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Senolytics improve physical function and increase
lifespan in old age
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Physical function declines in old age, portending disability, increased health expenditures, and mortality. Cellular senescence,
leading to tissue dysfunction, may contribute to these consequences of aging, but whether senescence can directly drive age-
related pathology and be therapeutically targeted is still unclear. Here we demonstrate that transplanting relatively small
numbers of senescent cells into young mice is sufficient to cause persistent physical dysfunction, as well as to spread cellular
senescence to host tissues. Transplanting even fewer senescent cells had the same effect in older recipients and was accom-
panied by reduced survival, indicating the potency of senescent cells in shortening health- and lifespan. The senolytic cocktail,
dasatinib plus quercetin, which causes selective elimination of senescent cells, decreased the number of naturally occurring
senescent cells and their secretion of frailty-related proinflammatory cytokines in explants of human adipose tissue. Moreover,
intermittent oral administration of senolytics to both senescent cell-transplanted young mice and naturally aged mice allevi-
ated physical dysfunction and increased post-treatment survival by 36% while reducing mortality hazard to 65%. Our study
provides proof-of-concept evidence that senescent cells can cause physical dysfunction and decreased survival even in young
mice, while senolytics can enhance remaining health- and lifespan in old mice.

cular disease) may yield lifespan extension but potentially at

the cost of extending late-life morbidity’. A major question
in biology is whether interventions can be devised that enhance
healthspan in tandem with increasing remaining lifespan so that the
period of morbidity near the end of life is not increased’. Physical
dysfunction and incapacity to respond to stresses>* become increas-
ingly prevalent toward the end of life°’, with up to 45% of people
over the age of 85 being frail®. This physical dysfunction is asso-
ciated with considerable morbidity, including decreased mobility
and increased burden of age-related chronic diseases, loss of inde-
pendence, nursing home and hospital admissions, and mortality’.
The cellular pathogenesis of age-related physical dysfunction has
not been fully elucidated, and there are currently no root cause-
directed, mechanism-based interventions for improving physical
function in the elderly available for clinical application. Here we
report a potential strategy for addressing this need: reducing senes-
cent cell burden.

N ew approaches to treat age-related diseases (e.g., cardiovas-

Cellular senescence is a cell fate involving extensive changes
in gene expression and proliferative arrest. Senescence can be
induced by such stresses as DNA damage, telomere shortening,
oncogenic mutations, metabolic and mitochondrial dysfunction,
and inflammation®'°. Senescent cell burden increases in multiple
tissues with aging'!, at sites of pathology in multiple chronic dis-
eases, and after radiation or chemotherapy'’. Senescent cells can
secrete a range of proinflammatory cytokines, chemokines, prote-
ases, and other factors; together, these are termed the senescence-
associated secretory phenotype (SASP)'*", which contributes to
local and systemic dysfunction with aging and in a number of dis-
eases”?!. A month or more of continuous treatment with Janus
kinase 1 (JAK1) and JAK2 inhibitors or rapamycin can enhance
physical function in older mice'*””. However, JAK1 and JAK2
inhibitors and rapamycin have an extensive range of effects on cel-
lular function. Among these is reduced production of some SASP
components. We hypothesized, on the basis of these points, that
senescent cells might potentially contribute to age-related physical
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Fig. 1| Transplanting small numbers of senescent cells induces physical dysfunction in younger mice. a, Experimental design for transplantation and
physical function measurements. i.p., intraperitoneal injection. CON, nonsenescent control cells. SEN, senescent cells. b,¢, Representative images of LUC
activity of various organs from LUC™ male mice (n=3) 5 d post-transplantation with senescent (induced by radiation) (b) or control (¢) preadipocytes
from LUC* transgenic mice. Scale bars, 10 mm. r.l.u,, relative luciferase units. d-j, Maximal walking speed (relative to baseline) (d), hanging endurance
(e), grip strength (f), daily activity (g), treadmill endurance (h), food intake (i), and change in body weight (BW) (j) of 6-month-old male C57BL/6 mice
at 1 month after being injected with PBS, 1x10° nonsenescent control (1M CON), 0.2 x10° senescent (0.2 M SEN), 0.5 x10° senescent (0.5 M SEN), or
1x10°% senescent (1M SEN) preadipocytes (n=6 mice for all groups). Results are means +s.e.m. k-m, Quantification of SA-pgal* cells among total cells
(n=6 mice) (k), relative p16"4 mRNA levels (n=7 mice) (), and cells from recipient mice that were TAF* (>2 TAFs/nucleus) and LUC- (n=4 mice) (m)
in 6-month-old male WT (LUC") C57BL/6 mice 2 months after being transplanted with 1x 10° senescent or control LUC* preadipocytes from transgenic
mouse donors. Results are shown as box-and-whisker plots, where a box extends from the 25th to 75th percentile with the median shown as a line in
the middle, and whiskers indicate the smallest and largest values. *P < 0.05; ANOVA with Tukey's post hoc comparison (d-j) and two-tailed, unpaired

Student's t-test (k-m).

dysfunction and, if so, that targeting them therapeutically could
improve life- and healthspan.

Results

Transplanting small numbers of senescent cells is sufficient
to induce physical dysfunction in young mice. To test whether
senescent cells can directly cause physical dysfunction, we first
transplanted senescent or control (nonsenescent) preadipocytes
(also termed adipocyte progenitors or adipose-derived stem cells*)
isolated from luciferase-expressing transgenic (LUC*) mice intra-
peritoneally into syngeneic, young (6-month-old) wild-type (WT)
mice (Fig. 1a). We induced cellular senescence using 10 Gy radia-
tion, which resulted in more than 85% of cells becoming senescent
(Supplementary Fig. 1a,b). We transplanted preadipocytes because:
(i) the SASP of radiation-induced senescent mouse preadipocytes
(Supplementary Fig. 1c,d) resembles that of endogenous senescent
cells with aging (Supplementary Fig. 1e)**** and in idiopathic pulmo-
nary fibrosis™; (ii) preadipocytes are less immunogenic or subject to
rejection than other cell types®; and (iii) these cells are arguably the
most abundant type of progenitors in humans® that are subject to
cellular senescence. We also used doxorubicin to induce senescence
to ascertain whether the physiological impact of transplanted senes-
cent cells is limited to the context of radiation-induced senescence:
senescent cells induced by doxorubicin developed a SASP similar to
that of radiation-induced senescent cells (Supplementary Fig. 1f).

Five days after intraperitoneal transplantation of senescent or
control preadipocytes, the cells were mainly located in visceral fat
(Fig. 1b,c and Supplementary Fig. 2a,b). Both the senescent and
control transplanted cells remained detectable through in vivo bio-
luminescence imaging (BLI) for up to 40 d following transplant
(Supplementary Fig. 2¢c). Of note, we observed that senescent cells
had higher luciferase activity than control cells, even though they
were from the same LUC* transgenic mice (Supplementary Fig. 2d).

To determine whether the transplanted senescent cells induced
physical dysfunction in these mice, as determined by criteria used
in clinical practice’, we measured maximal walking speed (via
RotaRod), muscle strength (via grip strength), physical endurance
(via hanging test and treadmill), daily activity, food intake, and
body weight. Previously healthy young adult mice transplanted
with 10° senescent cells had significantly lower maximal walk-
ing speed, hanging endurance, and grip strength by 1 month after
transplantation compared to mice transplanted with control cells
(Fig. 1d-f and Supplementary Fig. 3a). Transplanting the same num-
ber of control cells had no effect as compared to injecting PBS. Daily
activity, treadmill performance, food intake, and body weight were
not statistically different among groups (Fig. 1g—j). Transplanting
0.5X10° senescent cells was sufficient to cause decreased grip
strength (Fig. 1f) and maximal walking speed (Supplementary
Fig. 3b), whereas transplanting 0.2X10° senescent cells had no
detectible effects. Thus, senescent cells can impair physical function
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in a dose-dependent manner. We estimate that 6-month-old mice
have 7x 10°-8 X 10° cells of all types and that the total cell number
in intraperitoneal adipose tissue, where the transplanted cells were
mainly located (Supplementary Fig. 2b), is ~3.5x10%-6 X 10* cells
(Methods). Thus in young mice, if only 1 cell in the 7,000-15,000
(0.01-0.03%) throughout the body or 1 cell in 350 (0.28%) locally
is a transplanted senescent cell, age-related impairment in physical
function ensues.

Reduced walking speed began as early as 2 weeks following
a single implantation of senescent cells (Supplementary Fig. 3c)
and persisted for up to 6 months (Supplementary Fig. 3d), yet the
transplanted cells survived in vivo for only approximately 40 d,
consistent with the possibility that senescent cells might induce
senescence in normal host cells***”. We therefore tested whether
senescent cells can indeed cause other cells to become senescent in
vivo by transplanting constitutively LUC* senescent cells and deter-
mining whether senescence occurs in the LUC- recipients’ tissue.
Most of the transplanted LUC* senescent cells resided in visceral
fat (Supplementary Fig. 2b). Two months after transplantation, we
found more senescence-associated p-galactosidase (SA-Pgal)* cells
and higher cyclin-dependent kinase inhibitor 2A (Cdkn2a; also
known as p16™#*) expression in visceral adipose tissue from senes-
cent cell- than control cell-transplanted mice (Fig. 1k,]) beyond the
time the transplanted senescent cells were present as reflected by
luciferase signal (Supplementary Fig. 2c). Telomere-associated foci
(TAFs) are sites of DNA damage within telomeres™. TAFs appear
to be a more specific marker of senescence than some others, such
as SA-Pgal. Significantly more TAF* cells were found in visceral
adipose tissue of mice that had been injected with senescent than
control cells (Fig. 1m). These TAF* cells were LUC, indicating that
they were the recipients’ own cells and not transplanted cells. F4/80*
macrophage accumulation was not induced in adipose tissue by
the intraperitoneal senescent cell transplantation (Supplementary
Fig. 3e(f). Consistent with spread of senescence not only locally
but also to distant tissues, expression of the markers and media-
tors of senescence p16™*, tumor necrosis factor alpha (Tnfa), and
interleukin 6 (II6) was higher in the quadriceps muscles, a tissue
where transplanted cells were not detected (Supplementary Fig.
2b), of senescent- than control-transplanted mice (Supplementary
Fig. 4a). Similarly to adipose tissue, F4/80* macrophage accumula-
tion was not induced in muscle by senescent cell transplantation
(Supplementary Fig. 4b). Thus, senescence spreading may explain
how a small number of transplanted SEN cells caused such pro-
found, long-lasting, and deleterious systemic effects.

To further test whether SASP-related factors can contribute
to induction of cellular senescence in vivo, we examined IL-10
knockout mice, which have a genetically induced premature pro-
inflammatory phenotype that resembles the SASP and which also
prematurely develop physical dysfunction reminiscent of human
frailty”. We found that these mice do indeed have more senescent
cells than WT controls, supporting the possibility that the SASP can
induce senescence spreading in vivo (Supplementary Fig. 5a-c).

Aging and high-fat diet exacerbate effects of senescent cell trans-
plantation. Because aging is associated with senescent cell accumu-
lation', we tested whether increased recipient age potentiates the
effects of transplanting senescent cells. We transplanted 0.5x10°
senescent or control preadipocytes into older (17-month-old)
mice, so that 0.007% of all cells in the recipients were transplanted
senescent or control cells, and 1 month later, we measured vari-
ous parameters of physical function (Fig. 2a). We found that mice
transplanted with senescent cells had lower maximal walking speed,
hanging endurance, and grip strength than control mice (Fig. 2b-d).
These findings were consistent across several independent cohorts
of male (Supplementary Fig. 6a—f) and female mice (Supplementary
Fig. 6g-1). Body weight, treadmill performance, daily activity, and
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food intake were not statistically different after transplanting senes-
cent cells into the older mice (Fig. 2e-h). Transplanting 0.5Xx10°
senescent cells led to greater impairment in walking speed and
hanging endurance in 17-month-old mice than 6-month-old mice
(Fig. 2i), whereas other parameters showed no statistically signifi-
cant difference. Notably, in the 17-month-old mice transplanted
with senescent cells, survival for the following year was significantly
lower than that of age-matched control mice, with a 5.2-fold higher
risk of death (mortality hazard ratio, P=0.006) (Fig. 2j). Tumor
burden, disease burden at death, and causes of death were not sig-
nificantly altered by transplantation with senescent cells compared
to control cells (Fig. 2k 1), suggesting that a small number of senes-
cent cells may shorten survival through a general process, such as
hastening the progression of aging, rather than by inducing any
one individual disease or a few individual diseases. Thus, augment-
ing senescent cell burden induces physical dysfunction, more so in
middle-aged than younger individuals, and increases mortality.

To determine whether augmenting senescent cell burden reduces
resilience in the face of high fat intake, which is a metabolic stress
known to promote senescent cell accumulation®”, senescent or con-
trol preadipocytes were transplanted into 8-month-old nonobese
mice, which were then fed a high-fat diet (HFD) for 1 month, fol-
lowed by measurements of physical function (Fig. 3a). The HFD-
fed mice transplanted with 0.4Xx10° senescent cells had lower
maximal walking speed, hanging endurance, grip strength, daily
activity, and food intake compared to HFD-fed mice transplanted
with 0.4 10 control cells (Fig. 3b-f). Body weight and treadmill
performance were not statistically different (Fig. 3g,h). Senescent
cell-transplanted mice on a HFD had more impairment in walking
speed and hanging endurance than age-matched transplanted mice
on a normal chow diet (NCD), whereas other parameters were not
statistically significantly changed (Fig. 3i). Collectively, these data
indicate that transplanting small numbers of senescent cells causes
greater systemic dysfunction in older individuals or in the context
of metabolic stress.

To test whether the physical dysfunction in mice transplanted
with senescent cells was due to transplant rejection, we trans-
planted mice with autologous ear fibroblasts in which senescence
had been induced by 10 Gy radiation'® versus sham-radiated con-
trol cells. Senescent fibroblasts'® have a similar SASP to senescent
preadipocytes (Supplementary Fig. 1c). We transplanted 10° senes-
cent or control cells back into the same mice from which the ear
fibroblasts had been isolated, and these mice were put on a HFD
for 1 month (Fig. 3j). Transplanting autologous senescent ear fibro-
blasts intraperitoneally, compared to control cells, led to impaired
maximal walking speed, hanging endurance, and grip strength
(Fig. 3k-q), as had occurred after transplanting nonautologous
senescent preadipocytes. Moreover, we transplanted radiation-
induced senescent primary human preadipocytes (characterized
in ref.'*) versus sham-radiated control cells into severe combined
immunodeficiency-beige (SCID-beige) mice with impaired T cell,
B cell, and natural killer cell function®. Similarly to the effect of
mouse senescent cells on immunocompetent mice, we found that
physical function was impaired in the immune-deficient mice trans-
planted with the human senescent cells compared to those treated
with control cells or with PBS (Supplementary Fig. 7). Combined
with our finding that senescent and control cells persisted for the
same amount of time after transplantation (Supplementary Fig. 2c),
these data support the possibility that physical dysfunction did not
arise principally as a consequence of transplant immune rejection
or in response to a particular type of senescent cell.

Dasatinib plus quercetin reduces senescent cell burden and
decreases proinflammatory cytokine secretion in human adipose
tissue. In light of our finding that senescent cells cause physical dys-
function and shorten survival, senolytic agents, which can selectively
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Fig. 2 | Aging exacerbates the effects of senescent cell transplantation. a, Experimental design for transplantation and physical function measurements.
b-h, Quantification of maximal walking speed (relative to baseline) (b), hanging endurance (¢), grip strength (d), body weight change from baseline

(e), treadmill endurance (), daily activity (g), and food intake (h) of 17-month-old male C57BL/6 mice at 1 month after being injected with 0.5x10°®
senescent or control preadipocytes (n=8 mice for both groups). i, Percent changes in RotaRod (left; in 6-month-old mice, n=21for both SEN and CON; in
17-month-old mice, n=22 for SEN and n=20 for CON) and hanging test (right; in 6-month-old mice, n==6 for both SEN and CON; in 17-month-old mice,
n=28 for both SEN and CON) scores for mice transplanted with 0.5 x 10° senescent cells relative to the average of mice transplanted with 0.5x10° control
cells at both ages. Results are shown as box-and-whisker plots, where a box extends from the 25th to 75th percentile with the median shown as a line in
the middle, and whiskers indicate the smallest and largest values. j, One-year-survival curves of 17-month-old nontransplanted mice (n=33 mice, N/A)
and mice transplanted with 0.5 x10° senescent (n=23 SEN mice) or control (n=24 CON mice) preadipocytes. k, Quantification of tumor burden (left),
disease burden (middle), and inflammation at death (right) (shown as means +s.e.m.) after transplanting senescent or control cells (n=10 SEN mice,
n=7 CON mice). |, Causes of death in transplanted mice (n=10 SEN mice, n=7 CON mice). *P < 0.05; two-tailed unpaired Student's t-test (b-i,k), Cox
proportional hazard regression model (j) and chi-square and Fisher's exact tests (I).

eliminate senescent cells, might be an approach for enhancing with D+ Q (1uM+20uM) or vehicle for 48 h (Fig. 4a). The explants
healthspan in old individuals. Senolytic drugs have been reported to  treated with D + Q had significantly less TAF*, p16™<4Ahi and SA-B
alleviate a variety of age-related disorders (reviewed in ref.**). These  gal* cells (Fig. 4b-d) and also more cells undergoing apoptosis
agents were originally selected on the basis of their ability to tran-  (Fig. 4e and Supplementary Fig. 8b) compared to vehicle-treated
siently disable the senescence-associated antiapoptotic pathways explants from the same subjects. Forty-eight hours of treatment
(SCAPs) that protect senescent cells from their proapoptotic micro-  with vehicle did not affect total and senescent cell numbers in these
environment®. However, the efficacy of senolytics in human tissues  adipose tissue explants (Supplementary Fig. 8c). Notably, expres-
remains unclear. To begin the process of gauging the translational  sion levels of the three senescence markers TAF, p16™¥4, and SA-p
potential of this approach, we determined whether the combination  gal correlated with each other (Supplementary Fig. 8d).

of dasatinib plus quercetin (D + Q), the first senolytics reported®, is We next examined whether D+ Q had acute effects on macro-
effective in a human tissue. We did so using freshly isolated human  phagesin these explants. We costained for p16™*** and F4/80 (EMR1
omental adipose tissue obtained from obese individuals (body in humans). Only the p16™¥**+;F4/80(EMR1)" cell population was
mass index (BMI), 45.5+9.1kg/m? age, 45.7 +8.3 years), as obe- lower in the explants treated with D+ Q than in those treated
sity is associated with senescent cell accumulation®””?. The surgi- with vehicle, whereas the numbers of pl6™<*+F4/80(EMRI)*
cally excised explants, which indeed contained naturally occurring or pl6™¥*4-F4/80(EMR1)* cells were not significantly affected
senescent cells (Supplementary Fig. 8a), were immediately treated  (Supplementary Fig. 9a). In addition, expression of CD68, another
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Fig. 3 | Senescent cells reduce resilience to metabolic stress in mice. a, Experimental design for transplantation and physical function measurements.
b-h, Quantification of maximal walking speed (relative to baseline) (b), hanging endurance (c), grip strength (d), daily activity (e), food intake (f), body
weight change from baseline (g), and treadmill endurance (h) of 8-month-old male C57BL/6 mice fed a HFD for 1T month that were injected with 0.4 x10°
senescent or control preadipocytes (n=6 mice for both groups). i, Percent changes in RotaRod (left; on NCD, n=21mice for both SEN and CON; on

HFD, n=12 mice for both SEN and CON) and hanging test (right; on NCD, n=6 for both SEN and CON; on HFD, n=6 for both SEN and CON) scores in
HFD- and NCD-fed mice transplanted with 0.4 x10°-0.5 x 10° senescent cells relative to the average of mice transplanted with 0.4 x10°-0.5x10° control
cells. j, Experimental design for transplantation and physical function measurements. k-q, Quantification of maximal walking speed (relative to baseline)
(k), hanging endurance (I), grip strength (m), body weight change from baseline (n), treadmill endurance (o), daily activity (p), and food intake (q) of
8-month-old male C57BL/6 mice injected with 1x10° senescent or control autologous ear fibroblasts (n=10 for both groups) at 1 month on a HFD. All
results are shown as box-and-whisker plots, where a box extends from the 25th to 75th percentile with the median shown as a line in the middle, and
whiskers indicate the smallest and largest values. *P < 0.05; two-tailed unpaired Student's t-tests (b-i,k-q).

macrophage marker was not altered acutely by D+ Q in the adipose =~ CEBPa, two key transcription factors that are required for adipose
tissue explants (Supplementary Fig. 9b). These data suggest that tissue function through regulating adipogenesis and adipose tissue
D+ Q treatment has little direct effect on macrophages, including insulin responsiveness'>"” (Fig. 4g). This parallels the induction of
p16™¥4A+ macrophages. these key adipogenic factors that we previously reported after tar-
Senescent preadipocytes produce a variety of proinflamma- geting cellular senescence either by clearing senescent cells geneti-
tory cytokines'* and can also induce cytokine production by adi- cally from transgenic INK-ATTAC mice or inhibiting the SASP*.
pose tissue in vitro (Supplementary Fig. 10), potentially leading to D+ Q reduced cytokine production more extensively in the human
amplification of adipose tissue inflammation. To test whether D+ Q  adipose tissue explants than either D or Q alone (Supplementary
decreases cytokine secretion by adipose tissue from obese individ-  Fig. 11b), consistent with the finding that D+ Q target a broader
uals, we treated explants with D+ Q or vehicle for 48h and then range of senescent cells than D or Q alone®. Of note, increases in
washed the explants. Conditioned medium (CM) was collected in  IL-6 (ref.**°), MCP-1 (ref.***'), and p16™¥** (ref.*>**) are associated
the absence of drugs over the next 24h. We measured secreted pro- ~ with frailty in humans. Thus, it appears that D+Q can kill natu-
tein levels in CM after D+ Q treatment and found less secretion rally occurring human senescent cells and can attenuate secretion of
of the key SASP components'* IL-6, IL-8, monocyte chemotactic  inflammatory cytokines associated with human age-related frailty.
protein 1 (MCP-1), plasminogen activator inhibitor 1 (PAI-1), and
granulocyte macrophage colony-stimulating factor (GM-CSF) in  Eliminating senescent cells both prevents and alleviates physi-
CM from the D+Q group than from the vehicle group, whereas cal dysfunction induced by senescent cell transplantation. We
two non-SASP-related factors, IL-10 and interferon (IFN)-y (ref.'*),  tested whether D+ Q kills transplanted senescent cells in vivo by
were not statistically significantly altered (Fig. 4f and Supplementary  injecting LUC* senescent or control preadipocytes intraperito-
Fig. 11a). Furthermore, secretion of two adipokines, adiponectin  neally into non-luciferase-expressing WT mice. The mice were
and adipsin (markers of adipose tissue function™), were not lowerin  treated immediately after transplantation with D+ Q or vehicle for
the D+ Q group, excluding a nonspecific effect of D+ Q on protein 3 d (Fig. 5a). Luminescence was significantly lower in senescent
secretion or overall cell viability (Fig. 4f). D+ Q increased expres-  cell-transplanted mice treated with D+ Q than in vehicle-treated
sion of peroxisome proliferator-activated receptor y (PPARy) and  mice, and no difference was observed following treatment of mice
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Fig. 4 | D + Q reduces senescent cell abundance and decreases proinflammatory cytokine secretion in human adipose tissue. a, Experimental design
for the human adipose tissue explant experiment. b, Right, Micrographs of adipose tissue explants in D + Q (DQ)- and vehicle-treated samples. Gamma-
H2A.X (the phosphorylated form of H2A histone family member X) foci, which indicate DNA damage, are stained green. Telomeres are stained red. Blue
arrows indicate TAFs, which are shown in the 10x high-magnification images (Mag.). The white dashed line outlines the cell nucleus. Scale bars, 5um.
Right, Quantification of TAF* cells among total cells (explant tissue from n=>5 subjects). ¢, Left, Micrographs of adipose tissue explants in D + Q- and
vehicle-treated samples. Red arrows, p16'N<*Ai cells; green arrows, p16/N<*A+ cells (expressing any detectable level of p16'N<*A): black arrows, p16™<*A- cells.
Right, Quantification of p16!N<A+ and p16/Nk4A-hi cells among total cells and cell number per field (explant tissue from n=6 subjects). Scale bar, 100 um.

d, Left, Micrographs of adipose tissue explants in D + Q- and vehicle-treated samples. Red arrows, SA-pgal* cells. Scale bar, 100 um. Right, Quantification
of SA-Bgal* cells among total cells (explant tissue from n=6 subjects). e, Left, Micrographs of adipose tissue explants in D + Q- and vehicle-treated
samples. Red arrows, cleaved caspase-3* cells. Scale bar, 100 um. Right, Quantification of cleaved caspase-3* cells among total cells and cell number per
field (explant tissue from n=5 subjects). f, Secreted cytokine and adipokine levels in CM (explant tissue from n=8 subjects). Results are means +s.e.m.
Significant comparisons are shown in red. g, The relative mMRNA abundance of genes encoding key SASP components and markers for adipose tissue
function (explant tissue from n=7 subjects). All results are shown as box-and-whisker plots, where a box extends from the 25th to 75th percentile with
the median shown as a line in the middle, and whiskers indicate the smallest and largest values. *P < 0.05; two-tailed Student'’s t-tests (b-g).

transplanted with LUC* control cells (Fig. 5b,c), confirming D +Q
are senolytic in vivo. These findings further support the conclusion
that D+ Q can selectively kill senescent cells.

We ascertained whether clearing transplanted senescent cells
using D + Q prevents development of physical dysfunction. Treating
young mice with D+Q at the time of senescent cell transplanta-
tion for 3 d attenuated the deteriorations in walking speed, hang-
ing endurance, and grip strength that occurred 1 month later in
vehicle-treated senescent cell-transplanted mice, consistent with
the possibility that D+ Q treatment is sufficient to prevent the
physical dysfunction caused by senescent cells (Fig. 5d-f). D+Q

also alleviated the physical dysfunction that occurred in mice at
5 weeks following senescent cell transplantation (Fig. 5g). In the
senescent cell-transplanted mice, a single 5-d course of D 4+ Q treat-
ment improved physical function compared to vehicle (Fig. 5h-j).
This improvement was evident at 2 weeks after D + Q treatment and
lasted for several months (Supplementary Fig. 12a). At these two
time points of D+ Q administration (immediately versus 5 weeks
after transplantation), the beneficial effects of D+Q were com-
parable. Therefore, we speculate that the time of administration
of senolytics may be flexible, potentially increasing their clinical
utility. Because D+ Q have elimination half-lives of <12 h***, this
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d-f, Quantification of maximal walking speed (relative to baseline) (d), hanging endurance (e), and grip strength (f) of 5-month-old male C57BL/6 mice

1 month after the last drug treatment (n="7 for SEN-V, CON-V, and SEN-DQ; n=6 for CON-DQ). g, Experimental design for transplantation and physical
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plots, where a box extends from the 25th to 75th percentile with the median shown as a line in the middle, and whiskers indicate smallest and largest

values. *P < 0.05; two-tailed Student's t-tests (b-f h-j).

sustained improvement in physical function following a single
course of D + Q treatment does not involve mechanisms that require
continuous presence of the drugs, such as occupancy of a receptor
or sustained effects on an enzyme. These findings suggest that the
senolytic activity of D+ Q is sufficient to attenuate senescent cell-
induced physical dysfunction.

Clearance of senescent cells alleviates physical dysfunction and
increases late-life survival without extending morbidity in aged
mice. D+ Q have been shown to decrease senescent cells in a vari-
ety of tissues in different situations, including aging®*>**~*. To test
the role of senescent cells in physical dysfunction in aged mice,
we treated 20-month-old nontransplanted, WT mice with D+Q
or vehicle intermittently for 4 months (Fig. 6a). D+Q alleviated
physical dysfunction—maximal walking speed, hanging endurance,
grip strength, treadmill endurance, and daily activity were higher
in mice treated with D+ Q than in those treated with vehicle (Fig.
6b-g). Food intake also tended to be higher in D 4+ Q-treated mice
(P=0.074; Fig. 6h). Moreover, the expression of several key SASP
components was lower in the visceral adipose tissue from aged mice
treated with D+ Q than in vehicle-treated mice (Fig. 6i), concor-
dant with lower secretion of SASP factors by human adipose tissue
treated with D+ Q (Fig. 4g).

To further test the possibility that there could be a causal role for
senescent cells in inducing physical dysfunction, we used the trans-
genic INK-ATTAC mouse model, in which endogenous p16™<A+
cells, many of which are senescent, can be genetically cleared by
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activating the caspase-8 moiety of ATTAC, which is expressed only
in p16™%A+ cells* (Methods). Consistent with our findings in mice
treated with D + Q, reducing the burden of p16™<*** cells in 26- to
28-month-old INK-ATTAC*- mice also alleviated physical dysfunc-
tion (Supplementary Fig. 12b-f).

Testosterone has been reported to alleviate physical dysfunc-
tion with aging™. To test whether testosterone levels are affected by
D +Q, we measured circulating testosterone levels in two cohorts
and found no statistically significant differences between the vehicle
and D + Q groups (Supplementary Fig. 13). This appears to rule out
the potential explanation that improvement of physical function is
due to increased testosterone induced by senolytics.

Next, we tested whether eliminating senescent cells using a poten-
tially translatable approach, intermittent treatment with senolytics
beginning at very old age, extends remaining lifespan in WT mice
(Fig. 6j). Remarkably, mice treated with biweekly administration of
D + Q starting at 24-27 months of age (equivalent to a human age of
75-90 years) had a 36% higher median post-treatment lifespan and
a lower mortality hazard, 64.9% (P=0.01), than the vehicle group
(Fig. 6k,] and Supplementary Fig. 14a,b), indicating that senolytics
can reduce risk of death in old mice.

To test whether this reduced mortality in old mice comes at the
cost of an increased period of late-life morbidity, we assessed physi-
cal function in mice treated with D+Q or vehicle monthly until
death. Despite the longer remaining lifespan in the D+ Q-treated
mice, physical function in the last 2 months of life was not lower
than that of vehicle-treated mice in males and females (Fig. 6m and
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mice treated with D + Q once every 2 weeks (biweekly) for 4 months. b-h, Quantification of maximal walking speed (relative to baseline) (b), hanging
endurance (c), grip strength (d), body weight change from baseline (e), treadmill endurance (f), daily activity (g), and food intake (h) of 20-month-old
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in both groups for both sexes. For male mice, n=12 for D+ Q and n=12 for V. For female mice, n=13 for D+ Q and n=13 for V. n, Disease burden and
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Supplementary Fig. 14c,d). At autopsy, the prevalence of several
age-related diseases, tumor burden, and cause of death were not sta-
tistically different between D + Q- and vehicle-treated mice in males
and females (Fig. 6n and Supplementary Fig. 15). Thus, orally active
senolytic drugs, which reduce the burden of senescent and possibly
other cells that have exaggerated inflammatory cytokine produc-
tion coupled with dependence on prosurvival SCAP pathways, can
increase post-treatment lifespan without causing prolonged mor-
bidity in mice, even when administered late in life.

Discussion

Our study shows that health- and lifespan are curtailed by increased
senescent cell abundance and, conversely, are enhanced by reduc-
ing proinflammatory, SCAP-dependent senescent cell burden in
mice, even late in life. Collectively, evidence for a causal role of
such senescent cells in physical dysfunction satisfies a modified
set of Koch’s postulates®: (i) senescent cell burden' and physical
dysfunction® are associated with each other and with aging; (ii)
transplanting small numbers of senescent cells into young mice that

have few endogenous senescent cells is sufficient to cause physical
dysfunction that lasts for months; (iii) senolytics prevent and alle-
viate this senescent cell transplantation-induced physical dysfunc-
tion in young mice; (iv) clearing senescent cells alleviates physical
dysfunction and increases remaining lifespan in old mice; and (v)
locally inducing senescence in the lung impaired physical func-
tion, and clearing senescent cells improved physical function in a
bleomycin-induced pulmonary fibrosis mouse model*. Notably, we
determined that the total cell number in recipient adipose tissue is
approximately 350 million. Several studies have shown that the per-
centage of senescent cells in adipose tissue from aged animals can
be up to 2-10% (refs '*'>*°), indicating that there might be at least
7 million endogenous senescent cells in adipose tissue of aged
mice. Although other mechanisms might contribute, one reason
why such a small number (0.5-1 million) of transplanted senescent
cells could cause systemic dysfunction is spread of senescence and
inflammation locally and to distant tissues.

We used preadipocytes for transplantation, as these cells appear
to be less susceptible to immune rejection than other cell types®, a
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reason for their increasing clinical use in cell transplantation stud-
ies. To further test whether there is a role of immune rejection in
the physical dysfunction caused by senescent cell transplantation,
we performed autologous transplantation, and we also transplanted
human senescent cells into immunodeficient (SCID-beige) mice.
Senescent cells induced essentially identical physical dysfunction in
both of these settings in which immune rejection is greatly reduced.
These points, together with our finding that transplanted senescent
and control cells disappear at the same rate following transplan-
tation, plus the long-lasting phenotypes caused by transplanting
senescent cells, indicate that immune-rejection or transient ‘sick-
ness caused by transplantation might not be a primary cause for the
physical dysfunction we found. The SCID-beige mouse senescent
cell-transplantation model could pave the way for testing the effects
of other senescent cell types that are more immunogenic than pre-
adipocytes or autologous cells in future studies.

We originally discovered that D+Q are senolytic agents by
using a hypothesis-driven bioinformatics approach. This approach
was based on the hypotheses that senescent cells depend on pro-
survival pathways to defend themselves against their proapoptotic
microenvironment and that disabling these pathways would there-
fore selectively kill senescent cells. That D + Q can specifically kill
senescent cells in human adipose tissue is supported by the follow-
ing evidence: (i) D+ Q induce apoptosis only in senescent human
cells, rather than in control cells in vitro™; (ii) D +Q significantly
decreased senescent cells as determined in three different assess-
ments, whereas D+ Q did not reduce the overall number of cells
in adipose tissue; and (iii) secretion of two major adipokines was
not reduced by D+ Q, effectively ruling out nonspecific effects on
secretion or cell viability. We believe that these data indicate that
occurrence of nonspecific cellular toxicity occurs as a result of
D + Q is unlikely. Of note, we showed the effectiveness of senolytics
in targeting naturally occurring senescent cells in human adipose
tissue explants collected from obese subjects. Although similar to
aging, obesity is highly associated with increased senescent cell
burden”*. In future studies, the efficacy of senolytics in tissues
from older humans needs to be compared to that in explants from
obese subjects.

We found that D+Q has little direct effect on macrophages.
However, it is unlikely that the substantial reduction of proinflam-
matory cytokine secretion following D 4+ Q was due to elimination
of senescent cells alone. Interestingly, we found that senescent cells
can induce adipose tissue cytokine production, potentially amplify-
ing inflammation. By clearing senescent cells, this possible amplifi-
cation of inflammation could be attenuated in adipose tissue, which
includes macrophages. On the basis of these findings, we speculate
that by decreasing senescent cell abundance, reduced inflammatory
activity in adipose tissue could ensue and contribute to the reduc-
tion of inflammation after D+ Q exposure, as well as to decreased
spread of senescence.

Reducing pl6™K4Ahi cells, some of which are senescent, in
INK-ATTAC transgenic mice starting from midadulthood (age 12
months) reportedly extends median lifespan®. In our study, admin-
istration of D+ Q or AP20187 under the same conditions to WT
and INK-ATTAC mice began at age 24-27 months. Unlike D+Q,
AP20187 did not enhance late-life survival. One reason could be
that senolytics act by disabling the SCAP, a mechanism of action
that is distinct from that in INK-ATTAC mice, in which p16™<Ahi
cells are targeted. We chose old age (24-27 months) rather than
middle age (12 months) to start treatment for several reasons. First,
12-month-old mice are roughly equivalent to 40-year-old humans,
and 24-month-old mice are equivalent to 75-year-old humans. We
felt that beginning at 24 months of age is potentially a more trans-
latable scenario. Second, AP20187 targets pl6™ A+ cells, some of
which are senescent, but others of which are not™* (e.g., pancre-
atic p-cells, macrophages, etc.). Considering that 12-month-old
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mice have very few detectible senescent cells in adipose tissue,
whereas these cells are abundant in 24-month-old mice”, beginning
AP20187 administration at 12 months of age could have targeted
a higher proportion of p16™ A+ cells that are not senescent than
initiating treatment at 24 months of age, when senescent cells are
readily detectible in multiple tissues. Third, treating INK-ATTAC
mice from 12-month-old mice led to an increase in median rather
than maximum survival. This is consistent with our finding that
AP20187 did not detectibly increase late-life survival. On the other
hand, we show here that by initiating senolytics in later life, late-life
survival is actually increased.

Age-related diseases were delayed as a group in old male and
female mice treated with D+ Q compared to vehicle-treated con-
trols. There was no one disease that was delayed or prevented that
alone accounted for this increase in survival. In further support
of the hypothesis that senescent cells participate in predisposition
to age-related dysfunction, we found that the converse is also the
case. Age-related diseases occurred earlier as a group in senescent
cell-transplanted mice, coupled with shorter survival, than in con-
trol mice not transplanted with senescent cells. No one disease
accounted for this decreased survival. These findings are consistent
with the geroscience hypothesis: by targeting a fundamental aging
process, such as cellular senescence, age-related disorders will be
delayed as a group, with no one condition predominating.

Quercetin has been found to alleviate a variety of disorders
through diverse mechanisms of action®, almost all of which have
been studied with uninterrupted dosing, resulting in quercetin
being continuously present. This is consistent with the presump-
tion that quercetin acts on specific enzymes or pathways to achieve
these effects. However, in our study, we administered D 4+ Q inter-
mittently. Dasatinib and quercetin both have short elimination
half-lives***, supporting the possibility that their beneficial effects
on late-life function and survival were at least partially due to a
mechanism that persists long after the drugs are no longer pres-
ent, such as senescent cell elimination. Dasatinib can have side
effects, occasionally including serious ones such as pulmonary
edema, which can occur after 8-48 months of daily administra-
tion>’. Although recognized side effects of drugs in mice often dif-
fer substantially from those in humans, in our study, mice given
D + Q intermittently lived longer and had improved physical func-
tion compared to vehicle-treated mice. When they eventually died,
the pathologies of D+ Q-treated mice determined at autopsy and
through histological analysis did not differ substantially from those
of vehicle-treated mice. Possibly, intermittent treatment with seno-
lytics may serve to reduce potential side effects™, an important con-
sideration in the frail elderly, a population vulnerable to adverse
drug reactions. We emphasize that preclinical studies to search for
potential toxicities and optimized regimens are required before
contemplating trials in relatively healthy humans. A search for pos-
sible side effects of senolytics as a class and of individual senolytics
is especially important.

Our study provides proof-of-concept evidence indicating that
targeting senescent cells can improve both health- and lifespan in
mice. Because of the role of senescent cells in inducing physical
dysfunction in mice demonstrated here (with some similarity to
human frailty***°), senolytics might prove to be effective in alle-
viating physical dysfunction and resulting loss of independence in
older human subjects, depending on whether these agents turn out
to be safe and effective in clinical trials. Depending on the outcomes
of such ongoing (ClinicalTrials.gov identifier: NCT02848131) and
future preclinical and clinical studies, intermittent administration
of senolytics, including newer agents such as optimized derivatives
of D+Q, could possibly be useful in enhancing healthspan and
remaining survival not only in older subjects, but also in other indi-
viduals, such as cancer survivors treated with senescence-inducing
radiation or chemotherapy®’.
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Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41591-018-0092-9.
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Methods

Mouse models and drug treatments. All animal experiments were performed
according to protocols approved by the Institutional Animal Care and Use
Committee (IACUC) at Mayo Clinic. Wild-type C57BL/6 mice were obtained
from the National Institute on Aging (NIA) and maintained in a pathogen-free
facility at 23-24°C under a 12-h light, 12-h dark regimen with free access to

a NCD (standard mouse diet with 20% protein, 5% fat (13.2% fat by calories),

and 6% fiber; Lab Diet 5053, St. Louis, MO) and water. Quarterly testing was
negative for the following pathogens: Clostridium piliforme, Mycoplasma pulmonis,
cilia-associated respiratory (CAR) bacillus, ectromelia, rotavirus (EDIM),
Hantaan virus, K virus, lymphocytic choriomeningitis virus (LCMV), lactate
dehydrogenase-elevating virus (LDEV), mouse adenovirus 1 and 2, mouse
cytomegalovirus (MCMV), mouse hepatitis virus (MHV), minute virus of mice
(MVM), mouse parvovirus (MPV), mouse thymic virus (MTV), polyomavirus,
pneumonia virus of mice (PVM), REO-3 virus, Sendai virus, Myocoptes, Theiler’s
murine encephalomyelitis virus (TMEV), Encephalitozoon cuniculi, Aspiculuris
tetraptera, Radfordia/ Myobia, and Syphacia obvelata. All mice were fed normal
chow unless otherwise indicated. For high-fat feeding, a 60% (by calories) fat

diet (D12492, irradiated; Research Diets, New Brunswick, NJ) was used. All

mice were housed in static autoclaved HEPA-ventilated microisolator cages

(27 % 16.5% 15.5 cm) with autoclaved Enrich-0'Cobs (The Andersons Incorporated)
for bedding. Cages and bedding were changed biweekly. Cages were opened only in
class II biosafety cabinets.

Luciferase transgenic C57BL/6 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME; stock no. 025854) that express firefly luciferase
driven by the constitutively active CAG promoter in most tissues. SCID
beige mice (C.B.-17/IcrHsd-Prkdc“Lyst*s”) were purchased from ENVIGO
(Huntingdon, Cambridgeshire, United Kingdom). T.T., J.L.K., J. van Deursen
(Mayo), and D. Baker (Mayo) devised the strategy for and developed
INK-ATTAC mice®. In INK-ATTAC mice, the expression of ATTAC, a previously
reported construct™, is driven by a senescence-activated p16™“ promoter
sequence. AP20187, a drug that does not appear to affect cells lacking the
ATTAC fusion protein, cross-links the mutated FKBP components of ATTAC,
allowing the caspase-8 components to be activated through dimerization,
leading to apoptosis of cells with high p16™*4* expression, which includes
many senescent cells. These INK-ATTAC mice were then bred onto a C57BL/6
background (in the Van Deursen laboratory), genotyped (in the Kirkland
laboratory), and aged to 24-27 months (in the Kirkland laboratory). For the
lifespan study, AP20187 (B/B homodimerizer, 10 mg per kg body weight
(mg/kg)) was injected intraperitoneally into INK-ATTAC*- or WT mice daily
for 3 consecutive days during each treatment course. We repeated these 3-d
treatment courses every 2 weeks. INK-ATTAC*~ and WT mice (24-27 months
old) were age-matched littermates. AP20187 was purchased from Clontech
(Mountain View, CA). For all D + Q treatments, dasatinib (5 mg/kg) and
quercetin (50 mg/kg) were administrated via oral gavage in 100-150 uL 10%
PEG400. For treating 20-month-old mice, D 4+ Q treatment was delivered
either once monthly or every 2 weeks, with essentially identical effects. For the
lifespan study, 24- to 27-month-old mice were treated with D 4+ Q or vehicle for
3 consecutive days every 2 weeks. Dasatinib was purchased from LC Laboratories
(Woburn, MA). Quercetin and doxorubicin were purchased from Sigma-Aldrich
(St Louis, MO). All other reagents were purchased from Thermo Fisher Scientific
(Waltham, MA) unless indicated otherwise.

Lifespan studies. For cell transplantation studies, 16-month-old male C57BL/6
mice were obtained from the National Institute on Aging (NIA). There were

4 or 5 mice housed per cage. We first sorted mice by body weight from low to high.
We then selected pairs of mice with similar body weights. Next, either senescent-
or control-transplant treatments were assigned to every other mouse using a
random number generator, with the intervening mice being assigned to the

other treatment, so that pairs of senescent- and control-transplanted mice were
matched by weight. After 1 month of acclimation to the animal facility at Mayo
Clinic, mice aged 17 months were transplanted with cells. Physical function tests
were performed 1 month after transplantation, when mice were aged 18 months.
After that, no further tests were performed on these mice except for checking

their cages. The earliest death occurred approximately 2 months after the last
physical function test. For D +Q studies, 19- to 21-month-old C57BL/6 mice

were obtained from the NIA. There were 3—-5 mice housed per cage. As with the
transplanted mice, mice were sorted on the basis of body weight and randomly
assigned to D+ Q or vehicle treatment by a person unaware of the study design.
Starting at age 24-27 months, mice were treated every 2 weeks with D+ Q or
vehicle by oral gavage for 3 consecutive days. Some of the mice were moved from
their original cages during the course of the study to minimize single cage-housing
stress. RotaRod and hanging tests were conducted monthly because these tests

are sensitive and noninvasive. We euthanized mice and scored them as having
died if they exhibited more than one of the following signs™: (i) unable to drink

or eat; (ii) reluctant to move even with stimulus; (iii) rapid weight loss; (iv) severe
balance disorder; or (v) bleeding or ulcerated tumor. No mouse was lost because of
fighting, accidental death, or dermatitis. The Cox proportional hazard model was
used for survival analyses.

Postmortem pathological examination. Cages were checked every day, and
dead mice were removed from cages. Within 24 h, the dead bodies were opened
(abdominal cavity, thoracic cavity, and skull) and preserved in 10% formalin
individually for at least 7 d. Decomposed or disrupted bodies were excluded.

The preserved bodies were shipped to Y.I. for pathological examination. The
pathological assessment has been described previously®. Briefly, tumor burden
(the sum of different types of tumors in each mouse), disease burden (the sum of
different histopathological changes of major organs in each mouse), severity of
each lesion, and inflammation (lymphocytic infiltrate) were assessed.

Cell culture. Mouse preadipocytes (also termed adipose-derived stem cells or
adipocyte progenitors) were isolated as described previously*'. Briefly, after
euthanasia, inguinal fat depots were removed under sterile conditions from mice.
Adipose tissue was cut into small pieces, digested in collagenase (1 mg/ml)

for 60 min at 37 °C, and then filtered through a 100-pm nylon mesh. After
centrifugation at 1,000 r.p.m. for 10 min, cell pellets were washed with PBS once
and plated in a-MEM containing 10% FBS and antibiotics. After 12h, adherent
preadipocytes were washed, trypsinized, and replated in order to reduce potential
endothelial cell and macrophage contamination. Ear fibroblasts were isolated as
described previously”.

Whole-mouse DNA determination. All major organs, except intestine (to exclude
microbiota), and the whole skeleton from 5-month-old mice were lysed in lysis
buffer (100 mM Tris-HCI, pH 8.8; 5mM EDTA, pH 8.0; 0.2% SDS; 200 mM NaCl;
100 ug/mL proteinase K) via rotation (10 r.p.m.) at 60 °C for 1 week. Most tissues,
except for some bone, were digested. Total DNA per mouse was ~45.5+3.6 mg
(mean +s.d.; n=3). The molecular weight of the whole mouse genome is

1.8 10" Da, which is equivalent to: (1.8 X 10'?) X (1.67x10) =3x 102 g.
Therefore, each diploid mouse cell has at least 6 X 102 g DNA, and a 5-month-
old mouse has at least 7 x 10°-8 x 10° diploid cells. Using the same method, we
estimate that intraperitoneal adipose tissue from a mouse contains ~3.5x 10°

-6 % 10° diploid cells. Using average body weight, we estimate that there is total of
~7.5%10°-8.7x 10° diploid cells throughout the body of a 17-month-old mouse.

Cell transplantation. To induce senescence in cells to be transplanted, we used
radiation or doxorubicin as opposed to serial passaging because: (i) the radiation
and chemotherapy frequently used for treating cancers can be associated with
frailty”’; (ii) serially passaging mouse primary cells can induce spontaneous
immortalization of mouse cells, effectively ruling out their use for transplantation®;
and (iii) the SASP of radiation-induced senescent preadipocytes resembles that

of serially passaged senescent preadipocytes'*. Senescence was induced by 10 Gy

of cesium radiation or 0.2 mM doxorubicin for 24 h as described previously'*"”.

We mainly used radiation-induced senescent cells in our studies unless

indicated otherwise. We considered these cells to be senescent at 20 d after these
treatments'’. More than 85% of cells were senescent as determined on the basis of
two assays. Senescent or control cells were collected by trypsinization. Cell pellets
were washed with PBS once and resuspended in PBS for transplantation. Mice were
anesthetized using isofluorane and cells were injected intraperitoneally in 150 ul
PBS through a 22-G needle. We observed that injection using 22-G needles did not
interfere with the viability of senescent or control cells.

Bioluminescence imaging. Mice were injected intraperitoneally with 3 mg
p-luciferin (Gold Biotechnology, St. Louis, MO) in 200 ul PBS. Mice were
anesthetized using isofluorane, and bioluminescence images were acquired using a
Xenogen Ivis 200 System (Caliper Life Sciences, Hopkinton, MA) according to the
manufacturer’s instructions.

Physical function measurements. All measurements were performed at least

5 d after the last dose of D+ Q treatment. Maximal walking speed was assessed
using an accelerating RotaRod system (TSE system, Chesterfield, MO). Mice were
trained on the RotaRod for 3 d at speeds of 4, 6, and 8 r.p.m. for 200 on days 1,
2, and 3. On the test day, mice were placed onto the RotaRod, which was started
at 4 r.p.m. The rotating speed was accelerated from 4 to 40 r.p.m. over a 5-min
interval. The speed was recorded when the mouse dropped off the RotaRod.
Results were averaged from 3 or 4 trials and normalized to the baseline speed.
Training was not repeated for mice that had been trained within the preceding

2 months. Forelimb grip strength (N) was determined using a Grip Strength
Meter (Columbus Instruments, Columbus, OH). Results were averaged over

ten trials. For the hanging test, mice were placed onto a 2-mm-thick metal wire
that was 35 cm above a padded surface. Mice were allowed to grab the wire with
their forelimbs only. Hanging time was normalized to body weight as hanging
duration (sec) X body weight (g). Results were averaged from 2 or 3 trials for
each mouse. A Comprehensive Laboratory Animal Monitoring System (CLAMS)
was used to monitor daily activity and food intake over a 24-h period (12-h

light and 12-h dark). The CLAMS system was equipped with an Oxymax Open
Circuit Calorimeter System (Columbus Instruments). For treadmill performance,
mice were acclimated to a motorized treadmill at an incline of 5° (Columbus
Instruments) over 3 d for 5min each day, starting at a speed of 5m/min for 2min
and progressing to 7m/min for 2 min and then 9 m/min for 1 min. On the test
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day, mice ran on the treadmill at an initial speed of 5m/min for 2min, and then
the speed was increased by 2 m/min every 2 min until the mice were exhausted.
Exhaustion was defined as the inability to return onto the treadmill despite a
mild electrical shock stimulus and mechanical prodding. Distance was recorded
and total work (kJ) was calculated using the following formula: mass (kg) X g
(9.8 m/s?) x distance (m) X sin(5°).

Real-time PCR. TRIzol was used to extract RNA from tissues. RNA was reverse-
transcribed to cDNA using a M-MLV Reverse Transcriptase kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. TagMan fast advanced master
mix (Thermo Fisher Scientific) was used for real-time PCR. TATA-binding protein
(TBP) was used as an internal control. Probes and primers (TBP, Mm01277042_
ml; IL-6, Mm00446191_m1; TNF-a, Mm00443260_g1; p16™, Mm00494449_m1;
p21°°!, MmO04205640_g1) were purchased from Thermo Fisher Scientific.

Testosterone assay. Circulating testosterone was assayed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) (Agilent Technologies,
Santa Clara, CA 95051). Intra-assay coefficients of variation (c.v.) were 7.4%,
6.1%, 9.0%, 2.3%, and 0.9% at 0.65, 4.3, 48, 118, and 832 ng/dl, respectively.
Interassay c.v. values were 8.9%, 6.9%, 4.0%, 3.6%, and 3.5% at 0.69, 4.3, 45, 117,
and 841 ng/dl, respectively.

Human adipose tissue explants. The protocol was approved by the Mayo Clinic
Foundation Institutional Review Board for Human Research. Informed consent
was obtained from all subjects. Human adipose tissue was resected during gastric
bypass surgery from eight obese subjects. Two of the subjects were male, and six
were female. The mean age of the subjects was 45.8 +8.2 years (mean +s.d.; range,
36-58). Mean BMI was 45.5+9.1kg/m* (mean + s.d.; range, 38-66). No subject
was known to have a malignancy. Greater omental adipose tissue was obtained
from each subject. Adipose tissue was cut into small pieces and washed with PBS
three times. Adipose tissue was then cultured in medium containing 1 mM sodium
pyruvate, 2mM glutamine, MEM vitamins, MEM nonessential amino acids, and
antibiotics with 20 UM quercetin and 1 uM dasatinib or DMSO. After 48 h, the
adipose explants were washed three times with PBS. Aliquots of adipose tissue were
fixed for immunostaining or SA-Pgal assay. The rest of the tissue was maintained
in the same medium without drugs for 24 h to collect CM for multiplex protein
analysis. For Supplementary Fig. 10, CM was collected from human senescent
primary preadipocytes, control preadipocytes, and blank culture flasks containing
no cells (Blank CM). senescent and control preadipocytes were obtained from the
same donor. Human subcutaneous adipose tissue explants were obtained from a
lean kidney donor (BMI, 26.5kg/m? age, 43 years) and divided into pieces. These
explants were incubated with senescent, control, or Blank CM for 24 h. Next,
these explants were washed with PBS and then incubated with fresh medium for
conditioning for another 24 h.

Multiplex protein analyses. Proinflammatory cytokine and chemokine protein
levels in CM were measured using Luminex xMAP technology. The multiplexing
analysis was performed using the Luminex 100 system (Luminex, Austin, TX) by
Eve Technologies Corp. (Calgary, Alberta, Canada). Human multiplex kits were
from Millipore (Billerica, MA).

SA-Pgal assay and immunostaining. Adipose tissue cellular SA-Bgal activity was
assayed as previously described'. TAF immunofluorescence in situ hybridization
was performed as described previously™. Briefly, formalin-fixed, paraffin-
embedded (FFPE) adipose tissue blocks were cut into 5-um sections. Sections were
deparaffinized with Histoclear (National Diagnostics, Charlotte, NC) and hydrated
using an ethanol gradient. Antigen was retrieved by incubation in 0.01 M, pH 6.0
citrate buffer at 95°C for 10 min. Slides were placed into blocking buffer (goat
serum or horse serum 1:60 in 0.1% BSA in PBS) for 60 min at room temperature.
Samples were further blocked with avidin-biotin (Vector Lab, Burlingame, CA) for
15min at room temperature. Primary antibody (anti-yH2AX 1:200, Cell Signaling,
Danvers, MA, catalog no. 9718) was applied overnight at 4 °C in the blocking
buffer. Washed slides were then incubated for 30 min with biotinylated, anti-rabbit
secondary antibody (Vector Lab, catalog no. BA-1000). Finally, fluorescein-labeled
avidin DCS (Vector Lab) was applied for 20 min. For luciferase costaining, a
second primary antibody (anti-luciferase 1:500, Novusbio, Littleton, CO, catalog
no. NB100-1677SS) was applied overnight at 4°C in blocking buffer. Next, washed
slides were incubated with secondary antibody (Alexa Fluor 647 1:500, Thermo
Fisher Scientific, catalog no. A-21447). Telomeres were then stained by fluorescent
in situ hybridization (FISH). Slides were fixed with 4% paraformaldehyde for

20 min, dehydrated in an alcohol gradient cascade, and denatured for 10 min at
80°C in hybridization buffer (70% formamide (Sigma-Aldrich), 25 mM MgCl,,
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1 M Tris pH 7.2, 5% blocking reagent (Roche, Basel, Switzerland)) with a

2.5 ug/ml Cy-3-labeled telomere-specific (CCCTAA) peptide nucleic acid probe
(Panagene, Daejeon, Korea) for 2h at room temperature in the dark. After
washing, sections were incubated with DAPI, mounted, and imaged. In-depth
Z-stacking (a minimum of 20 optical slices with 100 X oil objective) was used for
imaging. The images were further processed using Huygens (SVI) deconvolution.
Immunohistochemical (IHC) staining was performed by the Pathology Research
Core (Mayo Clinic, Rochester, MN) using a Leica Bond RX stainer (Leica, Buffalo
Grove, IL). Slides were retrieved for 20 min using Epitope Retrieval 1 (Citrate;
Leica) and incubated in Protein Block (Dako, Agilent, Santa Clara, CA) for

5min. Primary antibodies were diluted in Background Reducing Diluent (Dako)
as follows: p16™*** (rabbit, monoclonal; Abcam, Cambridge, MA, catalog no.
ab108349) at 1:600, cleaved-caspase 3 (rabbit, polyclonal; Cell Signaling, catalog
no. 9661L) at 1:200, and F4/80 (rat, monoclonal; Abcam, catalog no. ab90247) at
1:500, except for CD68 antibody (mouse, monoclonal; Dako, catalog no. M0876),
which was diluted in Bond Diluent (Leica) at 1:200. All primary antibodies were
diluted in Background Reducing Diluent (Dako) and incubated for 15min. The
detection system used was a Polymer Refine Detection System (Leica). This system
includes the hydrogen peroxidase block, post primary and polymer reagent, DAB,
and hematoxylin. Inmunostaining visualization was achieved by incubating the
slides for 10 min in DAB and DAB buffer (1:19 mixture) from the Bond Polymer
Refine Detection System. Slides were counterstained for 5 min using Schmidt
hematoxylin, followed by several rinses in 1 X Bond wash buffer and distilled
water. Slides were dehydrated using increasing concentrations of ethyl alcohol
and cleared by three changes of xylene before permanent coverslipping in
xylene-based medium.

Statistical analysis. GraphPad Prism 7.0 was used for most statistical analyses.
Two-tailed Student’s ¢-tests were used to estimate statistically significant differences
between two groups. One-way ANOVA with Tukey’s post hoc comparison was
used for multiple comparisons. Pearson’s correlation coefficients were used to

test correlations. As mice were obtained in several cohorts and grouped in cages,
the Cox proportional hazard model was used for survival analyses. The model
incorporated sex and age of treatment as fixed effects and cohorts and initial cage
assignment as random effects. Because of the fact that some of mice were moved
from their initial cages during the study to minimize stress from single-cage
housing, we also conducted analyses without cage effect. Results between these
two analyses did not differ substantially in directionality or statistical significance,
strengthening confidence in our results. Survival analysis was performed using
statistical software R (version 3.4.1; library ‘coxme’). Investigators were blinded to
allocation during most of experiments and outcome assessments. We used baseline
body weight to assign mice to experimental groups (to achieve similar body weight
between groups), so only randomization within groups matched by body weight
was conducted. We determined the sample size based on our previous experiments,
50 no statistical power analysis was used. Values are presented as mean +s.e.m.
unless otherwise indicated, with P <0.05 considered to be significant. All replicates
in this study were from different samples, each isolated from different mice or
human subjects.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data Availability. Source data are available for Figs. 1-6. Reasonable
requests for other data presented in this manuscript will be honored by the
corresponding authors.
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» Experimental design

1. Sample size

Describe how sample size was determined. Sample sizes were determined based on the means and variation of previous pilot
or published experiments.

2. Data exclusions

Describe any data exclusions. No data were excluded.

3. Replication
Describe whether the experimental findings were All the key findings were reliably reproduced in several independent cohorts with
reliably reproduced. large N's.

4. Randomization

Describe how samples/organisms/participants were We used baseline body weight to assign animals to experimental groups (to
allocated into experimental groups. achieve similar body weight between groups), so only randomization (using a
random number generator in Excel) within groups matched by body weight was
conducted.
5. Blinding
Describe whether the investigators were blinded to Investigators were blinded to allocation during experiments and outcome
group allocation during data collection and/or analysis. assessments.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

& A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
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|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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» Software

Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this Data were analyzed using Prism 7 for Mac OS X (Graphpad, Inc.).
study.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of ~ To obtain INK-ATTAC mice, interested parties should contact J.L. Kirkland at Mayo
unigue materials or if these materials are only available Clinic.
for distribution by a for-profit company.
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Describe the antibodies used and how they were validated All antibodies were commercially available and validated by the companies. For

for use in the system under study (i.e. assay and species).  immunohistochemistry, the antibodies were further validated by the Pathology
Research Core at Mayo Clinic using positive and negative controls from human or
mouse tissues. yH2AX, F4/80, and luciferase antibodies were further validated with
proper positive and negative controls. All antibody information was included in the
Online Methods.

10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used. No cell line was used.

b. Describe the method of cell line authentication used.  No cell line was used.

c. Report whether the cell lines were tested for All primary cells were tested weekly for mycoplasma and were negative.
mycoplasma contamination.

d. If any of the cell lines used are listed in the database N/A
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived Both male and female C57BL/6 mice were used for transplantation and D+Q

materials used in the study. treatment. The ages of mice were clearly indicated in both Results and Figure
Legends. We also isolated primary preadipocytes and ear fibroblasts from 5-8
month old C57BL/6 male or female mice. Detailed information about these mice
was included in figure legends. Luciferase transgenic C57BL/6 mice were obtained
from the Jackson Laboratory (Bar Harbor, ME; Stock No: 025854). INK-ATTAC
transgenic mice were previously generated and bred onto a C57BL/6 background
as described in the Online Methods.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population Human adipose tissue was resected during gastric bypass surgery from 8 obese

characteristics of the human research participants. subjects. Two of the subjects were male and 6 were female. Ages of subjects were
45.8+8.2 years (means * SD; range 36-58). Mean body mass index (BMI) was 45.5
+9.1 kg/m2 (means + SD; range 38—66). No subject was known to have a
malignancy. Greater omental adipose tissue was obtained from each subject.
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