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Abstract

The consensus that cell senescence plays a role in age-related disease has prompted a
number of potential clinical interventions, including attempts to reset cell senescence and
attempts to remove senescent cells from aging tissues. The latter approach, senolytic
therapy, has attracted considerable attention, but both theoretical considerations and
published data suggest that the clinical benefits will be transient and that senolytic therapies
will likely accelerate long-term degenerative disease. We review the overall field, its history,
the theoretical aspects, and the available data. The long-term risks are underestimated and
based on naive assumptions, while the long-term benefits are not borne out by physiologic
considerations or data. Senolytics are likely to accelerate tissue pathology, exacerbate
clinical disease, and result in early morbidity and mortality.
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1. Introduction

Recent advances in our understanding of the role of senescent cells in age-related human
disease have prompted several distinct interventional strategies, including:

1) Telomerase gene therapy to reset gene expression in senescent cells,

2) Small molecular drugs aimed at individual genes or proteins, and

3) Senolytic drugs to kill senescent cells.

These three approaches will be compared in light of human pathology and available data
(generally animal data), with a focus on current data, as well as the clinical implications of
senolytic therapy. A conceptual illustration of the point of intervention of each of these three
approaches (and currently available symptomatic drugs), is shown here (Figure 1).
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Figure 1 Targets and interventional approaches to age-related disease.
2. Background

Cell senescence was first demonstrated in the 1960’s, predominantly due to the work of
Hayflick and Moorhead [1, 2]. In 1990, the work of Harley and his colleagues at Geron
demonstrated that cell senescence correlated closely with changes in telomere length [3], and this
was followed by a series of confirmatory papers [4, 5]. Thereafter, the relationship between
telomeres and cell senescence was shown to be not only correlational, but causal in a series of
papers showing that resetting telomere lengths also reset cell senescence as measured by gene
arrays, histology, and cell function [6-8].

The first articles in the medical literature [9, 10] as well as a textbook on the area [11],
suggested that not only was cell senescence a key player in age-related human disease, but that
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cell senescence in general and telomeres in particular could serve as a uniquely effective point of
clinical intervention. In the case of age-related vascular disease, for example, endothelial cell
senescence was seen to precede the usual histologic hallmarks of atherosclerosis and do so in a
manner that paralleled the locations and degree of pathology [12]. Similar findings were seen in
other age-related diseases, such as osteoarthritis and osteoporosis, in which key cells (e.g.,
chondrocytes and osteocytes) showed senescent changes that preceded and appeared to cause
the onset of clinical disease. Such senescent cells included vascular endothelial cells, chondrocytes,
osteocytes, and other cell types in their respective tissues and organs.

Over the past two decades, and despite its obvious potential, pursuit of the potential of this
initial work was limited by the available technology, which made it difficult to translate this work
into in vivo animal or human studies, although some articles continued to clarify the model and
point out the clinical possibilities. Specifically, additional experimental support for the model
required genetic manipulations that became available as the field matured. In regard to human
gene therapy, initial adverse events (e.g., the Jesse Gelsinger fatality in 1999) delayed progress
and testing in human gene therapy trials.

Nonetheless, supportive animal and human data contined to accrue. With regard to the
putative role of cell senescence in age-related disease, additional findings [13] suggested a similar
process was occurring with the aging brain, specifically in glial cells, and that this process might
underlie common clinical dementias, such as Alzheimer’s type dementia [14]. Specifically, such
glial cells demonstrate telomere shortening and a decreased ability to produce, bind, internalize,
and breakdown key molecules, such as beta amyloid [15]. Moreover, glial cell senescence has
been seen to precede neurofibrillary tangles and neurodegeneration [16]. Cell senescence is now
seen as the cause, rather than the effect, of neural degeneration. As a 2018 editorial in Nature put
it: “glial senescence ultimately promotes neuronal degeneration” [17]. The same view, that cell
senescence is a causal factor not only in neuronal degeneration specifically, but in age-related
diseases generally, is becoming the consensus view.

The first approach mentioned above, resetting gene expression, has worked well in animal
studies [18, 19], and has solid theoretical support [11], but will not be addressed in detail here,
although the use of telomerase to reset gene expression has the clear potential to reverse the
disease course in age-related disease. The third approach, the use of small molecules, has shown
limited efficacy: while effective in addressing specific genes and proteins, it does not address the
broader panoply of changes in genes and proteins that characterize cell senescence and, in
consequence, has shown no effect in altering the disease course in age-related disease. The classic
example of this failure has been the use of monoclonal antibodies in Alzheimer’s disease trials.
The fourth approach, symptomatic therapies, not shown to affect the disease course of age-
related disease, is outside of both the interest and the scope of this paper.

The second approach, the use of senolytics will be evaluated here in some detail. We will
consider the rationale for its use, the claims that have been made for its clinical potential, the data
on its use, and implications of such data for both clinical use and economic value.

3. Rationale for Senolytics
Senescing (as well as fully senescent) cells become increasingly common in older tissues [20].

Such cells demonstrate multiple defining changes, including both generic (characteristic of
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senescent cells generally) and cell-specific changes (characteristic of specific tissue and cell types).
Senescence is associated with telomere-modulated, characteristic changes in gene expression,
termed SAGE (senescence associated gene expression). Senescing cells show pronounced
intracellular changes including slower molecular turnover, slower DNA repair, deficient cell
maintenance, defective mitochondrial function, less efficient ATP production (and a lower
ATP/ROS ratio), increased percentages of accrued molecular damage, etc [11]. Nor is this
increasing cellular dysfunction limited to intracellular venues. While senescing cells are known to
become less effective in performing their own internal cellular functions, they also increasingly
interfere in the functioning of other local, non-senescent cells. Bluntly, senescing cells not only
cause tissue dysfunction by a passive loss of normal internal function, but they also cause tissue
dysfunction by an active and external interference in the function of other cells. This process,
termed SASP (senescence associated secretory phenotype) [21, 22] is generic to senescing cells in
any tissue, with specific characteristics for individual cell and tissue type as well. It is characterized
by the secretion of toxic molecules [23, 24], as well as by numerous molecular markers and
changes in gene expression [25], including p16INK4A, and it can be identified by molecular
markers [26], including SA-B-Gal, inflammatory signalling molecules, growth factors and proteases
[17].

To take a specific tissue as an example, the chondrocytes making up the bulk of any human
joint surface senesce and demonstrate increasing internal cellular dysfunction as they do so. In
addition, the dysfunction of such senescent cells actively interferes with the function of other
neighboring non-senescent chondrocytic cells as well [23, 27]. Osteoarthritis is the clinical result in
an aging joint and is characterized by increasing inflammation, as well as the erosion and gross loss
of normal joint surface. Current clinical interventions for osteoarthritis include drugs that are
marginally or transiently effective (i.e., anti-inflammatory drugs, etc.) for symptomatic treatment
or the complete removal and replacement of the affected joint (i.e., surgical replacement with an
artificial joint). While replacement has become the orthopedic standard-of- care, it is expensive,
painful, debilitating, inherently risky, and does not address the pathology per se. In short, current
treatment options are sub-optimal. Generically, the same caveats pertain to all current
interventions for age-related disease: current therapies have little-or-no effect upon the disease
process itself and are clinically sub-optimal.

As a result, the three basic approaches listed above are all under consideration in the context of
age-related disease. Currently available approaches intervene “downstream”, at the level of
clinical effects (symptoms) rather than “upstream” at the level of clinical causes (underlying
disease processes). Again using the example of the aging joint and its chondrocytes, currently
available therapeutic approaches do not address the underlying cause(s) of osteoarthritis, but
merely serve to ameliorate symptoms or act by removing the aging tissue in toto. In contrast to
current therapy, the three approaches listed above aim to address “upstream” processes at
varying levels. Amplifying these three strategies, we may summarize each approach as follows:

1) At the telomere level: telomerase gene therapy aims to reset the telomere length, and

hence gene expression, enabling the senescent cells to function normally and abrogating

their interference with other, non-senescent cells. Here the goal is to fully restore normal
cell and tissue function, restoring the joint to its previous, clinically normal state.
2) At the specific protein and gene level: small molecular drugs aim to individually target

any and all characterized gene or molecular changes in the tissue, including cellular debris,
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mitochondrial changes, free radicals, cellular apoptosis, etc. While the goal is to mitigate
the changes (particularly those of SASP), the sheer number of individual changes
necessitates dozens of simultaneous interventions, none of which address the underlying
cell senescence that drives such changes.

3) At the tissue level: senolytic therapy aims to remove senescent cells, mitigating or
preventing SASP effects, and putatively enabling remaining, non- senescent cells to function
more normally.

The last approach, removal of senescent cells, is generally termed “senolysis” in the medical
and biotechnology literature, and putative agents are termed “senolytics”. Initial data supported a
potential value of senolytics [28, 29] and several biotechnology companies are currently engaged
in promoting this approach [30]. Researchers and biotechnology companies have proclaimed a
growing number of putative senolytic compounds, including AP20187 [27], ABT263 [31], INK-
ATTAC [29], ABT-263 [32], FOXO4 peptide [33], UBX0101 and UBX1967 [34], and a growing list of
others. This approach has garnered considerable interest in the research [35, 36] and clinical
literature [28, 37], as well as among investors and the venture capital community.

4. Claims Regarding Senolytics

A number of articles have suggested that clearance of senescent cells can attenuate age-
related tissue changes (or age-related disease) and create a more favorable tissue environment
[36, 38], and should therefore be considered appropriate for human clinical trials. Such articles
accurately stress the likely role of senescent cells in age-related pathology, as well as the factors
contributing to senescence, such as age per se, trauma, infection, etc. Published outcomes are
generally supportive and intriguing, although (as discussed below) long-term effects are generally
not evaluated [23, 29, 31, 33, 38] or when long-term data appears in the publication, it is glossed
over in favor of the initial positive effects, which are highlighted [27].

Such initially positive effects are consistent, as would be expected from the known effects of
senescent cells in aging tissues, and these effects have been documented in several species and in
different cell and tissue types. These cell and tissue types encompass several age-related
pathologies [36], including tumorigenesis (as well as chemotherapy [33, 39]) and age-related
deterioration in the kidney, heart, and fatty tissue [27], bone marrow and muscle [31], eye [29],
brain [40], etc. These results have prompted further work on specific age-related diseases and
prospective human trials (as well as considerable interest in the clinical and investment potential
of these approaches).

In osteoarthritis, for example, there is good evidence that senescent cells accumulate in and
parallel the course of joint pathology. Moreover, senolysis-attenuated post-traumatic
osteoarthritis in mice in vivo and, human in vitro cultures taken from knee replacement patients,
showed short-term benefits as assessed by inflammation and matrix protein formation. This
suggests a potential benefit in human osteoarthritis [38].

In the case of vascular age-related disease, similar findings are seen (at least in mice), with
senescent cells being common in atherosclerotic lesions, including foamy macrophages. Such
results suggest that senescent cells play central roles in plaque formation, loss of elasticity, fibrous
tissue, plaque rupture, and subsequent clots. The results imply a potential use for senolytic
therapy in human atherosclerosis, although interventional data to support the suggestion is
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lacking [23]. Note that the role of cell senescence in human atherosclerosis was first noted more
than two decades ago [12], as was its probable role in atherogenesis [8, 41-43]. The clinical
potential for intervention in age-related arterial disease as well as other age-related disease by
addressing cell senescence (using telomerase rather than senolysis) was also pointed out at that
time [9, 10, 44-46] and in more detail since [11].

Other proposed clinical targets include ophthalmologic disease as well as age-related diseases
of the heart, kidney and liver [47]. Some authors have gone on to argue that the use of senolytics
not only has benefits to treating the age-related pathology of specific tissues or organ systems, but
will extend the healthy lifespan in animal models and would have similar effects in humans [27, 29,
31, 48]. Although articles advocating senolytic approaches occasionally note the possibility of
acceleration of cell division in the remaining, initially non-senescent cells, no attention is given to
the adverse consequences (enforced cell senescence of initially non- senescent cells) put into play
by senolytic interventions [38].

5. Adverse Effects of Senolytics

Histological considerations suggest that senolytics will accelerate age-related disease in
affected tissues. In a sense, this would be parallel to the known effects of radiation, which can
induce cell senescence and reduce stem cell availability [49]. In the case of senolytics, the removal
of senescent cells would accelerate stem cell division and consequent cell senescence, inducing
premature cell and tissue aging, with subsequent acceleration of age-related clinical disease.

In any given tissue, there is a population of cells, some of which are senescent. If we remove
cells (e.g., with senolytic therapy), the absence of those cells will trigger the remaining cells to
divide in order to replace the cells which are no longer present. This standard, classsical
histological response within any tissue replaces lost cells, as occurs with trauma to the dermis,
routine epidermal turnover, the death and replacement of circulating lymphocytes, quotidian
erythrocyte loss and replacement, hepatocyte turnover, etc. As these cells divide and replace
cellular losses, their telomeres shorten and accelerate their progression toward cellular
senescence. This acceleration of cell senescence, i.e., the division of the remaining cells in
response to cell removal (in this case, the removal of senescent cells), has predictable negative
consequences.

In the case of osteoarthritis, for example, while the goal is to entirely abrogate the effects of
SASP, the use of senolytics not only removes senescent chondrocytes, but risks the acceleration of
senescence in the remaining cells, which were initially non-senescent, as those remaining cells
must now divide to replace the missing chondrocytes (i.e., those senescent chondrocytes removed
by the use of senolytic agents). This has been seen in the case of osteoarthritis [38], for example,
and has been attributed to a number of possible causes [36], including the underlying causes of
cell senescence and the exhaustion of stem cells, as they replace the missing senescent cells.

As we remove senescent cells from an aging tissue, local factors will signal the nearby,
remaining cells to divide and replace those cells which have been removed. The subsequent cell
division results in two daughter cells. Both daughter cells lose telomere length, with the result that
both daughter cells are themselves that much closer to senescence. The loss of senescent cells has
momentarily resulted in a mean gain in telomere length in the remaining cells (and a mean loss of
cell senescence and cell dysfunction), but as the remaining cells divide to replace the missing
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senescent cells, there is a mean loss of telomere length in the remaining cells, with consequent
acceleration in cell senescence and cell dysfunction. We should expect that the initial
improvement (as measured by telomere length, cell function, SASP, etc.) will be followed by more
rapid deterioration (as measured by the same criteria). Removal of senescent cells should result in
a transient gain in tissue function, followed by an accelerated loss of tissue function. Senolytic
therapy threatens to transiently improve clinical status, while accelerating overall age-related
clinical disease.

Consider the following graphic examples. In Figure 2, telomere length is on the Y axis, while
affected cells are shown on the X axis of each of the four treatment phases. In the pre- treatment
phase, we see three senescent cells, whose telomere lengths indicate cell senescence, resulting in
tissue dysfunction. We also see six, non-senescent cells, whose telomere lengths indicate non-
senescence, thereby demonstrating normal cell function. When a senolytic treatment is applied,
the immediate result is the deletion of senescent cells (“missing cells”), followed by signalling to
neighboring cells (“stressed cells”), prompting the final result of cellular replication, telomere
shortening, and an increased number of senescent cells. We now have six senescent daughter cells,
whose telomere lengths are below the critical level and only three non- senescent cells, whose
telomere lengths are above the same critical level. In this simplistic example, comparing pre-
treatment to the final result, we see that we have gone from 33% (3 of 9) senescent cells to 66%
(6 of 9) senescent cells, thereby accelerating the very tissue pathology that we intended to treat.

Pre-treatment Immediate Result Final Result

3 Senescent Cells Missing Cells Stressed Cells & Senescent Cells
Six cells function normally; Six cells function normally; Three of the siz remaining cells Three cells function norrmally;
thres cells are partially threw cells have been destroyed divide and replace the three six cells are now partially
senescent and create tissue and are no longer present in the missing cells; these three cells senescent and create pathology
pathalogy via SASP, tissue, relieving SASP, lose telomeres and senesos. via SASP,

Figure 2 Senolytic effects on telomere lengths and senescence in treated tissue.

In Figure 3, we see a second graphic example in which we look down on a joint surface as
composed of chondrocytes. In the pre-treatment phase, we see ten initially senescent cells are
creating tissue pathology via SASP. In the intermediate phase, we have destroyed the ten
senescent cells, but thereby triggered cell division in neighboring cells, whose telomeres then
shorten in consequence. The final result is twenty senescent cells and an overall increase in tissue
pathology via SASP. Again, we have accelerated the very tissue pathology that we intended to
treat.

Page 7/14



OBM Geriatrics 2019; 3(1), doi:10.21926/obm.geriatr.1901034

Pre-treatment
10 Senescent Cells

Immediate Result
Missing Cells

Stressed Cells

Final Result
20 Senescent Cells

10 cells are initially

senescent, creating
tissue pathology via
SASP,

10 eells have been

destroyed and are no
longer presentin the
tissue, relieving SASP,

10 of the remaining cells
replace the 10 missing
cells; 20 cells have lost
telomeres and senesce,

20 eells are now
senescent; creating
tissue pathology via
SASP,

Figure 3 Senolytic effects on tissue senescence.

Published data (see below) is in line with the effects predicted above. Specifically, there is an
initial improvement as measured by a number of bio-markers, followed by an accelerated decline
in the same bio-markers. For example, in the curves shown in Figure 4, the purple curves
represent mortality in untreated mice. The red curves represent mortality in mice treated with
senolytics. The above theoretical considerations predict that mortality (as well as pathology) in
treated animals should first show a transient improvement, which is seen in the initial flattening of
the curves (here labelled as “Initial decreased mortality”, followed by a predicted acceleration of
mortality (as well as pathology) in the treated animals (here labelled as “increased mortality”).
These curves represent published data on senolytic therapy trials in animals [27] and should
prompt concern for the outcomes in human clinical trials.

Additional adverse effects may also ensue for several other reasons. One possibility that has
been raised is “the release of proinflammatory, danger-associated molecular patterns, futher
exacerbating systemic chronic inflammation” [36]. Systemic side effects may also include
thrombocytopenia and immune suppression [50], as well as preventing the potential roles of
senescent cells in increasing stem cell differentiation, promotion of wound healing, etc. [51].

Current publications on the use of senolytic therapies suggest (short-term) benefits, but not
extended benefits when followed over time, nor address long-term risks. In addition, the
published data concentrates on prevention, rather than upon the effects in older organisms with
established pathology, the more likely scenario in human patients. Despite these and other
limitations, published studies tout senolytic therapy [28, 50, 52] for their clinical potential. Such
studies have multiple limitations, however, including:

1) Genetically altered animals may not adequately represent the pathology found in aging
human patients [16, 53]. Such models frequently genetically-modify an animal (for example,
to increase tau tangle production) then show that senolytics may ameliorate the artificially
elevated bio-marker. Inferences to human pathology from such models are tenuous and
may be both unsupported and unwarranted.
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2) Studies often examine animals only through “middle age” rather than into advanced age.
For example, they may follow mice to less than mid-lifespan and not into old age. As the
lifespan of mice is typically 24-36 months, studies that purport to demonstrate value by
following mice to only 6-8 months [16] (similar to a human of 20 years of age?) cannot
adequately demonstrate effects in aging mice, let alone aging humans.

3) When animals are treated with senolytics at an appropriately advanced age, they are
generally followed for only short periods, or the long-term acceleration in pathology is not
mentioned in the analysis, conclusions, or discussion of the data [27].

What happens when you remove senescent cells?
Initial decreased mortality, then increased mortality

™ s

Control mice w——
Treated mice —

Figures from:
DJ Baker, et al. Naturally occurring pl6lnk4a-positive cells shorten healthy lifespan. Nature. 2016; 530:184-189. doi:10.1038/ nature16932

Figure 4 Senolytic agents and their outcomes.
6. Implications and Summary

Despite the lack of data on long-term human benefit or efficacy, considerable investments have
been made in senolytic therapy [47, 54]. The financial and the clinical risks remain underestimated.
The risks are not merely those expected of any novel therapeutic agent, but are predictable,
substantial, and due to naive assumptions in regard to human physiology and age- related
pathology in the light of in vivo cell senescence. The acknowledged risks are routine and
predictable in biotechnology: senolytics have yet to be tested in humans, there is uncertainty
regarding mechanisms, and some agents are ineffective in clearing senescent cells. However,
there are additional unacknowledged risks and these are substantial: senolytics will accelerate
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tissue pathology, exacerbate clinical disease, and cause early morbidity and mortality. Senolytic
therapy will be clinically counter-productive.

The media [17, 52, 55, 56] and companies involved in this approach remain optimistic, but the
animal data suggests that any initial clinical improvement will be followed by increased pathology
and an accelerated disease course. In human trials [37], we should expect acceleration of clinical
disease as the outcome. Succinctly, we should rationally predict that the long-term clinical
outcome with senolytics would be worse than would occur without senolytics.

Looked at in terms of the clinical lifespan of a normally aging tissue (e.g., the joint surface of a
human knee as it ages and osteoarthritis ensues), we would expect function of an untreated tissue
in question to decline linearly, barring clinical intervention. This normative clinical outcome can be
represented (see Figure 5) as “Normal Tissue Aging” (in purple). Repetitive injury (e.g., repetitive
trauma to a knee joint in the case of a basketball player, hypertension with accelerated rheological
trauma in the aorta, or traumatic brain injury in the case of the CNS) can be represented as
“Repetitive Injury” (in yellow). Senolytic intervention should cause an initial improvement in
clinical status followed by an accelerated clinical failure with the steepening curve, represented
here as “Delete Senescent Cells” (in red). This is precisely what we see in published senolytic data
[27]. Finally, telomerase therapy should cause improvement at both the cell [8] and the tissue
levels (as it does at organ and biomarker level [18, 19]) represented here as “Reset Senescent Cells”
(in green).

Deletion of Senescent Cells

Intervention Reset
Senescent

Cells

Tissue Function

Time

Figure 5 Comparison of senolytic agents, telomerase, repetitive injury, and controls.
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As seen in Figure 5, the expected outcome of senolytic agents (“delete senescent cells”)
contrasts markedly with the course of either untreated tissue (“normal tissue aging”) or
telomerase therapy (“reset senescent cells”). Telomerase gene therapy does not accelerate
senescence in the remaining cells, and results in improved tissue function and resolution of age-
related disease. In contrast, senolytic agents accelerate senescence in remaining cells, and, in the
long-term, would achieve the same outcome as repetitive tissue injury, i.e., accelerated tissue
aging and increased clinical pathology.

The data curves of senolytic therapy display rectangularization of the disease course: the curve
moves forward, followed by a more rapid acceleration of pathology. In a sense, this is a parallel to
historical approaches to treating age-related disease, in which we see a rectangularization of
lifespan, as we delay symptoms but do not affect the fundamental pathologic processes that
underlie age-related disease.

The major risk of senolytic therapy lies not in its short-term efficacy, but in its long-term,
predictably negative consequences. The short-term implications are potentially desirable; the
long-term implications — as supported by a more thorough understanding of complex tissue
pathology of age-related disease and by such long-term data as is available — are likely to be
detrimental both to the age-related diseases for which senolytics are intended and to the lifespan
of the elderly patients to whom senolytics are clinically relevant. Senolytic interventions overlook
the physiology and the role of cell senescence in age-related clinical pathology and are likely to
prove clinically catastrophic.
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