
Chapter 2
Discovery of Senolytics and the Pathway
to Early Phase Clinical Trials

Erin O. Wissler Gerdes, Yi Zhu, Tamar Tchkonia, and James L. Kirkland

Abstract Cellular senescence is one of the fundamental mechanisms of aging.
Senescent cells accumulate at etiological sites of age-related diseases and can secrete
factors that cause dysfunction at local and systemic levels. The discovery of senolyt-
ics, drugs that specifically target senescent cells, has opened an innovative pathway
for treating age-related diseases. Successes in pre-clinical models have led to first-
in-human trials. If effective, senolytics could have a profound impact on alleviating
age-related disorders and diseases.
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2.1 Introduction

Aging is the leading risk factor for most serious chronic diseases and disabilities
including dementias, cancers, cardiac disease, vascular diseases, atherosclerosis,
osteoporosis, arthritis, diabetes, metabolic syndrome, renal failure, blindness, and
frailty (Miller 2002; Kirkland 2013). Although age-related chronic conditions are
the major drivers of morbidity, mortality, and health costs, most have been difficult
to control. The number of chronic disease conditions per individual increases with
aging, leading to multi-morbidity (St Sauver et al. 2015), thus circumventing the
public health impact of preventing any single age-related disease (Miller 2002; Fried
et al. 2009). In addition to chronic diseases, aging predisposes to geriatric syndromes
and reduced resilience. Geriatric syndromes include frailty, sarcopenia, immobility,
falling, depression,mild cognitive impairment, incontinence, andweight loss, among
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other problems (Inouye et al. 2007). Decreased physiological resilience entails fail-
ure to respond to or recover from stresses, such as pneumonia, stroke, heart attacks,
dehydration, chemotherapy, surgery, fractures, or vaccinations (Kanapuru and Ersh-
ler 2009; Bandeen-Roche et al. 2009; Qu et al. 2009; Walston et al. 2009; Leng et al.
2007; Walston et al. 2006; Fried et al. 2001; Walston et al. 2002; Bandeen-Roche
et al. 2006; Rockwood et al. 2006; Kirkland et al. 2016; Hadley et al. 2017).

An ideal strategy for addressing age-related chronic diseases, geriatric syndromes,
and decreased resilience may be a “root cause” approach: targeting the fundamental
aging mechanisms that represent shared upstream contributors or drivers of all of
these conditions. Such a strategy could delay, prevent, or alleviate these conditions
as a group, instead of adhering to the traditional one-disease-at-a-time approach. By
one estimate, a 2% delay in the progression of aging processes would lead to an
increase of 10 million healthy, as opposed to disabled, elderly people in the US by
2060 compared to doing nothing, delaying cancer, or delaying heart disease, with a
savings in US health costs of $7.1 trillion over 50 years (Goldman et al. 2013).

Aging has long been recognized as the leading risk factor for most chronic dis-
eases, geriatric syndromes, and decreased resilience, yet the fundamental aging pro-
cesses that predispose to these conditions have only recently become viewed as
potentially modifiable (Kirkland 2013; Tchkonia et al. 2013; Kirkland 2016). Sup-
porting the view that interventions targeting basic aging processes could be feasible
are the findings that: (1) Maximum lifespan is extended and age-related diseases are
delayed across species by a number of single gene mutations (Bartke 2011; Pilling
et al. 2017), suggesting pathways affected by these mutations could be therapeutic
targets; (2) Humans who live beyond age 100, a partly heritable trait, frequently
have delayed onset of age-related diseases and disabilities (Lipton et al. 2010), lead-
ing to compression of morbidity and enhanced healthspan; (3) Caloric restriction,
which increases maximum lifespan, is associated with delayed onset of multiple
chronic diseases in animal models (Anderson and Weindruch 2012); (4) Rapamycin
increases lifespan and appears to delay cancers, age-related cognitive decline, and
frailty in mouse models (Harrison et al. 2009; Bitto et al. 2016); (5) Factors produced
by stem cells or in blood from young individuals may alleviate dysfunction in older
individuals (Conboy et al. 2005; Lavasani et al. 2012; Villeda et al. 2014); and (6)
Senescent cell accumulation is associated with chronic inflammation, fibrosis, and
stem and progenitor cell dysfunction that in turn promote many age-related chronic
diseases and geriatric syndromes (Tchkonia et al. 2013; Zhu et al. 2014). Senolytic
drugs, which selectively eliminate senescent cells, delay age-related disorders, and
enhance both health and life span in mice (Tchkonia 2017; Kirkland et al. 2017; Zhu
et al. 2015; Roos et al. 2016; Schafer et al. 2017; Ogrodnik et al. 2017; Farr et al.
2017), as do a number of other drugs and lifestyle interventions.While senolytics and
other agents that target fundamental aging processes were discovered only recently
and in some cases are not yet published, the aging field is at the point of beginning
to translate these interventions from lower mammals to humans
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Fig. 2.1 Timeline depicting the discovery of senolytics. The discovery of senolytics began with
the discovery of senescent cells in 1961 by Hayflick and Moorehead (1961). Developing senolytics
began before and independently from making or studying INK-ATTAC mice
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2.2 Cellular Senescence

Hayflick and Moorehead (1961) (Fig. 2.1) discovered senescent cells in 1961. These
cells, which appeared after serial subculturing of human embryonic fibroblasts, had
loss of replicative capacity but remained viable. This prompted work to test the
hypothesis that aging leads to accumulation in vivo of pre-senescent cells, which
have limited remaining replicative potential, and senescent cells, which are viable
but cannot replicate. In 1979, Schneider et al. found this to be true in human skin
fibroblasts (Schneider 1979). In 1990, we observed this to be the case in primary
fat cell progenitors (preadipocytes) in adipose tissue cloned from rats across the
age spectrum, one of the cell types employed to discover senolytics (Kirkland et al.
1990).

A key article by Sharpless et al. in 2004 showed inAmes dwarfmicewith pituitary
hormone deficiencies as well as in calorically restricted mice, models in which both
healthspan and lifespan are increased, that senescent cell accumulation is delayed
(Krishnamurthy et al. 2004). This article was critical in prompting us to begin test-
ing the hypothesis that targeting senescent cells may alleviate multiple age-related
disorders. We had noted that the preadipocytes with restricted replicative poten-
tial that accumulate with aging in adipose tissue and fail to differentiate into fat
cells also have increased expression of the inflammatory cytokine, TNFα (Kirk-
land et al. 2002). Before their key publication in 2008 (Coppé et al. 2008), Campisi
et al. presented their finding that senescent cells can secrete a range of inflammatory
and pro-apoptotic factors, the senescence-associated secretory phenotype (SASP)
at meetings. This suggested that senescent cells have the potential to damage tis-
sues in vivo, further prompting us to test if the increased burden of senescent cells
with aging could be a cause of local and systemic dysfunction. Thus, in 2004/5 we
began to test the hypothesis that selectively targeting senescent cells is a promising
strategy for restoring function in old age and for delaying or preventing age-related
disease onset. We began exploratory efforts to develop senolytic agents, a strategy
we published several years later (Kirkland and Tchkonia 2014).

2.3 Senescent Cell Burden/Accumulation

Senescent cells are resistant to apoptosis (Munoz-Espin andSerrano2014). Senescent
cells appear with aging in a number of tissues and develop at sites of pathogenesis of
several chronic diseases. Accumulation of senescent cells can cause extensive local
and systemic dysfunction due to their pro-inflammatory SASP (Coppé et al. 2008,
2010; Kuilman and Peeper 2009). In pre-clinical experiments, we showed transplant-
ing small numbers of senescent cells around the knee joints of young mice induces
an osteoarthritis-like phenotype, while transplanting non-senescent cells did not (Xu
et al. 2018).Additionally, transplanting1million radiation- or chemotherapy-induced
senescent autologous ear fibroblasts or syngeneic preadipocytes intraperitoneally
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into lean, adult mice, so that only 1/10,000 of all cells in the transplanted mice were
senescent cells, induced impaired physical function and shortened lifespan due to
early onset of all of the same age-related diseases that cause death in older naturally-
aged mice (Xu et al. 2018). Transplanting non-senescent cells into control mice did
not do this, nor did transplanting 500 thousand as opposed to 1 million senescent
cells. However, transplanting 500 thousand senescent cells into diet-induced obese
(DIO) adult mice, which have more senescent cells than lean mice, or into old mice,
was sufficient to cause the accelerated aging-like state. This suggests that there is a
threshold of senescent cells, pre-existing plus transplanted, above which the acceler-
ated aging-like state occurs. These observations further suggest the potential value
of interventions that target senescent cells.

2.4 Development of Senolytics

The first senolytics were ultimately identified using a mechanism-based approach
informed by their modes of action and targets, rather than a random approach such
as screening libraries of compounds. As stated above, our efforts to find senolytics
began in 2004/5 (Fig. 2.1), with initial attempts to create fusion proteins comprising a
senescent cell surface binding domain coupled to a toxin, high throughput compound
library screens for agents that eliminate senescent but not non-senescent cells, and
other approaches. These traditional approaches did not achieve our goal. We there-
fore turned to a hypothesis-driven drug discovery approach. Our hypotheses were:
(1) senescent cells resist apoptotic stimuli, implying the existence of pro-survival—
anti-apoptotic defenses against their own SASP and harsh metabolic internal state
and (2) in some respects, senescent cells are like cancer cells that do not divide (Zhu
et al. 2015). Our hypothesis driven, mechanism-based approach led to discovery of
the first senolytics, the combination of Dasatinib plus Quercetin, within amonth after
starting this work in May, 2013 [published in March, 2015 (Zhu et al. 2015)] and
more senolytics subsequently (Zhu et al. 2016, 2017; Fuhrmann-Stroissnigg 2017).

We asked how senescent cells expressing a SASP can survive, despite their own
highly pro-apoptotic and metabolically-distinct, potentially damagingmilieu. Build-
ing upon bioinformatics data derived from proteomic and transcriptomic profiles of
senescent versus non-senescent cells, we searched for senescent cell anti-apoptotic
pathways (SCAPs).We identified several such potential SCAPs (ephrins/dependence
receptors; PI3Kδ/Akt/metabolic; Bcl-2, Bcl-xl, Bcl-w; p53/FOXO4a/p21/serpine
[PAI-1&2]; HIF-1α) (Zhu et al. 2015; Baar et al. 2017) (Fig. 2.2) and then another,
the HSP-90 pathway (Fuhrmann-Stroissnigg 2017). We tested whether these SCAPs
are essential for senescent cell survival by targeting key proteins within these SCAP
pathways using RNA interference in senescent versus non-senescent human primary
preadipocytes and humanumbilical vein endothelial cells (HUVECs).Of the 39 small
interfering RNA’s (siRNA’s) targeting possible SCAPs, 17 caused death of senescent
but not non-senescent cells. We noted the patterns of SCAP pathways that prevent
self-induced death of senescent human preadipocytes differed considerably from
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Fig. 2.2 Network analysis to test links among EFNB-1, EFNB-3, PI3KCD, p21 (CDKN1A), PAI-1
(SERPINE1), PAI-2 (SERPINB2), BCL-xL, and MCL. Source Author

those required for survival of senescent endothelial cells. Senescent preadipocytes
rely on pathways related to tyrosine kinases involved in the apoptosis that can be
caused by dependence receptors (receptors that, if present on a cell but that are unoc-
cupied by a ligand, induce cell death by apoptosis, such as the ephrin receptors)
as well as p53- and p21-related pro-survival mechanisms and metabolically-related
apoptosis involving PI3-kinase, AKT, and, again, p53. Senescent preadipocytes did
not depend onBCL-2 family pro-survival proteins. Conversely, senescent endothelial
cells depended for survival on BCL-2 family members, particularly BCL-xL, com-
pared to non-senescent endothelial cells, as well as components of the PI3 kinase
and HIF-1α pathways.

To discover senolytic agents, senescent and non-senescent cells were treated with
46 drugs and natural products previously reported to target the key SCAP proteins
that we had identified through our RNA interference studies. Based on our starting
hypotheses, agents selected for testing included those reputed to have an effect against
cancers. By using this mechanism-based approach, Dasatinib (D) and Quercetin (Q)
were among the first senolytics we selected for more intensive investigation based
on their ability to target multiple nodes in the pro-survival SCAP networks we had
discovered. We also selected these compounds because D has been approved by the
FDA for use in humans since 2006 and Q is a natural product with a favorable safety
profile, potentially enabling progression to clinical trials. Furthermore, these agents
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were selected because both have short elimination half-lives, <11 h, in humans,
facilitating a “hit-and-run” intermittent treatment approach. As predicted, we found
D and Q are senolytic. From the RNA interference studies, D was predicted to be
senolytic for senescent human cultured preadipocytes but not human endothelial
cells, which turned out to be true. Also as predicted, Q was senolytic for endothelial
cells but not preadipocytes. The combination of D+Q, which together targets at least
8 SCAP pathway nodes (Fig. 2.2), was senolytic for both senescent preadipocytes
and endothelial cells. Thus, different types of senescent cells employ distinct SCAPs
to defend themselves against their own SASP and pro-apoptoticmilieu. In some types
of senescent cells, more than one SCAP pathway is engaged and these pathways can
be redundant. Therefore, for each type of senescent cell, targeting only one SCAP
pathway may not be sufficient to induce apoptosis. Combinations of senolytics that
target different SCAPs or individual drugs that are active against multiple targets are
required to overcome this redundancy. This novel concept goes against the traditional
drug development paradigm of “one drug-one target-one disease” (Fig. 2.3).

Of note, work to discover senolytics began before development of transgenicmice
fromwhichhighly p16Ink4a-expressing cells canbe removedusing a drug that acts on a
cell-killing construct, ATTAC that was originally devised by P. Scherer et al. (Trujillo
et al. 2005; Baker et al. 2011). Similarly, in p16-3MR mice, a drug-inducible killing
construct is expressed in highly p16Ink4a-expressing cells (Demaria et al. 2014). In
these engineeredmice, the drug-inducible killing construct is expressed in an inactive
form by placing the transgene under the control of the p16Ink4a promoter, either as an
inserted construct or, in the case of p16-3MRmice, within a minigene. Some, but not

Fig. 2.3 Single target pathway versus multiple targets. The first generation of senolytics were
discovered based on their mechanisms of action and targets. Senolytics, such as D+Q or Fisetin, go
against the “old-fashioned”model of one-drug, one target, and one disease. Ideally, senolytics should
act on senescent cells specifically versus causing apoptosis in multiple cell types (“panolytics”)
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all senescent cells express p16Ink4a and not every cell with high p16Ink4a expression is
senescent, for example non-senescent activatedmacrophages (Hall et al. 2016; 2017).
Unlike in the transgenic mice, senolytics do not act through targeting cells that have
high expression of p16Ink4a. Rather, senolytics selectively eliminate those senescent
cells that cause tissue damageby releasing the pro-apoptotic, proinflammatory factors
and proteases that are part of the SASP. Senolytics can also kill cancer cells, in
particular those types of cancer cells that release pro-apoptotic factors, such as certain
lymphoid malignancies. Indeed, one of the hypotheses used to develop the strategy
for discovering senescent cells is that senolytics should do so (Zhu et al. 2015). Thus,
senolytics act in a manner distinct from the removal of highly p16Ink4a-expressing
cells from the engineered animal models. It is therefore not a “given” that eliminating
highly p16Ink4a-expressing cells from the transgenic animal models will faithfully
mimic the effects of removing senescent cells using senolytic agents. Unlike the
transgenic animal approaches, senolytics are effective in wild-type mice without an
inserted transgene, the discovery of senolytics did not depend on or involve use of the
transgenic mice, and efforts to discover senolytics began before and independently
from development of the transgenic mice.

2.5 Target of Senolytics: Senescent Cells

Completely new drug development paradigms are needed to take senolytics into
clinical application, as may be the case for other types of interventions that target
“root cause” fundamental aging processes (Kirkland 2013, 2016; Newman et al.
2016; Huffman et al. 2016; Justice et al. 2016; Burd et al. 2016). Perhaps the closest
analogy regarding potential strategies for translating senolytics into clinical appli-
cation is that of antibiotics. Antibiotics or antibiotic combinations are developed to
target bacteria or other pathogens, not necessarily single molecular targets. In devel-
oping antibiotics, often a range of infections, for example respiratory and urinary
tract infections, skin infections, and septicemia, are tested using candidate agents,
rather than testing their effectiveness against only a single disease. Additionally, a
range of pathogens is generally tested for susceptibility to the antibiotic. Effects of
antibiotics alone or in combination are tested. The same may be the case for effec-
tively developing and translating senolytics into clinical application. The key drug
targets are senescent cells and the networks that sustain them, not a single molecule,
not a single biochemical pathway, nor a single receptor. Multiple senescent cell
types, senescence-associated diseases, and combinations of senolytics may need to
be considered to successfully translate senolytics into clinical application, unlike the
traditional one-drug/one-target/one-disease approach used for developing drugs that
target a receptor, an enzyme, or a biochemical pathway.

Combination of senolytic agents with SASP inhibitors, such as rapamycin, met-
formin, or ruxolitinib, might possibly interfere with effectiveness of the senolytics,
since senolytics act by allowing pro-apoptotic, proinflammatory SASP factors to kill
the senescent cells from which these factors are released by transiently disabling
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the SCAPs that protect the senescent cells. This theoretical problem may turn out to
be avoided by holding administration of SASP inhibitors for periods of time before
and after senolytics are administered in the course of intermittent senolytic drug
treatment regimens.

Since our report of D+Q, over a dozen more senolytics have been published
using essentially the same hypothesis-driven approach [reviewed in (Tchkonia
2017; Kirkland et al. 2017)]. One such senolytic, Fisetin, is a naturally occurring
flavonoid that selectively induces apoptosis in senescent but not proliferating human
umbilical vein endothelial cells (HUVECs) (Zhu et al. 2017; Yousefzadeh et al.
2018). Similarly to quercetin, Fisetin selectively reduced viability and numbers of
senescent HUVECs. This flavonoid is present in many fruits and vegetables such as
apples, persimmon, grapes, onions, and cucumbers, with high concentrations found
in strawberries (160 μg/g) (Khan et al. 2013). Its hydrophobic properties allow
Fisetin to penetrate cell membranes and accumulate within cells to exert antioxidant
effects (Ishige et al. 2001). It is widely available as a nutritional supplement and has
a low side effect profile, which makes it an attractive option for clinical trials.

Wefirst reported that targeting theBCL-2 pathway is a senolytic strategy inMarch,
2015 (Zhu et al. 2015). Knocking down BCL-xL mRNA by RNA interference killed
senescent human endothelial cells, but not senescent human preadipocytes or non-
senescent cells. Ten months later, we reported that Navitoclax, which targets BCL-
2 family members including BCL-xL and BCL-w, induces apoptosis in senescent
human endothelial cells, but not senescent human preadipocytes or non-senescent
cells (Zhu et al. 2015). Within 15 days of that report, another group had found
Navitoclax is senolytic and enhances bone marrow recovery following radiation in
mice (Chang et al. 2016). However, Navitoclax only eliminates a subset of senescent
cell types (e.g., endothelial cells) and not others (e.g., senescent preadipocytes) and
can cause off-target side-effects through eliminating non-senescent cells, such as
neutrophils and megakaryocytes or platelets. Also, unlike Dasatinib, which has been
approved by theUSFood andDrugAdministration (FDA) for clinical use since 2006,
Navitoclax is still not approved by the FDA for general clinical use.We subsequently
found the more specific BCL-xL inhibitors, A1331852 and A1155463, are senolytic,
at least for endothelial cells (Zhu et al. 2017), but again they have not been approved
for general clinical use by the FDA.

2.6 Mouse Models of Aging and Disease

After the initial finding that the combination of D+Q is senolytic for both senescent
preadipocytes and endothelial cells, we tested this first generation senolytic drug
combination in naturally-aged animals. In early 2015, we published our findings
that a single course of senolytics enhanced cardiac ejection fraction and improved
vascular reactivity in 24 month old mice, the equivalent to 75–80 years of age in
humans (Zhu et al. 2015). This was the first demonstration that targeting senescent
cells enhances healthspan parameters in naturally-aged mice. Later that year, we
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confirmed and extended that finding by treating naturally-aged mice with a SASP
inhibitor, Ruxolitinib. Metabolic healthspan parameters, including preservation of
subcutaneous fat and insulin sensitivity, were enhanced by targeting senescent cells
in these naturally-aged mice (Xu et al. 2015). Furthermore, total daily activity, rear-
ing activity, ambulation, ability to remain suspended by hanging on to a wire, grip
strength, and coordination were improved by targeting senescent cells in naturally-
aged mice (Xu et al. 2015). Subsequently, we and others found that senolytics allevi-
ate an impressive range of not only age-related phenotypes, but also chronic diseases
in pre-clinical animal models, including high fat diet-induced vascular hyporeactiv-
ity, vascular calcification, damaged cardiac muscle, age-related cardiac hypertrophy
and fibrosis, metabolic dysfunction and diabetes, chronic kidney disease, liver steato-
sis and fibrosis, pulmonary fibrosis, hyperoxia-induced airway disease, age-related
bone loss, and obesity-related neuropsychiatric dysfunction, among others (Roos
et al. 2016; Schafer et al. 2017; Ogrodnik et al. 2017; Farr et al. 2017; Xu et al. 2018;
Moncsek et al. 2017; Ogrodnik et al. 2019; Parikh et al. 2018; Lewis-McDougall
et al. 2019; Palmer et al. 2019; Lewis-McDougall et al. 2019; Anderson et al. 2019;
Kim et al. 2019; Musi et al. 2018; Zhang et al. 2019). Senolytics can reduce chronic
low-grade inflammation, protein aggregation, calcification, and fibrosis, the patho-
logical processes active at sites of etiology in many of the major chronic diseases
(Tchkonia 2017; Kirkland et al. 2017; Tchkonia and Kirkland 2018).

In a key studyfirst demonstrating that targeting senescence is a potentially disease-
modifying treatment for Alzheimer’s disease and other protein aggregation-related
neurodegenerative diseases, D+Q was shown to decrease brain senescence markers,
SASP factors, neurofibrillary tangles, andneuro-inflammation and to partially reverse
a measure of brain hypo-perfusion, decrease brain atrophy, and enhance cognition in
several different Tau+ Alzheimer’s disease mouse models (Musi et al. 2018; Zhang
et al. 2019). D+Q was next shown to be effective in β-amyloid-expressing mice,
another Alzheimer’s disease mouse model (Zhang et al. 2019). D+Q was effective
even if administered to 23 month old Tau+ mice with clinically-evident dementia
(Musi et al. 2018). Thus, it may be feasible to alleviate features of Tau+ dementia
even after the dementia has become clinically manifest, a scenario that is much
more translatable into initial clinical application than would be trials of preventing
development of dementia, since the latter would involve discerning which subjects
are most likely develop dementia before it becomes clinically evident, a difficult task
and one that would entail treating many subjects unnecessarily (since many subjects
with risk factors do not develop dementia or do so after a prolonged lag). Therefore,
clinical trials of senolytics for clinically manifest Alzheimer’s and related dementias
are about to start.

Based on our findings of pro-survival SCAP networks, we and others identified
the flavonoid Fisetin as senolytic in both HUVEC and IMR 90 cells. The senolytic
efficacy of Fisetin was tested in both murine models (progeroid and chronologi-
cal aged mice) and human tissues (Yousefzadeh et al. 2018). Intermittent treatment
with Fisetin reduced abundance of some types of senescent cells in multiple tissues.
Also, late interventionwith Fisetin restored tissue homeostasis, alleviated age-related
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pathology, and extended median and maximum lifespan. These characteristics sug-
gested the feasibility of translating Fisetin into human clinical studies, which are
now underway.

The first article about senolytics demonstrated that targeting senescent cells
improves function in naturally-aged animals (Zhu et al. 2015). Beneficial effects
on function in naturally-aged mice were subsequently confirmed in studies using the
original and later senolytics as well as SASP inhibitors (Xu et al. 2018; Yousefzadeh
et al. 2018; Xu et al. 2015).

2.7 Testing If a Drug Acts as a Senolytic Using a Modified
Set of Koch’s Postulates

Although there is evidence that senolytics may alleviate multiple conditions as con-
sidered above, proving that drugs actually alleviate a given age-related phenotype,
disorder, or disease because of senolytic as opposed to off-target effects is not triv-
ial and has not been established beyond doubt for many such conditions so far. To
prove conclusively that a candidate agent alleviates a condition because of senolytic
effects, we propose a set of 8 criteria based on Koch’s postulates of the type used to
prove causation in the case of infectious agents. These are considered below.

To establish causality using this modified set of Koch’ postulates, it would be
first necessary to show that senescent cells occur in tandem with the condition in
question: (1) Are senescent cells present in animals or humans with the condi-
tion? (2) Do individuals without senescent cells have the condition? Next, a way
to test if cellular senescence is sufficient to cause a condition is to (3) show that
the condition can be reproduced by inducing local accumulation of senescent cells.
This can be achieved by transplanting senescent cells, focal irradiation, or tissue-
specific genetic approaches to cause local senescent cell accumulation. For example,
it was first demonstrated that senescent cells are sufficient to cause osteoarthritis by
transplanting small numbers of syngeneic senescent mouse cells around the knee
joints of younger mice (Xu et al. 2016). After a couple of months, this resulted in
decreased mobility, knee joint pain, and radiographic changes characteristic of age-
related osteoarthritis, while transplanting equal numbers of non-senescent cells did
not cause this. In another example (also considered above), transplanting small num-
bers of senescent cells into middle-aged mice caused development of a frailty-like
state after a few weeks, with decreased physical function and endurance, as well as
accelerated onset of age-related diseases as a group (Xu et al. 2018). Causality can be
tested further by (4) determining if removing these transplanted or induced senescent
cells prevents or alleviates the condition. In the case of frailty or accelerated onset of
age-related diseases caused by transplanting senescent cells, D+Q reduced senescent
cell burden and indeed delayed or prevented these conditions. (5) It is then impor-
tant to test if targeting naturally-occurring senescent cells alleviates the condition
in question. This was achieved in the cases of frailty and age-related disease onset
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by treating naturally-aged, as opposed to younger transplanted mice with D+Q. (6)
Administering the potentially senolytic drugs being investigated should have few
or no effects related to the condition being tested in individuals without senescent
cells, for example in young mice. (7) Senolytics should alleviate the condition even
if given intermittently, at intervals longer than the drugs’ half lives, since senescent
cells can take 2–6 weeks to re-accumulate, at least in cell culture. In the case of D+Q,
the elimination half life is 11 h, but the drugs are as effective if administered monthly
as continuously, at least in the case of age-related osteoporosis (Farr et al. 2017).
(8) Finally, if an agent is truly senolytic, it should alleviate multiple age-related
conditions.

2.8 Clinical Trials

Senolytics were first developed using cells cultured from human subjects in order
to facilitate the path to translation into human application. Senolytics were next
shown to be effective in clearing senescent cells from mice and also for alleviating a
range of age- and senescence-related disorders in mice, including cardiac and vascu-
lar dysfunction, insulin resistance, cognitive dysfunction, age-related osteoporosis,
and frailty, among many others (see below). Furthermore, treatment with senolytics
alleviated the accelerated aging-like state induced by transplanting senescent ver-
sus non-senescent cells into young mice (Xu et al. 2018). Recently, senolytics were
shown to decrease senescent cell abundance in adipose tissue of humanswith diabetes
and obesity (Hickson et al. 2019) and to alleviate physical dysfunction in patients
with idiopathic pulmonary fibrosis, a cellular senescence-driven disease [see below
(Justice et al. 2019)].

Obesity with diabetes leads to accumulation of senescent cells in adipose tissue
of humans (Minamino et al. 2009). To test if senolytics can clear senescent cells
from human tissues, adipose tissue biopsied from obese, diabetic human subjects
undergoing surgery was treated with D+Q or vehicle for 48 h (Xu et al. 2018).Within
a few hours, the senescent cells in the freshly-isolated tissue began to undergo cell
death through apoptosis. This was associated with reduced release of SASP factors,
and increased expression of transcription factors that promote adipose tissue insulin
sensitivity and of metabolically beneficial factors, including adiponectin and adipsin.
Fisetin was also shown to reduce senescent cells from freshly-isolated human fat
(Yousefzadeh et al. 2018).
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2.8.1 First-in-Human Trial of Senolytics: D+Q for Idiopathic
Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a senescence-associated, progressive, fatal
disease of the elderly for which treatments, other than lung transplantation, are at
best modestly useful. Senescent cells accumulate in subjects with IPF and are a
source of inflammatory and fibrotic mediators in this disease. In the Bleomycin
inhalationmousemodel of IPF,D+Qwasmore effective than another senolytic agent,
Navitoclax, in clearing senescent cells and D+Q alleviated pulmonary dysfunction,
attenuated weight loss, and improved exercise endurance in these mice (Schafer et al.
2017). A pilot, open-label clinical trial of 9 doses of oral D+Q over 3 weeks led to
improved 6-min. walk distance, walking speed, ability to get up from a chair, and
short physical performance battery by 5 days after the final dose in 14 subjects with
IPF (Justice et al. 2019). These results led to initiation of a Phase IIb randomized,
placebo-controlled, double-blind trial that is currently underway.

Approaches were devised to gain approvals of new tests for senescent cell burden,
a rapidly developing field, and of other tests of fundamental aging mechanisms
to be incorporated into the study without stopping the primary study each time
an amendment was submitted. Subject recruitment strategies had to be developed,
including adjusting and simplifying the study burden for the elderly subjects in the
trial.

2.8.2 Systemic Sclerosis

A reanalysis of archived skin biopsies from a trial of Dasatinib administered contin-
uously for 6 weeks to 3 subjects with systemic sclerosis with evidence of skin senes-
cent cells before treatment was conducted to test if senescent cells were removed
(Martyanov et al. 2019). Of 65 SASP factors assayed, 55 had decreased after the
course of Dasatinib, as were gene signature profiles linked to senescence.

2.8.3 Chronic Kidney Disease and Diabetes

A Phase 1, open-label, clinical trial of D+Q for subjects with diabetic kidney disease
(DKD) is underway at Mayo (ClinicalTrials.gov Identifier: NCT02848131). Interim
results were encouraging, showing that a 3 day oral course of D+Q in 9 subjects
with DKD caused reduced adipose tissue senescent cell burden by 11 days after
the last dose. Furthermore, a composite score of 10 circulating SASP factors was
significantly decreased 11 days after completing the 3 day D+Q intervention. This
trial is continuing (goal = 30) to test effects of senolytics on adipose tissue and
skin senescent cell abundance, blood and urine SASP factors, metabolic and renal
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function, inflammation, quality of life, and safety (drug toxicity) and tolerability.
No serious drug side effects have emerged so far and evidence continues to show
clearance of senescent cells. Each subject will be followed for 4 months after the
single course of D+Q. The goal is to provide data for a larger Phase IIb randomized,
placebo-controlled, double-blind trial of senolytics for DKD.

2.8.4 Alleviation of Frailty, Inflammation, and Related
Measures in Older Women

This Phase IIb double-blind, placebo-controlled clinical trial of a different senolytic
drug, Fisetin, to reduce senescent cell burden and alleviate frailty and inflamma-
tion in older women (AFFIRM) is underway at Mayo (ClinicalTrials.gov Identi-
fier: NCT03430037). Our groups recently reported an association between frailty in
elderly women and senescent cell burden in adipose tissue biopsies (Justice et al.
2017). In preclinical studies, we found Fisetin causes apoptosis of senescent human
endothelial cells (Zhu et al. 2017), among other senescent cell types. Fisetin alle-
viated frailty in progeroid and naturally-aged mice and extended median and max-
imum lifespan (Yousefzadeh et al. 2018). The latter finding has prompted testing
of continuous versus intermittent Fisetin administration in the NIA-Interventions
Testing Program (ITP). We arranged for isolation of Fisetin from plants in which
it is present, conducted FDA-required testing for contaminants, completed stability
and toxicity testing, prepared placebo capsules, conducted dose-escalation studies
in Rhesus monkeys, and gained an FDA-IND for testing effectiveness of Fisetin in
alleviating physical dysfunction in elderly women with the Fried frailty phenotype
and slow gait speed, as well as ancillary testing of senescent cell burden, metabolic
function, inflammation, and bone turnover. Along with the clinical trials mentioned
here, there are other trials launching in the near future, including 3 studying senolytics
for Alzheimer’s disease.

2.9 Translational Geroscience Network

In conducting the pre-clinical laboratory studies, completing the FDA and insti-
tutional approval processes, arranging for clinical trials to be conducted at multiple
sites, enrolling subjects, coordinating specimen and data processing and storage, and
harmonizing standard operating procedures (SOPs), many issues became apparent
that a coordinated research network could resolve.

The Translational Geroscience Network (TGN), made up of 8 academic medical
centers (Mayo, Harvard, Connecticut, Hopkins,Michigan,Wake Forest, UTHSCSA,
and Minnesota), was established to develop, implement, and test SOPs for transla-
tional early phase trials of agents that target fundamental aging processes. The overall
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goal is to facilitate and speed translation by optimizing resource utilization, while
avoiding duplication and counter-productive competition. This initial network will
engage in preclinical translational research, completing the appropriate regulatory
steps (e.g., acquiring INDs from the FDA), and assisting in developing several “use
case” proof-of-concept Phase I and II trials. By pursuing steps to translate drugs
that target fundamental aging mechanisms from bench to bedside concurrently and
by doing so in a coordinated way, it is hoped the TGN will accelerate development
of effective treatments. With luck, such interventions might be introduced clinically
within the next 5–15 years. Additionally, the creation of this network will allow
researchers from different sites to select, optimize, and validate ancillary measures
of fundamental aging processes to be assayed across all trials. Ultimately, one of the
long term goals of the TGN is to develop a biobanking and repository network where
researchers can share samples and data, allowing comparisons among interventions
targeting fundamental aging processes, including different senolytic drug regimens.

2.10 Enhancing Healthspan

Amethod for increasing healthspanmay be to remove damaging and potentially can-
cerous senescent cells and next to treat with trophic or anabolic factors. Removing
senescent cells before administering treatments that augment stem and progenitor
cell function or anabolic agents may: (1) increase effectiveness of the trophic or
anabolic agents by removing the “brake” on stem and progenitor cell function and
growth exerted by senescent cells and (2) reduce the risk of cancer that could com-
plicate administering trophic or anabolic agents to elderly individuals harboring pre-
cancerous or cancerous cells. Many of the recently discovered senolytic agents have
been in use for inducing apoptosis of cancer cells before their senolytic effects were
discovered (Tchkonia 2017; Kirkland et al. 2017). For example, Dasatinib is used for
treating certain hematological and other cancers (Keating 2017) and Quercetin can
delay or alleviate cancers (Chikara et al. 2018). Thus, treating with senolytic drugs
first might remove cancerous cells and senescent cells harboring potentially cancer-
ous mutations before trophic and anabolic factors are administered. This approach
for enhancing healthspan needs to be validated in pre-clinical experimental animal
studies.

Perhaps better senolytics reported after the discovery that D+Q is senolytic will
result in even more improvement of physical function, delay and alleviation of age-
related diseases, and lifespan extension than D+Q, although it is likely that these
improvements will not persist indefinitely. It seemsmuchmore likely that age-related
dysfunction and death will occur at some point because of other fundamental aging
processes, even if repeated administration of senolytics can completely and durably
eliminate senescent cells. To achieve amore substantial increase in healthspan than is
possible through senolytics alone, combining senolytic treatments with interventions
that target other aging processes may be more effective.
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2.11 Conclusions

Aging is a complex process that involves multiple factors that are comprised in a net-
work driving this process. Cellular senescence is a key agingmechanism that is part of
this network of fundamental aging mechanisms. Many fundamental aging processes,
including genomic instability, telomere dysfunction/shortening, metabolic dysregu-
lation, protein aggregation andmisfolding, and nuclearmembrane andmitochondrial
dysfunction, can initiate or drive cellular senescence, and senescent cells coupled
with their SASP factors can causally prime multiple aging processes, including stem
cell exhaustion, disrupted intercellular communications, protein aggregation, NAD+

depletion, and chronic inflammation, which eventually lead to aging phenotypes
and chronic diseases. If senescent cells are targeted and eliminated by senolytics,
many or perhaps all other aging processes might be alleviated, the Unitary Theory
of Targeting Fundamental Aging Mechanisms.

Since interventions that increase health- and life-span in mammals now exist, we
hypothesize that by targeting fundamental mechanisms of aging, clinical interven-
tions can be envisaged that could delay, prevent, or alleviate age-related conditions as
a group, instead of one-disease-at-a-time. If effective in humans, interventions target-
ing basic aging processes could have a substantially larger impact on healthspan and
costs than curing any one chronic disease, a potentially fundamental transformation
in health care (Miller 2002; Kirkland 2013, 2016).

Until safety and effectiveness of senolytic drugs have been established in clinical
trials, we strongly emphasize that these drugs are at an early stage of development.
There could be profound, serious, as yet unforeseen adverse effects of senolytics in
humans. At this point, senolytic agents must not be used outside of clinical trials
involving intensive monitoring for potential adverse effects. Senolytics are not ready
for general prescribing or clinical use.
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