating a tumor and thus mask the beneficial effect, termed as “pseudoprogression”.   

Overall, research into finding more efficacious therapies for various cancers is based on 

the combination of different drugs. This combination may involve concomitant or sequential 

treatment courses. With immune checkpoint inhibitor therapy, as with other cancer therapies, the 

major challenge is to overcome resistance and to increase the effect of treatment. For the second 

project of my thesis, I focused on triple negative breast cancer, using a syngeneic model, murine 

EO771 cancer cells and sought to understand how senescence in the host induced by tumor 

expansion and inflammation impacts not only the growth and ability of tumor cells to 

metastasize but also the drug efficacy of immune checkpoint inhibitors.  

 
 

INTRODUCTION  

Triple negative breast cancer (ER-, PR-, HER2-) is a very aggressive form of breast cancer for 

which effective treatment strategies are currently lacking (Yao et al., 2017). In order to study 

how senescence may have an impact on TNBC growth and metastasis and on targeted treatment 

therapies, I utilized the EO771 cell line as a model. The EO771 line had been derived in 1948 

from C57BL6 mice that were used to create the INK-ATTAC mice (Homburger 1948). A 2005 

study illustrated that EO771 cells are highly immunosuppressive and predisposed to invasion and 

metastases (Ewens et al., 2005). Because of this nature, the authors suggested that EO771 would 

be hard to target with immunotherapies. There have been more recent studies to further 

characterize EO771, and various subpopulations have been generated which include a metastatic 

EO771 line, EO771.LMB (Johnstone et al., 2015), and a hormone dependent line (Le Naour et 

al., 2020). 
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Nonetheless, several studies have been conducted to look at efficacy of immunotherapy 

towards TNBC and also EO771 tumors. In recent clinical trials, patients with TNBC that were 

treated with anti-PD-1/anti-PD-L1 only showed a 12-20% tumor regression (Nanda et al., 2015; 

Emens et al., 2015; Nanda et al., 2016; Adams et al., 2017a; Adams et al., 2017b). A 2018 

preclinical study by Crosby et al, assessed the efficacy of the combination of anti-PD-1 and anti-

CTLA-4. For the study, C57BL6 mice were injected subcutaneously with EO771 cells and then 

treated with a combination of anti-PD-1 and anti-CTLA-4 (Crosby et al., 2018). There was a 

significant decrease and suppression of tumor growth compared to either therapy alone. 

Interestingly, tumors in some mice that were treated with anti-PD-1 and anti-CTLA-4 continued 

to grow, suggesting resistance to immune checkpoint inhibitor therapy.  The observation matches 

with variable responses of patients with the same type of cancer to the selected treatment. It is 

intriguing to identify the underlying factor(s), cells, secretions, etc. that determine 

responsiveness or resistance to immune checkpoint inhibitor therapy. I hypothesized that the lack 

of response to immune checkpoint inhibitor therapy could be due to senescence induction in host 

cells within the tumor microenvironment and will present experiments addressing that question 

in the Results section.     

 
 

METHODS 

Mice, cells and treatments 

Male and female INK-ATTAC mice between the ages of 6 and 10 months were utilized for this 

study. EO771 cells were grown in DMEM media with 10% Fetal Bovine Serum (FBS) at 37 C. 

Tumor cells (106) were injected subcutaneously into each of the flanks of the mice after shaving. 

Mice were then monitored and tumor measured every other day until tumors in all mice reached 
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3 to 6 mm in diameter. At that point, mice were randomly assigned to receive either DMSO, 

AP20187, or anti-PD-1 plus anti-CTLA-4 (ICB). AP20187 was administered by intraperitoneal 

injection 2 times a week at 2 ug/g bodyweight. Anti-PD-1 and anti-CTLA-4 were administered 

by intraperitoneal injection 2 times a week at 100 ug/g bodyweight. Tumors were measured 

twice a week. After the 3rd injections of DMSO, AP20187, and anti-PD-1 plus anti-CTLA-4, 

tumor sizes were compared and mice that received ICB were categorized as non-responders or 

responders based on continuous increase or decrease in tumor growth respectively. Mice in the 

non-responder or responder groups were then randomized to either DMSO or AP20187.  After 

the 4th dose of DMSO/AP20187 in the ICB treated mice, they were euthanized and tumor tissues 

were collected in RNase later or 10% Formalin or OCT.  Some tumors were also immediately 

analyzed by flow cytometry. Spleens, lungs, and brains were collected in RNAse later or 10% 

formalin.  

 

RNA extraction and quantitative PCR  

Tissues that were collected in RNAse later and stored at -80C. RNA was extracted by using the 

Qiagen RNAeasy mini kit and concentrations estimated by Nanodrop. The RNA sample 

underwent reverse transcription into cDNA using the Bio-Rad I-script cDNA synthesis kit. 

Quantitative PCR was then carried out by using the Bio-Rad iQ Sybr Green Supermix. For 

analysis, the delta CT values for caspase 8 from the ATTAC transgene cassette were subtracted 

from baseline actin values. In the graphs (Figure 33), higher delta CT values for Caspase 8 

indicate lower expression levels and vice versa. Also, the fold change of expression compared to 

the control is indicated on the graphs as appropriate.  
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Immunohistochemistry of formalin fixed paraffin embedded tissue sections  

Tissues fixed in 10% formalin were embedded and sectioned by the Georgetown Histology and 

Tissue Shared Resource core (HTSR). Immunohistochemistry was initiated by washing the slides 

in xylene and hydrating in ethanol and then boiling in 1X citrate buffer for 10 min to expose the 

antigens of the tissue followed by 10 min incubation in 3% H2O2 to quench endogenous 

peroxidase activity. The slides were then incubated in the appropriate 1x PBS serum buffer for 

30 min to block non-specific sites before incubation with the appropriate primary antibody 

overnight at 4C.  

All the above antibodies were incubated with the appropriate secondary antibodies 

between 30 min to 1 hour. The dilutions used for the antibodies are as follows: CD45 (1:500 and 

1:1000), CD8 (1:250 and 1:500), CD4 (1:500 and 1:1000), Foxp3 (1:2500 and 1:5000). 

Optimized staining for CD8 was done using the Vector laboratories Rabbit IgG Vectastain Elite 

ABC peroxidase kit, while for CD45 and CD4 the respective Rat kit was utilized. For Foxp3 

staining, the Vector Laboratories Mouse on Mouse immunodetection kit was used. DAB was 

utilized to develop the stains. After developing, slides were stained in Hematoxylin then 

dehydrated in ethanol and then washed in xylene before being mounted using cytoseal.  

 

Statistics 

Statistical Analysis was performed using GraphPad Prism 8. One sample T test and Welch’s T 

test was used for statistical analysis in Figures 25, 27, 28, 29, 30, 31, 32. Two-way ANOVA was 

used in Figure 24.  
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Approval for study  

The animal experiments in this study were approved by the Georgetown University IACUC 

(#2016-1113) 

 

RESULTS 

Eliminating senescent cells inhibits growth and increases necrosis of EO771 tumors 

resistant to ICB  

As highlighted in the background section, senescence is a double-edged sword for the 

development and growth of malignancies. Senescence can prevent further growth of cells 

carrying oncogenic mutations, but their continued presence can also stimulate tumor growth, 

promote angiogenesis and metastasis as well as immunosuppression. As also found by others, 

EO771 tumors show a mixed response to combination immune checkpoint treatment with anti-

PD-1 and anti-CTLA-4 (Figure 24).  

 

 

 

 

 

 

Responder/Non-Responder 
Decision 
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After 4 doses of anti-PD-1 and anti-CTLA-4, ICB treatment was stopped, and the 

responder and non-responder mice were then randomized to either vehicle or AP20187. Within 

the ICB responder group, switching to AP20187 had no significant additive effect. On the other 

hand, in the non-responder group, the elimination of p16-dependent senescent cells with 

AP20187 treatment significantly decreased tumor growth compared to vehicle (Figure 24; dark 

blue versus light blue line). This is also apparent from the change in growth rate between Day 27 

(i.e. the last dose of ICB) and Day 39 (i.e. the last dose of AP20187). The AP20187 treatment 

had significantly decreased the rate of tumor growth (Figure 25).  

 

Figure 24. EO771 tumor growth curves undergoing various treatment regimens. 
EO771 cells were injected S.Q. and after 17 days of growth, tumors were split into either 
DMSO, AP20187, or ICB. These treatments were given twice a week. On Day 24, the ICB 
group were then classified into responders or non-responders based on growth and then 
given either DMSO or AP20187. 
 

Responder/Non-Responder 
Decision 
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In mice treated with AP20187, the size of the tumors and rate of growth were similar to 

vehicle controls and ICB non-responder tumors that received vehicle. A Kaplan-Meier analysis 

also reflected the differences (Figure 26). The percentage of ICB non-responsive tumors in mice 

treated with AP20187 growing >10% daily after Day 30 was lower when compared to ICB non-

responsive tumors of mice treated with vehicle. For the further analyses, we focused on the non-

responders to generate further insight into the AP20187 effect.  

Figure 25. Growth of ICB resistant tumors after AP20187 
treatment. At Day 27, mice with ICB non-responder tumors 
were started on either DMSO or AP20187 until Day 39.  
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First, we assessed if there are any histological differences between the tumors by 

treatment group and focused on the extent of necrosis. It is known that as tumors get larger the 

percentage of necrosis starts to increase because of poor blood supply from pathologically 

altered tumor vasculature. In the present study, the EO771 tumors in the control group showed 

11 + 2% necrotic areas (Figure 27). In the ICB treated non-responsive tumors that received 

vehicle, the amount of necrosis significantly decreased by half to about 5%. This was interesting 

as the size of the control untreated EO771 tumors and the ICB non-responsive tumors treated 

with DMSO were indistinguishable. More intriguingly, the areas of necrosis in ICB non-

responsive tumors that received AP20187 was significantly higher and similar to control 

untreated EO771 tumors. This finding suggests that there is a population of cells in the ICB non-

responsive mice that prevents necrosis from occurring in the tumors. This population of cells 

Figure 26. Kaplan-Meier curve of tumor growth rate in ICB treated EO771 
tumors. Tumor growth for each group was assessed for a 10% growth increase 
with each treatment and measurement.  
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could be senescent, as the ICB non-responsive mice that received AP20187 (drug to eliminate 

p16 induced senescent cells) returned the extent of necrosis to that of control untreated tumors in 

spite of being only half the size of controls (Figure 24). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Effect of AP20187 treatment on tumor necrosis in ICB non-responsive 
EO771 tumors. 4x H&E images of the tumor were analyzed. The areas of necrosis were 
divided by the whole tumor piece to derive the percent tumor necrosis.  
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Targeting senescent cells in immune checkpoint non-responsive tumors leads to increased 

CD8+ and decreased Foxp3+ cell recruitment 

To further assess what could be causing the differences in tumor necrosis and tumor size, the 

next aspect was to analyze immune cell infiltration. First, we assessed the abundance of CD45 

positive cells. CD45 is a general leukocyte maker that indicates overall inflammatory/immune 

cell infiltration within the tumors. We found that the levels of CD45 positive cells in tumors 

were similar throughout the treatment groups (Figure 28). Obviously different rates of CD45+ 

cells in the tumors do not explain the different growth or necrosis rates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Staining and quantification of CD45+ cells in tumors.  Stainings 
were compared between tumors of control, ICB Non-Responder then DMSO, 
and ICB Non-Responder then AP20187 treatment groups. An average of 20 
images of each tumor were analyzed.  
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In contrast to CD45+ cells, there was a significant difference in CD8+ cells in the non-responsive 

tumors with an increase after AP20187 (Figure 29). This suggests that eliminating senescent 

cells by AP20187 treatment restores recruitment and action of the CD8+ T cells.  

 

 

 

 

 

 

 

 

 

Figure 29. Staining and quantification of CD8+ cells in tumors.  Stainings were 
compared between tumors from control, ICB Non-Responder then DMSO, and ICB Non-
Responder then AP20187 treatment groups. An average of 20 images of each tumor were 
analyzed. (A) Average CD8+ cell counts (B) Relative number of CD8+ per CD45+ cells. 

A B 
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Interestingly, CD4+ cell infiltration did not show any differences between treatment groups 

(Figure 30).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Staining and quantification of CD4+ cells in tumors.  Stainings were 
compared between tumors of control, ICB Non-Responder then DMSO, and ICB Non-
Responder then AP20187 treatment groups. An average of 20 images of each tumor was 
analyzed. (A) Average CD4+ cell counts (B) Relative number of CD4+ per CD45+ cells 

B A 
A B 

A B 
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However, there was a significant decrease of CD4+Foxp3+ that represent regulatory T cells in the 

ICB non-responsive tumors treated with AP20187 (Figure 31).  

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, the ratio of Foxp3+ to CD4+ cells in the treatment groups showed no 

difference between control untreated and non-responsive tumors, while the ratio is significantly 

decreased by AP20187 (Figure 32). In other words, in the AP20187 treated ICB non-responsive 

tumors which contain the same number of CD4+ cells as control untreated and ICB non-

responsive tumors, there are significantly less Foxp3+ cells. This suggests that the senescent cells 

being removed after AP20187 either inhibit Foxp3-positive cells or the senescent cells are the 

Foxp3 positive population. Interestingly, when looking at the ratio of Foxp3- to CD8-positive 

cells, the ratio is significantly smaller in the non-responsive tumors treated with AP20187 than in 

control and in non-responsive tumors (Figure 32).  

 B 

Figure 31. Staining and quantification of Foxp3+ cells in tumors.  Stainings were 
compared between tumors of control, ICB Non-Responder then DMSO, and ICB Non-
Responder then AP20187 treatment groups. An average of 20 images per tumor were 
analyzed. (A) Average Foxp3+ counts (B) Relative number of Foxp3+ per CD45+ cells 
 

A 
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In conclusion, firstly, in the ICB non-responsive tumors there is a significant increase in 

CD8+ T cell recruitment after AP20187. Secondly, the increase in CD8+ T cells after AP20187 

may be due to the reduction of immune-suppressive cells, specifically regulatory T cells. We 

conclude this even though the overall infiltration of CD4+ T cells is the same. There are 

differences in recruitment of the immunosuppressive CD4+ subset, Foxp3+ T regulatory cells, 

with more being seen in the non-responsive tumors and control tumors and their number being 

decreased by AP20187. These results suggest that AP20187 treatment of mice with EO771 

tumors that are non-responsive to ICB, increases the recruitment of tumor targeting CD8+ T cells 

over immunosuppressive Foxp3+ T reg cells.   

 

 

Figure 32. Comparing Foxp3+ counts to CD8+ and CD4+ tumor infiltration.  
Quantifications were compared between tumors of control, ICB Non-Responder then 
DMSO, and ICB Non-Responder then AP20187 treatment groups. (A) Relative 
number of Foxp3+ per CD8+ cells (B) Relative number of Foxp3+ per CD4+ cells 
 

A  B 
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Stromal senescent cells may be the target of AP20187 within the immune checkpoint 

resistant tumors  

As described throughout my dissertation, the ATTAC transgene cassette can be utilized to both 

assess level of senescence induction and identify the specific cell type undergoing senescence. 

Levels of senescence induction can be quantified based on human caspase 8 mRNA expression. 

It is noteworthy that the EO771 tumor cells do not contain the ATTAC transgene cassette. Any 

human caspase 8 mRNA expression detected within the tumor will be that of host cells that 

contribute to the tumor microenvironment.  A comparison of ICB non-responsive tumors did not 

show a significant effect of AP20187 on human caspase 8 mRNA expression. This is likely due 

to the small part the stromal cells contribute to tumor tissues. As such, levels of ATTAC cassette 

specific senescence may not pick up significant effect by qPCR (Figure 33).  Endogenous levels 

of p16 and p21 expression within the tumor samples also showed no difference.  

 

 

 

 

 

 

 

 

 

 

 Figure 33. mRNA Expression of human Caspase 8, murine p16, 
and murine p21 in EO771 Tumors.  Ct values are normalized to actin 
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FUTURE ANALYSIS 

One of the future experiments is to identify the senescent cell population in question by IHC. 

The GFP marker in the ATTAC cassette can be used to stain for possible senescent cells in the 

tumor samples as done in the kidney tissues (see Figure 15). Another future experiment with the 

tumors samples is to assess overall senescence in the tumors through the senescence associated 

beta-galactosidase staining. As highlighted in the angiotensin II project, SA-Beta-Gal staining 

will not only pick up ATTAC cassette induced senescent cells but cells undergoing senescence 

through other pathways (i.e. p15, p21, p27). SA-Beta-gal staining would show both stromal 

senescence and intratumoral senescence and we could observe if there is any decrease in staining 

of the stroma in the tumors of ICB non-responsive mice that were treated with AP20187.  

And lastly, one of the ongoing experiments is RNA-sequencing of the tumors including 

bulk and single cell sequencing. The goal is to look for differences in single cell populations of 

the tumors between the different treatment groups. Furthermore, the technique being utilized will 

be the split-pool ligation-based transcriptome sequencing (SPLiT-seq), which labels the RNA of 

cells by combinatorial barcoding (Rosenberg et al., 2018). The tumors will then be assessed for 

differences in individual gene expression analysis of various parameters (i.e. p16, p21, p15, p27, 

SASP, metastasis markers, angiogenesis markers). In addition, gene set enrichment analysis 

(GSEA) will be carried out to see if there are any relevant pathways upregulated in the tumors 

resistant to ICB that is downregulated by AP20187.  Lastly, Ingenuity Pathway Analysis (IPA), 

specifically the upstream regulator analytics, will be used to find transcriptional upstream 

regulators that may define the gene expression changes that are observed within specific 

treatment groups. 
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DISCUSSION  

Based on the analysis completed so far, eliminating senescent cells may be beneficial in mice 

bearing EO771 tumors that are resistant to combinatorial immune checkpoint blockade with anti-

PD-1 and anti-CTLA-4. A decrease in tumor growth rate is observed along with an increase in 

tumor necrosis upon depletion of senescent cells in the INK-ATTAC model. The increased 

necrosis in the tumors of non-responsive mice that received AP20187 is relevant because the 

smaller tumors showed significantly more necrosis and elimination of senescent stromal cells 

thus reduced the viable tumor tissue. This was further investigated by assessing immune cell 

infiltration in these tumors by staining of the tumor sections. Interestingly, overall immune 

infiltration assessed by staining for CD45 positive cells showed no difference between treatment 

groups. A similar trend was seen for CD4 positive cells. However, staining of Foxp3, a subset of 

CD4, showed a significant decrease in Foxp3 positive cells in ICB resistant tumors when mice 

were treated with AP20187. In addition, CD8 staining showed the opposite, with a significant 

increase in ICB resistant tumors after AP20187 treatment. We expect that RNA-seq analysis of 

the tumors will provide further insight into pathways and genes that are differentially regulated 

in ICB resistant tumors and unravel the impact of AP20187 treatment. We expect to elucidate the 

relationship between senescence and immune checkpoint inhibitor sensitivity or resistance.   
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CHAPTER IV: CONCLUDING THOUGHTS 
 
 

BRINGING IT ALL TOGETHER 

Each of the projects in my dissertation illustrate the impact that senescence has on disease 

pathology and outcome. In this concluding chapter, I will briefly summarize the findings from 

each project. In addition, I will highlight the significance of each project and potential for 

clinical application. Lastly, I will briefly discuss the advent that anti-aging treatments are making 

in the drug market and what this could mean for future therapeutic options.  

 

ANGIOTENSIN II INDUCTION OF ENDOTHELIAL SENESCENCE 

One of the main questions we wanted to answer with angiotensin II is whether senescence plays 

a role in its physiological effects and pathophysiology. We observed that low dose chronic 

angiotensin II leads to endothelial damage (increased vWF expression) and senescence induction 

(increased p16, p21, p15 and SASP markers) in kidney endothelial cells. As highlighted in 

Chapter II, angiotensin II is a hormone present in the human body that is active in states of low 

blood pressure and helps to conserve and retain fluid and salts. It carries out these effects by 

binding to angiotensin receptors that are found in various tissues (i.e. spleen, vasculature, heart, 

brain) and by doing so increases blood pressure, activates the immune system, and increases 

fluid and salt retention. However, too much of a good thing can end up having a negative impact 

as chronic stress from angiotensin II can lead to significant cardiovascular damage and 

hypertension.  

Here we utilized angiotensin II at a low chronic dose that induces damage to various 

tissues and organs. It is from this damage that hypertension can become manifest. Currently there 
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are various angiotensin II targeting drugs to treat hypertension. However, one of the downsides 

of such drugs is that they need to be taken continuously and the side effects impact compliance 

of patients. Within our study, we observed that elimination of p16-induced senescent cells by 

administration of A20187 reversed the pathological impacts of angiotensin II even with 

continued administration of angiotensin II. In addition to the reversal of angiotensin II activated 

pathways by elimination of senescent cells, mice also showed no significantly increased blood 

pressure after angiotensin II compared to those without elimination of senescent cells.  

I would be remiss if I did not discuss the potential clinical significance of the angiotensin 

II project for the current pandemic that is plaguing our world. As has been highlighted by the 

CDC, NIH, and news broadcasts, patients experiencing severe COVID-19 experience blood clots 

ensuing from disseminated intravascular coagulation. The underlying pathophysiology of this is 

thought to be linked to increased vWF secretion from damaged endothelial cells that lead to 

increase platelet adhesion and activation of the clotting cascade (Gu et al., 2021). This increased 

vWF from senescent endothelial cells was also seen in my study. Furthermore, it has also been 

suggested in a recent study that senescence induced by the SARS-CoV-2 virus (that causes 

COVID-19) can be potentially targeted by senolytics, such as Navitoclax which was able to 

reduced lung inflammation and damage caused by the infection (Lee et al., 2021).  

Thus, these findings highlight the possible potential of being able to target and resolve 

tissue damage that can occur from chronic disease states seen with cardiovascular disease, acute 

respiratory distress syndrome (ARDS) and high blood pressure. Furthermore, such treatment 

would need to be given in a concise manner and at the right time point, as beneficial senescent 

cells should be allowed to have their effects, while chronic damaging senescent cells should be 

eliminated as soon as possible. The possibilities are numerous and by continuing to better 
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understand the effect of senescence in hypertension, ARDS and coronary artery disease, a more 

efficacious manner of controlling these disease states may emerge by targeting the disease 

driving senescent cells.  

 

IMMUNE CHECKPOINT BLOCKADE RESISTANCE 

With my second project, the basis for studying the relationship between immune checkpoint 

inhibitor efficacy and senescence was prompted by several considerations. One was the double 

edge effect of senescence on malignant growth and progression. As highlighted in the 

introduction chapter, after acute cell damage, senescence can prevent tumor cell growth, while 

chronically, a senescent microenvironment can promote tumor growth and metastasis. Stromal 

senescence has been shown to promote an immunosuppressive environment that is optimal for 

tumor progression. Also, drugs used to treat cancer can cause DNA damage or cell cycle arrest 

and lead to therapy-induced senescence (TIS) with some well-known examples being the 

CDK4/6 inhibitor, palbociclib and the cytotoxic drug, doxorubicin.  

A better understanding of the role of cellular senescence during radiation therapy as well 

as cytotoxic chemotherapy is emerging, but the same cannot be said for immune checkpoint 

inhibitor therapy. The idea of senescence and immune checkpoint blockade is more complex as 

the action of the drugs is not necessarily leading to increased DNA damage or cellular stress as 

seen with chemotherapy and radiation. Immune checkpoint blockade has been a very successful 

new paradigm in cancer therapy although resistance to treatment can exist ab initio or emerge 

over time even in tumors which have been thought to be prime targets for therapy.  

Here I evaluated the possible contributions of cellular senescence to this resistance to 

ICB. Is it the increased presence of stromal senescent cells that prevent the entry of activated 
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immune cells into the tumor? Or are the immune cells themselves undergoing senescence 

(immunosenescence) induced by factors secreted from both the tumor cells and the stroma that 

turns their immune targeting effects into immune-suppressive effects?  Within my project 

discussed in Chapter III, I observed resistance to immune checkpoint blockade (ICB) therapy in 

some mice injected with murine triple negative breast cancer cells, EO771. Quite strikingly, 

depletion of senescent host cells from mice with ICB resistant EO771 tumors inhibited further 

growth, increased tumor necrosis, increased CD8+ T cell infiltration, and decreased Foxp3+ T 

cell infiltration compared to resistant tumors without depletion of senescent cells. These findings 

indicate that a cell type is being eliminated within the tumor microenvironment that allows for 

more effective immune targeting. Still, as a caveat, the elimination of senescent cells did not 

achieve the efficacy of ICB treatment seen in the responsive tumors.  

Our ongoing analysis to identify the cell type(s) undergoing senescence by RNA-seq will 

also provide senescence related genes in addition to activation or suppression of senescence, 

immune, and inflammatory pathways. Most importantly, the findings from this study can provide 

more insight on how to utilize senescence targeted therapy for cancer treatment. It could provide 

an understanding of timing for senolytic therapy and its duration. Currently it is difficult to 

predict whether senolytics may be most effective being administered concomitantly or 

sequentially with cancer therapy. Timing and dosage for senolytics may also be dictated by both 

the type and stage of cancer, as ICB therapy does not work efficaciously for all tumor types and 

earlier stage cancers may have more beneficial senescent cells compared to cancers identified at 

later stages. Overall, the impact can be enormous though the research needed to bring this to 

fruition will take some more time. This project provides a rationale, the initial data as well as 

many open questions to be answered in the next phase of research as well as clinical translation. 
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SENESCENCE IN THE DRUG MARKET 

In conclusion it is important to briefly discuss the senescence targeting drugs that are currently 

on the market. The senolytics discussed in Chapter I are not approved by the FDA for targeting 

senescent cells (navitoclax, dasatinib, quercetin). However, it was very interesting to find a 

company, Elysium, that advertises and advocates in anti-aging treatments 

(https://www.elysiumhealth.com/pages/mission). As one can see from their website, they sell 

various compounds, that range from supplying NAD+ to activate sirtuins to promote longevity 

(“Basis”), senolytic complexes to target immune aging (“Format”), or even a tri-vitamin complex 

to target brain aging (“Matter”). What is interesting to see is that the Format compound contains 

quercetin, which is one of the agents combined with dasatinib in many of the studies highlighted 

in the senolytics section (https://www.elysiumhealth.com/products/format). However, what one 

can see is that none of these compounds advertised have been FDA approved and even though 

they cite research studies signifying the scientific basis for using certain vitamins or plant 

flavonoids, they are only being sold as dietary supplements. 

The reason I bring up this website is not to advocate the usage of these compounds but 

rather to highlight that anti-aging therapy is gaining a larger audience. At the current moment, 

these compounds from Elysium will be used by individuals looking for ways to prolong their 

lives, improve their dietary goals, or enhance their fitness 

(https://www.elysiumhealth.com/pages/news-media). But in order to be used in the clinical 

setting to help patients with age-related diseases (i.e. Parkinson’s, Alzheimer’s, Diabetes, 

Coronary Artery Disease), controlled clinical trials will be needed. Short of that, the promises 

associated with these drugs are unsubstantiated. 
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IN CONCLUSION 

It is essential to understand the roles that senescent cells play in maintaining proper tissue 

homeostasis along with the negative impacts seen with cancer growth and various disease states. 

As summarized in Figure 34, there are many types of senescence, with different inducers. The 

goal of senescence research is to identify and assess specific contributions of the proteins, 

cytokines, transcription factors or enzymes in these senescence pathways to identify rate-limiting 

targets. Senescence induction depends on an individual’s genetic background, metabolic status, 

dietary and exercise habits, and age to name some. Overall, with introduction of appropriate 

animal models the goal of understanding the impact of senescence on pathophysiology as well as 

treatment efficacy can provide overall better outcomes for both cancer and age-related diseases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Figure 34. Different types of senescence and their inducers.  
(* indicates focus in this thesis) 

* 
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