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Abstract Senescent cells are growth-arrested cells that
cause inflammation and play a causal role in aging. They
accumulate with age, and preventing this accumulation
delays age-related diseases. However, the mechanism for
senescent cell accumulation is not fully understood. Ac-
cumulation can result from increasing production or de-
creasing removal of senescent cells with age, or both. To
distinguish between these possibilities, we analyze data
from parabiosis, the surgical conjoining of two mice so
that they share circulation. Parabiosis between a young
and old mouse, called heterochronic parabiosis, reduces
senescent cell levels in the old mouse, while raising
senescent cell levels in the young mouse. We show that
parabiosis data can reject mechanisms for senescent cell
accumulation in which only production rises with age or
only removal decreases with age; both must vary with
age. Since removal drops with age, senescent cell half-life
rises with age. This matches a recent model for senescent
cell accumulation developed from independent data on
senescent cell dynamics, called the SR model, in which
production rises linearly with age and senescent cells
inhibit their own removal. The SR model further explains
the timescales and mechanism of rejuvenation in parabi-
osis, based on transfer of spare removal capacity from the
young mouse to the old. The present quantitative under-
standing can help design optimal treatments that remove
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senescent cells, by matching the time between treatments
to the time it takes senescent cells to re-accumulate.
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Introduction

Senescent cells are growth-arrested cells that inhibit
tissue regeneration and secrete pro-inflammatory factors
called SASP (Senescence-Associated Secretory
Phenotype) [1-3]. They have beneficial roles in devel-
opment and wound healing. However, with age their
abundance increases in multiple tissues [4—7], raising
the concentration of pro-inflammatory SASP factors.

The accumulation of senescent cells plays a causal
role in aging, as was demonstrated in mice studies.
Continuous senescent cell ablation starting in midlife
extended lifespan and delayed age-related disease [8],
whereas senescent cell transplantation shortened
lifespan and healthspan [9]. Senescent cell ablation in
mice, using drugs or genetic means, improved tissue
regeneration and delayed disease in a wide range of
disease models including models for cardiovascular dis-
ease, diabetes, kidney failure, Alzheimer’s disease, and
osteoarthritis [10-24].

Senescent cells have a lifetime on the order of days to
weeks [25] and are therefore continually produced and
removed over the lifespan. Their removal is carried out
by immune cells including NK cells and macrophages
[26].
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The importance of senescent-cell accumulation for
aging raises the question of how they accumulate with
age. Understanding their accumulation mechanism can
help to better design treatments to delay age-related
diseases. In particular, it is unclear whether accumula-
tion is due to an increase in production rate, a decline in
removal rate, or both. We have recently addressed this
question by modeling the dynamics of senescent cell
accumulation [25]. The model, called the SR (saturating
removal) model, was developed by comparing a class of
mechanisms to data on senescent cell longitudinal dy-
namics [4] and to direct measurements of bleomycin-
induced lung senescent cells in mice. This study con-
cluded that senescent cell accumulation results from a
combination of two effects. The first effect is a linear
increase in senescent cell production rate with age. The
second effect is a removal rate that is inhibited by the
senescent cells themselves. The inhibition of
removal can be due to factors secreted by senescent
cells, or to saturation or exhaustion of the relevant
immune cells by rising senescent cell numbers. The
SR model was able to capture several features of senes-
cent cells in mice, including mortality curves and the
widening variation between individuals with age. It
would be important to test the SR model with an inde-
pendent set of experimental data.

Here, we independently test mechanisms for
senescent-cell accumulation by considering a paradigm
of aging research—+heterochronic parabiosis, the surgi-
cal pairing of a young and old animal that conjoins their
circulation. Parabiosis between equally aged animals,
called isochronic parabiosis, is extensively used to study
the effects of circulating factors such as hormones, me-
tabolites, and immune cells on physiological function.
The first study employing heterochronic parabiosis was
performed by Ludwig and Elashoff, which showed that
rat heterochronic parabionts lived 20% longer than con-
trol isochronic parabionts [27]. More recently,
heterochronic parabiosis was demonstrated to stimulate
the regeneration of multiple tissues in old mice [28—34] at
only a slight expense to the young [35]. The mechanisms
by which heterochronic parabiosis exerts its benefits re-
main unclear. Effects are attributed to blood-borne factors
such as pro-inflammatory factors [30], or to the recruit-
ment of young immune cells [31]. For example, immune
cells from a young GFP-labeled mouse were recruited to
repair neural lesions in the old parabiont [31].

An important step in understanding parabiosis was
recently presented by Yousefzadeh et al. [36], who
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tested the effect of parabiosis on senescent cells.
Yousefzadeh et al. quantified senescent cell gene ex-
pression markers and SASP markers in multiple tissues
after isochronic and heterochronic parabiosis. They
found that heterochronic parabiosis reduced senescent
cell load in the old parabiont and mildly increased
senescent cell load in the young parabiont. This suggests
that the rejuvenating effects of parabiosis may be due, at
least in part, to reduction of senescence cell accumula-
tion in the old mouse.

Here, we use the data of Yousefzadeh et al. to test a
wide class of mechanisms for senescent cell accumula-
tion. For this purpose, we develop a mathematical model
for senescent dynamics after parabiosis. We find that the
data of Yousefzadeh et al. can reject many possible
mechanisms, and in particular those with only rising
production or only decreasing removal with age. The
data indicates that the mechanism for senescent cell
accumulation must include both an increase in produc-
tion and a decrease in removal with age. The effects of
heterochronic parabiosis on senescent cells are quanti-
tatively consistent with the SR model developed in
Karin et al. [25]. This provides a mechanism for para-
biosis in which senescent cell removal capacity from the
young mouse is transferred to the old. The model pre-
dicts an increase in lifespan of 20% in heterochronic
parabionts compared with isochronic controls, similar to
the experimental observations of Ludwig and Elashoff.
The drop in removal rate with age means that senescent
cell half-life rises with age, suggesting that optimal
treatments to remove senescent cells can be given infre-
quently, potentially reducing side effects.

Results

Parabiosis data can reject several mechanisms
for senescent cell accumulation

We begin with a formal analysis of possible mecha-
nisms for the accumulation of senescent cells with age
and show that many of them can be discarded based on
the parabiosis data of Yousefzadeh et al.
Accumulation is driven by a balance between the
production and removal of senescent cells. The ob-
served accumulation with age requires that either pro-
duction increases, or removal decreases, or both. There
are at least four possible mechanisms (Fig. 1a) [25]: (i)
production increases with age (abbreviated PIA), (ii)
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autocatalysis, in which production increases with senes-
cent cell concentration (abbreviated PIS), (iii) removal
decreases with age in a senescent cell-independent man-
ner (abbreviated RDA), and (iv) removal decreases with
senescent cells (abbreviated RDS). The previously pro-
posed SR model is a combination of PIA and RDS.

These four mechanisms can be combined in 16 pos-
sible ways. The 16 models make predictions for the
relative order of senescent cells in parabiosis (Fig. 1b—
e). Each model predicts a specific order for senescent
cell load in YY (isochronic young), YO (young
parabiont in heterochronic parabiosis), OY (old
parabiont in heterochronic parabiosis), and OO
(isochronic old). For example, a model with
only production increase with age (PIA) predicts that
YY=YO and that OY=00 (Fig. 1c). Importantly, the
orders predicted by the models are not dependent on
parameters.

We compared these predictions to the data of
Yousefzadeh which tested how parabiosis affects senes-
cent cell levels in mice [36]. Yousefzadeh et al. per-
formed heterochronic and isochronic parabiosis be-
tween young (4 months old) and old (18 months old)
mice, with n=8 mice per group. They sacrificed the
mice after 2 months of being conjoined and measured
senescent cell markers (p16™*** and p21*") and SASP
markers (1113, 116, Mcp1, and Tnfx) in the heart, liver,
kidney, lung, skeletal muscle, pancreas, and brain.

We reanalyzed this data, by normalizing the mean of
each marker in each tissue to one, which allows easy
comparison of the ordering of the different parabiont
mice in terms of marker intensity. Strikingly, senescent
cell levels show a consistent order between the groups
(Fig. 2). Young isochronic parabionts (YY) have lower
senescent cell levels than young heterochronic
parabionts (YO), which have lower senescent cells than
old heterochronic parabionts (OY), which, finally, have
lower senescent cells than old isochronic parabionts
(0O0). This holds for all tissues where there is a signif-
icant difference in the marker expression level between
the young and old isochronic groups (Fig. 2a, p=9-10"*
Wilcoxon signed-rank test for each ordering). It also
holds for all SASP markers in all tissues (Fig. 2b, p =
6-10"° for Wilcoxon signed-rank test for each ordering).
Thus, parabiosis systematically modulates senescent
cell levels with the order YY < YO < OY < OO.

We find that 10 of the 16 models cannot explain this
order (Fig. 2¢). Their inability is not dependent on
specific parameter choices but is rather built into the

logic of the models. We next explain this intuitively and
provide more details in the “Materials and methods”
section.

We begin with models in which senescent cell accu-
mulation is due only to increasing production with age,
whereas the removal rate is constant (age- and senescent
cell-independent). These models are mechanism PIA or
PIA + PIS, in Figs. 1 and 2c. If the rise in production
with age is due to systemic circulating factors, these
factors are mixed between the mice after parabiosis.
Both parabionts therefore have the same production
rate, and, as assumed in the model, also the same re-
moval rate, and thus OY=YO, in contradiction to the
observed lower senescent cell load in the younger
parabiont, YO < OY.

If the rise in production with age is due to local tissue
factors and is not mixed in the circulation, production
rate in the old parabiont would be higher than in the
young one. The removal rate is assumed to be age-
independent and is thus the same in young and old mice.
The model therefore predicts that heterochronic and
isochronic parabiosis have the same effects: OO=0Y
and YY=YO, as opposed to the data YY < YO and OY
< OO. These considerations discount mechanisms in
which accumulation is only due to rising production.

Similarly, models in which accumulation is due only
to a drop in removal rate with age (mechanism RDA)
cannot explain the observed difference between YO and
OY. Both the young and old heterochronic parabionts
should have identical removal rates because the immune
cells that remove senescent cells, together with all cir-
culating factors, are mixed between the mice. They also
have the same production rates as assumed in this model
variant. Thus, the parabionts should have the same
amount of senescent cells, YO=0Y. This prediction
does not describe the observed lower senescent cell
levels in the younger parabiont, YO < OY. We note that
a model with only mechanism RDS is also inappropriate
because senescent cells do not accumulate with age at
all.

In the present class of models, only models that have
both an increase in production with age (mechanism
PIA), as well as a drop in removal rate, due to either
mechanism RDA or RDS, can explain the observed
changes in senescent cells after parabiosis. Mechanism
PIS does not affect the model conclusions qualitatively.
Viewed in this way, the experiment of Yousefzadeh
et al. helps to restrict the range of senescent cell accu-
mulation dynamical models.
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Fig. 1 The effects of heterochronic parabiosis on senescent cells
can be predicted from models of accumulation dynamics. a We
modeled 16 mechanisms for the accumulation of senescent cells
that include all combinations of increasing production with age
(PIA), autocatalysis (PIS), senescent cell-independent decrease in
removal with age (RDA), and senescent cell-dependent inhibition
of removal (RDS). b Parabiosis is the surgical conjoining of mice
to share circulation. The mice therefore share the immune-based
removal mechanism for senescent cells. Isochronic (same-age)
parabionts are labeled as Y'Y (young) or OO (old). Heterochronic
parabionts are labeled YO for the young parabiont and OY for the

The parabiosis data can also make quantitative pre-
dictions about the relative increase in production rate
and decrease in removal rate with age (“Materials and
methods” section). This prediction is based on the fact
that steady-state senescent cell levels are the ratio of
their production rate and per-cell removal rates.

Removal is predicted to drop by a factor of (YY-OY)/
(00:YO)=0.16£0.06 based on gene expression
markers and a factor of (YY-OY)/(OO-YO)=0.06+
0.01 based on SASP markers (error bars from paired
bootstrapping). Thus, the removal rate falls by a factor
of 5-20, and hence, senescent cell lifetime rises by the
same factor. This is in reasonable agreement with direct
measurements of lung Bleomycin-induced senescent
cell removal in young and old mice [25], in which
senescent cell half-life rose by a factor of about 5 (5 +
1 days versus 25 + 6 days).

SR model can explain the effect of parabiosis
on senescent cells

The SR model belongs to the class of models that can

explain the parabiosis experiments, despite the fact that
the SR model was developed based on an independent
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old parabionts. ¢ A model with only an increase in production rate
with age (PIA) does not show a change in senescent cell abun-
dance after parabiosis. d A model with only an age-dependent
decrease in clearance function (RDA), e.g. due to age-related
impairment of immune cells, does not show a difference between
the heterochronic young parabiont and the heterochronic old
parabiont. e The SR model, which includes both an increase in
production with age and an inhibition of senescent cells of their
own removal process (PIA+RDS), shows an order of senescent
cell abundance YY < YO < OY < OO

set of experiments on senescent cell dynamics in a non-
parabiosis setting. The SR model has mechanisms PIA
+ RDS and predicts YY < YO < OY < OO as observed.

In the “Materials and methods” section, we show the
full derivation of the SR model for parabiosis, denoted
the parabiosis-SR model. Here, we describe the impor-
tant intuitive aspects of this derivation. The parabiosis-
SR model posits that senescent cells are in rapid turn-
over relative to the lifespan, that senescent cell produc-
tion increases linearly with age, and that removal is
inhibited or saturated by senescent cells [25]. At young
ages, efficient removal keeps senescent cells low. At old
ages, increased production leads to high senescent cell
loads that inhibit their own removal, leading to even
higher load. Senescent cells accumulate at an accelerat-
ing pace with age.

To model parabiosis, we note that after parabiosis the
two mice share circulation, but the senescent cells in
each mouse stay within its tissues. As a result, the blood-
borne removal mechanism (immune cells) is shared by
the two mice. The immune cells see the senescent cells
and secreted factors in both mice and are therefore
inhibited by the averaged senescent cell concentration
of the two mice. The production of senescent cells in
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Fig. 2 Order of senescent cell levels after parabiosis in old and
young mice. A comparison of senescent cell abundance in young
isochronic parabionts (YY), old isochronic parabionts (OO),
young heterochronic parabionts (YO), and old heterochronic
parabionts (OY). Senescent cell abundance was estimated by using
gene expression markers (p76"** and p21“?’) (a) in the liver,
kidney, lung, pancreas, forebrain, cerebellum, gastrocnemius, and
heart, and SASP markers (I11f3, 116, Mcp1, and Tnfx) (b) in the
liver, kidney, lung, and forebrain. The results of each test are
presented as a line which connects the results for each of the
parabiosis groups. Tests where there is a significant difference

each mouse and the noise terms are assumed to be
unaffected by parabiosis.

The parabiosis-SR model makes predictions for para-
biosis that do not depend on the model parameters.
Since removal is inhibited by the averaged senescent
cell concentrations in the two mice, the removal rate of
the old parabiont is increased compared to isochronic
old mice. The intuitive reason is that the young mouse
has spare removal capacity, part of which is transferred
to the old mouse by the shared circulation. As a result,
senescent cell load in OO is greater than in OY, because
they have equal (age-dependent) production but the
latter has greater removal rate. Thus, OY < OO.

For the same reason, the averaging of inhibition de-
creases removal rate in the young parabiont compared to

between YY and OO (and are therefore indicative of senescent
cell accumulation) are shown in black. Data is from Yousefzadeh
et al. [36]. To normalize for differences in average expression
between markers and tissues, each line was normalized to have
mean = 1. ¢ Predictions for the ordering of senescent cell levels for
YY, YO, OY, and OO for all 16 mechanisms described in Fig. 1
(darker color corresponds to higher senescent cell levels). Only
models where both production increases with age (mechanism
PIA) and removal decreases with age or senescent
cells (mechanisms RDA or RDS) result in YY < YO < OY <
0O as observed

isochronic young mice. The spare removal capacity of the
young mouse is transferred to the old mouse, slowing
removal in the young heterochronic parabiont. As a re-
sult, senescent cell load in YY is lower than in YO, YY <
YO. Finally, since the production rate in the old mouse is
greater than that in the young mouse, and removal rate is
the same in the two parabionts due to the shared circula-
tion, a heterochronic pair shows YO < OY.

The SR model thus predicts a strict order of senescent
cell levels YY < YO < OY < OO, without dependence
on model parameters (see ‘“Materials and methods”
section for further details). This matches the experimen-
tal observation of Fig. 2.

The model has additional quantitative predictions.
The parabiosis-SR model posits a specific way that
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production rises with age (mechanism PIA), namely a
linear increase with age. This predicts that the ratio of
senescent cells in the parabionts (OY/YO) is the ratio of
their production rates, namely the ratio of their ages,
which in the present case is 20 months/6 months ~3.3
(assuming that mechanism PIS is absent or small). A
more precise calculation using the full stochastic SR
model equations with the paraemters of Ref [25] shows
that the ratio is about 2.5. This is in agreement with the
observed ratios. The production rate between ages 6 and
20 months is estimated to rise by a factor of OY/YO =
2.9+0.6 based on gene expression markers and OY/
YO =2.4+0.2 based on SASP markers (error bars from
paired bootstrapping).

In addition to these considerations, the model can
predict the temporal dynamics of senescent cells follow-
ing parabiosis. To address this, we simulated the effect of
parabiosis on senescent cell levels using stochastic simu-
lations of the parabiosis-SR model (Fig. 3). We used the
parameters inferred for senescent cell dynamics in mice
from Karin et al. [25] and set the age of the young and old
parabionts at 4 months and 18 months at the time of
conjoining, as in the experiments of Yousefzadeh et al.
[36]. Figure 3a shows the simulation results for the dy-
namics of senescent cells .Within weeks, heterochronic
parabiosis results in a large drop in senescent cells in the
old mouse compared with isochronic parabiosis (OY
compared to OO, Fig. 3a, b). For young mice, on the
other hand, heterochronic parabiosis results in a slight
elevation of senescent cells compared with the isochronic
case (YO compared to YY, Fig. 3a, b). This agrees with
the results of Yousefzadeh et al. [36] presented in Fig. 2.

The simulations indicate the timescale of the changes
in senescent cells after parabiosis. The drop in senescent
cells in OY is seen within about a month, which corre-
sponds to the lifetime of senescent cells in old mice,
experimentally determined in Karin 2019.

SR model can explain the effect of parabiosis on
lifespan We next use the parabiosis-SR model to test the
effect of parabiosis on lifespan. To model lifespan, we add
the assumption that death occurs when senescent cells cross
a critical threshold [25] (Fig. 4a). We used the threshold
value and SR parameters of Karin et al. which were found
to describe mouse survival curves well [25]. We find that
heterochronic parabiosis results in a lifespan extension of
approximately 20% compared with isochronic parabiosis
in the model (Fig. 4b). This is similar to the lifespan
extension reported by Ludwig and Elashoff [27].
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New experiments can test additional aspects of senes-
cence in parabiosis The present framework suggests
new experiments to gain further insight. The data of
Yousefzadeh et al. is consistent both with a senescent
cell-dependent drop in removal (as in the SR model,
mechanism RDS), and with an intrinsic age-dependent
drop in senescent cell removal rate that is not senescent
cell-dependent (mechanism RDA). To distinguish be-
tween these mechanisms, consider the following exper-
iment. Parabiosis is performed between two old mice,
one of which has a pharmacogenetic system which
allows ablating senescent cells upon the addition of a
drug [8]. The model predicts that ablation in one
parabiont will affect senescent cell levels in the other
parabiont. This tests the SR model feature that senescent
cells inhibit their own removal (Fig. 5a). If senescent
cells in the other parabiont remain unaffected, the ex-
periment would support the conclusion that senescent
cells do not affect their own systemic removal rate.

A second informative experiment is isochronic para-
biosis between a wild-type mouse and a mouse with
defective senescent cell clearance. Defective clearance
was established, for example, in perforin-deficient mice
[26]. Perforin deficiency is, in a sense, equivalent to
mechanism RDA, and because the mice are isochronic,
they should have the same senescent cell production
rate. In this case, the model predicts that the mutant
mice will have higher senescent cells before parabiosis,
but that a month or more after parabiosis, both the
mutant and the wild-type parabionts will have similar
senescent cell levels (Fig. 5b).

The SR model can help to design optimal senolytic
treatment

Recent studies show that senolytic drugs or immune
therapy approaches can remove senescent cells in mice
and humans [9, 22, 37]. Since these treatments are likely
to have side effects, it is important to design intermittent
therapy with the largest possible time interval between
treatments [38]. An important consideration is the time
that it takes senescent cells to re-accumulate after they
are removed. To calculate this re-accumulation time
requires a precise understanding of the production and
removal rates of senescent cells.

We therefore use the SR model with parameters
calibrated for humans in Ref [25] to simulate senescent
cell removal therapy with different temporal spacing
between treatments. We find that treatment can be as
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Fig. 3 SR model provides an explanation for the change in
senescent cell levels after parabiosis. a The SR model, parameter-
ized according to Karin et al. [25], was simulated before and after
parabiosis, using Eq. 3. After isochronic parabiosis, there is a slight
decrease in senescent cells in both young (Y'Y, dashed green line)
and old (OO, solid green line) parabionts, compared with baseline
(dashed gray line). On the other hand, there is a large decrease in

infrequent as once per 2 months in order to maintain
average senescent cell levels that are about 2-fold lower
than without therapy (Fig. 6a, b). This amounts to a shift
to senescent cell levels typical of a person 12 years
younger. Thus, intermittent treatment with senolytics or
immune therapy starting at old age and given once every
2 months may be a reasonable approach in humans.

Discussion

Senescent cells drive aging and aging-related pathologies,
and it is therefore important to understand how they
accumulate with age. We scanned a class of senescent
cell accumulation mechanisms and find that parabiosis
data can reject many of these mechanisms. Among the
rejected mechanisms is accumulation driven only by a
rise in senescent production with age, or only by

a

SnC (X)

Age

Fig. 4 SR model predicts an increase in lifespan after
heterochronic parabiosis compared with isochronic parabiosis. a
To model the effects of the reduction in senescent cell load on
lifespan, we used the simple assumption taken in Karin et al. [25]

Fraction survived

25 YY YO OY 0O

senescent cells in old heterochronic parabionts (OY, solid purple
line), and a slight increase in the young heterochronic parabionts
(YO, dashed purple line). The changes occur on the timescale of a
few weeks due to senescent cell turnover. b After 2 months of
parabiosis, there is a clear order of senescent cell abundance YY <

YO <OY <OO, similar to the effect shown in Fig. 2. Model
parameters are provided in the “Materials and methods” section

reduction in senescent cell removal with age. The para-
biosis data indicates that both productions must rise with
age and removal must drop with age. This aligns with the
SR model which was developed based on independent
data on senescent cell dynamics in a non-parabiosis set-
ting. The SR model posits that senescent cells inhibit their
own removal. It further predicts the timescale of accumu-
lation in parabiosis and explains the effect of parabiosis
on lifespan. Thus, parabiosis, together with previous
work on senescent cell dynamics, offers a compelling
model for senescent cell accumulation with age.

The SR model predicts that parabiosis strongly re-
duces senescent cell load in the old parabiont and raises
the load slightly in the young parabiont. This quantita-
tively matches the experiments of Yousefzadeh et al. on
senescent cell levels after parabiosis across many tissues
and multiple markers. The model offers the following
intuitive explanation for rejuvenation of the old
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that death occurs when senescent cells exceed a critical threshold
Xc (in this case, Xc=17). b Heterochronic parabiosis (solid pur-
ple) increases the mean lifespan by 20% compared with isochronic
parabiosis (solid green). Baseline is marked by a dashed gray line
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Fig. 6 The SR model suggests that senolytic treatment starting at
old age can have a large effect even if given infrequently. a
Average senescent cell abundance trajectories with recurrent treat-
ment with senolytics (gray dashed) and without (black). The
senolytic is applied once every 60 days, starting from age 70 years,
and each dose removes about half of the senescent cells present.
The recurrent treatment with senolytics reduces senescent cell
levels, which then re-accumulate until the next treatment (Insefr).
This re-accumulation takes longer the longer the senescent cell
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cells indeed inhibit their own removal. b To test for the effects of
impaired senescent cell removal after parabiosis, we suggest that
young wild-type mice (Y) may be conjoined with mice with
impaired senescent cell removal, such as the perforin knock-out
mice described in [26], which we denote Y'. These mice have
higher senescent cell levels. After parabiosis, their senescent cells
are predicted to reduce and be the same as their conjoined wild-
type parabiont

The observation that parabiosis affects senescent cell
levels in all measured tissues in the same direction and at
approximately the same relative magnitudes suggests a
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to levels typical at younger ages due to the treatment. Trajectories
were simulated using the SR model with human parameters (see
“Materials and methods” section), assuming that senolytics are
effective against a susceptible subpopulation of senescent
cells which consists of 25% of the senescent cells.
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systemic control of senescent cell abundance. The SR
model, with its sharing of removal among all tissues,
predicts a coordination of senescent cell levels between
tissues. This is due to the limited total removal capacity.
An increase in senescent cells in one tissue slows senes-
cent cell removal from all other tissues, so their senes-
cent cell levels tend to rise as well. This coordinates
senescent cell levels across tissues, thus potentially
helping to synchronize aging phenotypes across organs.
Although individuals at old age differ vastly from each
other in physiological performance, the SR model pre-
dicts relatively similar physiological performance be-
tween tissues of a given individual [39-41].

An open question is whether senescent cell—
mediated inhibition of removal is due to the satu-
ration of immune cells or to inhibitory blood-borne
factors associated with senescent cells, or both.
This question can be addressed in principle by
performing plasma exchange heterochronically and
isochronically for several weeks and then measur-
ing the effect on senescent cells. If plasma ex-
change is sufficient for reducing senescent cells,
it would suggest that inhibition is due to blood-
borne factors. Importantly, plasma exchange for
only a day or a few days is not expected to be
sufficient due to the estimated lifetime of senescent
cells in old mice, on the order of one month.

The ratio of senescent cell levels in young and old
parabionts allows an estimate of the relative increase in
production with age. This estimate is consistent with the
SR model that production rises linearly with age. One
physiological origin for a linear rise with age is that in
the aging process, senescent cells originate from stem
cells that have acquired mutations that are silent in the
stem cell, but that cause damage in their differentiated
progeny cells. These damaged differentiated cells be-
come senescent. Since stem cells divide at an approxi-
mately constant rate throughout adulthood, the number
of such mutant stem cells should rise approximately
linearly with age. This generates production of senes-
cent cells at a rate that rises linearly with age.

The rejuvenation effects of parabiosis and of
senescent-cell ablation span many tissues and markers.
This suggests that intermittent senescent cell ablation,
by senolytic drugs [38] or immune therapy [37], may be
a promising direction for the Geroscience hypothesis
[42, 43] that an intervention that retards the aging pro-
cess will simultaneously delay the onset and severity of
multiple age-related diseases. The present estimates for

accumulation rates suggest that intermittent treatment at
a frequency of 1-2 months may be sufficient to prevent
accumulation and reduce senescent cell load in future
treatment regiments.

Materials and methods

Statistical analysis To test the order between senescent
cell levels in the different conditions (YY < YO < OY <
00), we performed a Wilcoxon signed-rank test which
compares matched samples, which in this case are tests
for senescent cell levels (such as p21-lung) for different
experimental conditions. This yields a significance level
of p=9-10"* for the gene expression markers, and p =
610> for the SASP markers, for all the order compar-
isons. To account for the possibility that different
markers for the same tissue are not independent, we
considered the extreme possibility that the tissues are
perfectly dependent and variation is due only to exper-
imental noise. In this case, the signed-rank test for tissue
averages yields a significance level of p =0.014 for the
gene expression markers and p=0.046 for the SASP
markers (the change in p is only due to the smaller
sample size). Finally, an alternative analysis approach
compares overall organism senescent cells by
bootstrapping and averaging all tissues from the empir-
ical distributions. This analysis yields p <10~ for all
orderings.

Circuit scan We use the approach of Karin et al. [25] to
analyze all combinations of four possible mechanisms
for the accumulation of senescent cells. (i) increasing
production rate with age (production increases with age,
PIA), (ii) autocatalysis of production by paracrine ef-
fects (production increases with senescent cells, PIS),
(iii) age-related decline in removal due to decline in
immune surveillance that is senescent cell-independent
(removal decreases with age, RDA), and (iv) senescent
cells inhibit their own removal (removal decreases with
senescent cells, RDS). The model for a single mouse
that includes all four processes is:

X:p(th)ir(th)X""\/th (1)

where ¢ is the age of the organism, X is senescent cell
abundance, p is the senescent cell production rate and r
is the per-cell removal rate of senescent cells. Mecha-
nism PIA is given by p(f) which increases with age ¢,

@ Springer



338

GeroScience (2021) 43:329-341

mechanism PIS by p(X) which increases with X, mech-
anism RDA by 7(7) that decreases with # and mechanism
RDS by r(X) that decreases with X. Senescent cell
steady-state abundance results from a balance between
production and removal (”ﬁl—f = 0), yielding:

Xsr,t
XST :P( ST )

r (X STyt )

We asked which mechanism combinations provide
the order observed in senescent cell abundance after
parabiosis (YY < YO < OY < OO). To address this,
we derive a general equation for senescent cell dynamics
after parabiosis from Eq. 1. Consider two mice with
blood volumes V;, V, (older mice are usually larger than
younger mice). The concentration of senescent cells in
each mouse is X}, with i= 1,2, and the senescent cells
stay within the mouse tissues (we ignore here senescent
circulating cells). After parabiosis removal becomes
shared. The blood-borne removal mechanism (the im-
mune cells) in the conjoined mice thus sees an averaged
senescent cell concentration of X = % here
Vi=V1+V,. The removal rate results from averaging
the removal rates of the mice following the mixing of
immune cells due to shared circulation, inhibited by the
average senescent cell concentration X . Therefore:

. 1
X =pXi ti)- %

tot

(V1 r()_(,t]> + V2r<)_(,tz>)X,- +V2eg,
(2)

Thus, after parabiosis, the steady-state senescent cell
concentration in each mouse is:

Xist, i
Xist = — Ii( 5741 — (3)
(V]I"(X,l])—FVzI’(X,lz))
V[{)[

For isochronic parabionts, because t, =#,, Vi =V,
we get X15T=X25T, so that:

P(Xisr, t;)

Xisr =
5T r(Xisr, ti)

The steady-state of senescent cells in the isochronic
case is therefore same as that before parabiosis.

In the heterochronic case, we asked which mecha-
nism combinations provide the observed order YY <
YO < OY < O0. We note that since removal is shared,
the fact that YO < OY means, from Eq. 3, that produc-
tion must rise with age (mechanism PIA).

@ Springer

Furthermore, removal must also decline. To see
this, consider the case where removal is constant,
in the sense that it does not depend on age or on
senescent cells (no mechanism RDA or RDS). In
this case, the denominator of Eq. 3 is the same in
isochronic and heterochronic parabiosis. This
means that heterochronic parabiosis does not affect
X relative to the isochronic case: YY=YO and
OY=00. This is in contrast to the observed order
YY < YO < OY < O0O. We conclude that removal
must decrease in the older mouse (mechanism RDA
or mechanism RDS) and that production must rise
with age (mechanism PIA).

We next show that mechanism PIA + RDA or
PIA + RDS provide the observed order. Let i=1
denotes the young parabiont and /=2 denotes the
old parabiont. Since the denominator in Eq. 3 is the
same for both mice, and the numerator is smaller
for the young mouse, YO < OY. Removal is slower
for OO than for OY and faster for YY compared
with YO, due to the effect of the other mouse
on X ,which results in YO > YY and OY < OO.

Thus, the combination of mechanism PIA and either
mechanism RDA or RDS is the minimal property, with-
in the present class, that ensures the observed effects of
parabiosis on senescent cells. The results for all 16
mechanisms are shown in Fig. 2¢. Notably, the order
does not depend on parameters.

The present approach also allows estimating the
change in production and removal rates with age, in
the case where the production rate does not depend on
X. The production rate in young and old mice is

% = %, since the denominator in Eq. 3 is the same

for the parabionts. In the case where production rates
depend on X, this ratio may underestimate the actual
changes in production with age, as can be seen when

linearizing the production rates: or — pXorts)

YO = p(Xyo,t1)
P(0.6)+52(0,6)X oy < P(0,)+2(0,2)X 00 ~PXoo,t2)

p(0,61)+2(0,01)Xv0 — p(0.1)+2(0.0 )X vy PXyrot1)”
i 3 Yy oy _ pXwih)
moval rate ratio can be estimated from L. 9% = frenk
rXoot2) pXovita) _ riom _ _ p(Xyv 1)  pXorta)  r(Xoo.t2)
P(Xoo,t2) Fioint r(Xyo.t1) — p(Xvo,ti) p(Xoo,t2) r(Xyy,t1)”
Again for the case where production is independent on

YY 0Y _ r(Xoo,t2)

The re-

X, wegetss 55 = iR More generally, in the case
where production rates depend on X, since 2 Hrrh1) ,
p(Xyo.t1)

pl¥ort) < 1, this is an underestimate for the ratio of the

P(Xoot2) =
LYY oY ~r(Xoot)
removal rates: 55 - 75 < Ty




GeroScience (2021) 43:329-341

339

SR-parabiosis model The SR model [25] posits a line-
arly increasing production with age and removal
inhibited by senescent cells according to a Michaelis-
Menten-like function:

Xi= nti_X?f_lﬁ +V2¢, (4)
where ¢; is the age of organism i, X; is senescent cell
abundance, 7 is the rate of increase in production rate
with age, (3 is the removal parameter, « is the halfway
saturation point of removal inhibition by senescent cells,
and € is the noise amplitude. The mice reference param-
eters are: n=0.15 day 'year |, 3=0.27 day ', k=1.1,
€=0.14 day ' [25].

The parabiosis-SR equation for the senescent cell
dynamics of each mouse has removal inhibition due to
the average senescent cell concentration of the two
mice:

X; = Ufi*_iXi + V2¢, (5)
X +kK

Solving Eq. (2) at steady-state gives the following
quasi-steady-state for each mouse:

EV emt;
Vi(Bt) + Va(8—ty)

The denominator is the same for both mice, but the
numerator is proportional to the mouse age t;. Thus, for
heterochronic parabiosis, we get YO < OY, and the ratio
of senescent cell abundances goes as the ratio of ages.
For the isochronic case, the mice have equal ages and
volumes: tj=t,=tand V;=V,=V:

Xist =

(6)

KNt
pt

This is the same as without parabiosis. Comparing
this to the aged-matched heterochronic case, we get:

Xsri0 =

XST o Vtot
XsTIs0 1-t /1
Vi+V
1+ V2 1*‘[/1‘0

where ¢ is the age of the other mouse, and #) = 7]:22

months using the mouse reference parameter set. Note
that this equation is only valid at ages ¢ < f,, a condition
which applies to the experiments of Yousefzadeh et al.
Beyond ¢y, stochastic simulations of the SR model are
needed to obtain accurate results. Thus, Xgr<Xsz,

1t /1o
1-t/tg
< Xs7y50 for the older parabiont: OY < OO. For the same
reason, Xg7> Xszy, for the young parabiont. The SR
model therefore provides the order YY < YO <QY <

0O. This order does not depend on parameter values.

when > 1, which is equivalent to t>t', so, Xgr

Mouse mortality We model mortality as in [25], by
assuming that death occurs when senescent cell levels
X cross a critical threshold Xc. The parameters used in
Fig. 4 are the same as those used to model mouse
mortality curves in [25]: 7=0.084 day 'year !, 3=
0.15 day ', k=0.5, €=0.16 day ', Xc=17. For
parabionts, we assume that death occurs when the first
mouse dies (i.e. senescent cells cross the critical
threshold).

Senolytic drug simulations In order to simulate the ef-
fect of senolytic drugs, we modified the SR model to
include a drug-dependent removal term =4, (¢, A, )X
where 0,,(¢, A\, ¢) is a function that represents the peri-
odic application of a senolytic drug with dosage A every
¢ days, starting from age ¢,:

A ift>tyand (tmodp =0
a7 0malmedo =0

We also conservatively assumed, as in [25], that the
senolytic drug kills only a susceptible subpopulation of
the senescent cells, denoted Xspnsitrve, and does not
affect the other senescent cells Xinsensiive. The total
level of senescent cells is X=XggnsiTIvE +
Xinsensitive-We denote by ( the fraction of senescent
cell production and noise that goes to make XspnsiTive-
The SR model dynamics with senolytics are therefore:

S ~ BXSENSITIVE | /57—,
SENngIVE = =0y, (1, A, 9)X X——ﬁ—n+ 20et!s

. %
X INSENSITIVE = (I_C)W—w +v2(1-¢)ec”,

For the simulations in Fig. 6, we used the human
parameters from [25]: 7=0.00135 day 'year ', f=
0.15 day ', k=0.5, €=0.142 day ', Xc =17, as well
as (=0.25. In panel A, we used simulated senolytic
dosage that corresponds to a strong removal of the
sensitive senescent cells, A=0.5 day ' given every
¢ =60 days.
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