UC Berkeley
UC Berkeley Previously Published Works

Title
Systemic induction of senescence in young mice after single heterochronic blood exchange

Permalink
https://escholarship.org/uc/item/5gw319bm

Journal
Nature Metabolism, 4(8)

ISSN
2522-5812

Authors

Jeon, Ok Hee
Mehdipour, Melod
Gil, Tae-Hwan

Publication Date
2022-08-01

DOI
10.1038/s42255-022-00609-6

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5gw319bm
https://escholarship.org/uc/item/5gw319bm#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Nat Metab. Author manuscript; available in PMC 2023 February 22.

Published in final edited form as:
Nat Metab. 2022 August ; 4(8): 995-1006. doi:10.1038/s42255-022-00609-6.

Systemic induction of senescence in young mice after single
heterochronic blood exchange

Ok Hee Jeonl2= Melod Mehdipour3, Tae-Hwan Gil2, Minha Kang?, Nicholas W. Aguirrel,
Zachery R. Robinson3, Cameron Kato3, Jessy Etienne3, Hyo Gyeong Lee?, Fatouma
Alimirahl, Vighnesh Walavalkar?, Pierre-Yves Desprez!, Michael J. Conboy3, Judith
Campisil>=, Irina M. Conboy3*

1Buck Institute for Research on Aging, Novato, CA, USA.

?Department of Biomedical Sciences, Korea University College of Medicine, Seoul, Republic of
Korea.

SDepartment of Bioengineering and QB3 Institute, University of California, Berkeley, CA, USA.
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Abstract

Ageing is the largest risk factor for many chronic diseases. Studies of heterochronic parabiosis,
substantiated by blood exchange and old plasma dilution, show that old-age-related factors are
systemically propagated and have pro-geronic effects in young mice. However, the underlying
mechanisms how bloodborne factors promote ageing remain largely unknown. Here, using
heterochronic blood exchange in male mice, we show that aged mouse blood induces cell and
tissue senescence in young animals after one single exchange. This induction of senescence

is abrogated if old animals are treated with senolytic drugs before blood exchange, therefore
attenuating the pro-geronic influence of old blood on young mice. Hence, cellular senescence

is neither simply a response to stress and damage that increases with age, nor a chronological
cell-intrinsic phenomenon. Instead, senescence quickly and robustly spreads to young mice from
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old blood. Clearing senescence cells that accumulate with age rejuvenates old circulating blood
and improves the health of multiple tissues.

Cellular senescence is a response to stress and damage that increases with agel:2. Senescent
cells (SnCs) enter a permanent growth arrest? and release the senescence-associated
secretory phenotype (SASP)3. The SASP promotes age-related phenotypes and pathologies
in a paracrine manner when cells are damaged with radiation or chemicals before
transplantation*®, but the effects of physiologic SnCs of old mammals are ill defined with
respect to their systemic influences.

Heterochronic parabiosis (the surgical joining of young and old mice, in which blood, organs
and environments are shared) rejuvenates old tissues while ageing young tissues®-1°, Similar
phenotypes are observed on direct infusion of plasma, and a few systemic factors have been
suggested to be pro-rejuvenative or pro-ageing®-18. In our experiments using heterochronic
blood exchange without organ sharing, the negative influence of the aged circulation was as
great as, or more than, the benefits of young circulation, particularly for the liver and brain8.
While several tissues were studied in blood heterochronicity experiments, an unanswered
question is whether and to what extent cellular senescence plays a role in the transfer

of physiological ageing phenotypes®. Namely, parabiosis entails a combination of blood
sharing, organ sharing (better oxygenation, normalized blood pressure, nutrition and so on)
and environmental sharing (exercise by running next to the joined partner, visiting food and
water, environmental enrichment and so on). Cell injections are different from systemic
influences in many parameters, including cell damage and death from shearing, poor
vascularization of the transplanted cells, the niche-cell mismatch in extracellular matrix,
tensegrity and so on. Inducing senescence in culture before transplantation (by irradiation
and so on) also differs from in vivo induction, which is poorly understood. Here, we explore
and comprehensively establish the effects of SnCs that are induced by normal ageing and
circulate in old mice on the systemic induction of senescence and ageing in young animals.

Cellular senescence is a response to both extrinsic and intrinsic signals. Senescence
inducers include genomic damage, mitochondrial dysfunction, metabolic imbalances and
strong mitogenic signals delivered by activated oncogenes?19. SnCs cease proliferation
and develop a multi-faceted SASP3. SnCs increase with age2%-22, and so the SASP might
contribute to the aged systemic milieu. In addition, SnCs, at least partly through the SASP,
can induce secondary senescence®, that is, a senescence response in nearby non-senescent
cells, raising the possibility that SnCs in aged animals might transfer senescence to young
animals without chronological ageing. To test this idea, we used plasma from humans and
mice, and blood transfer from old to young mice, to analyse the effects of SnCs in culture
and in vivo.

To determine the pro-ageing effects of aged systemic environments, we cultured non-
senescent primary human and mouse cells in the presence of serum from young or old

mice or plasma from young or old individuals (Fig. 1a). For the mouse experiments, we
used mouse dermal fibroblasts (MDFs) from our recently developed p16-3MR mouse,
which features functional domains of Renillaluciferase under control of the senescence-
sensitive p16'NK4a promoter?3. Compared to serum from young mice (4 months old), serum
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from old mice (32 months old) (1) increased expression of the senescence up-regulated
genes CdknZa, Cdknlaand SASP factors //6 and Mmp3, and decreased expression of the
senescence down-regulated gene LmnbI (Fig. 1b), (2) up-regulated senescence-associated
B-galactosidase (SA-B-gal) (Fig. 1c,d), (3) reduced cell proliferation, as measured by 5-
ethynyl-2’-deoxyuridine (EdU) incorporation (Fig. 1c.e), (4) a significant loss of laminB1
and nuclear high-mobility-group box1 (HMGB1) (Fig. 1f,g) and (5) p16'NK4a promoter
driven luciferase (Fig. 1h) activity in non-senescent MDFs. Notably, the induced senescent
phenotypes in MDFs treated with serum from old mice were comparable to those induced
by a 50:50 mixture of young and old mouse serum (Extended Data Fig. 1), suggesting
that old mouse serum is dominant in this assay. These findings demonstrate that senescent
phenotypes can be transferred to non-senescent MDFs by serum from old mice.

The transfer of senescence by an aged circulatory milieu also appeared to be conserved
between mice and humans but this transfer was cell and tissue-specific as it did not pertain
to all cell types (for example, lung fibroblasts or mammary epithelial cells) or all markers
(for example, 1L-8) (Supplementary Fig. 1). Namely, when human primary renal epithelial
cells were cultured with human plasma from either young (20-30 years) or old (60-70
years) individuals, multiple markers of senescence (SA-p-gal activity, COKN2A, CDKN1A
and /L 1A messenger RNAs and secreted IL6) were induced, or trended towards induction,
within 6 days by plasma from old, but not young, individuals (Fig. 1i—-k). We sought to
determine the relationship between circulating levels of 1L-6, MMP-3 and HMGB, classic
SASP factors in multiple senescent cell types, for ability to induce senescence (Fig. 11).
The IL-6 and MMP-3 levels in aged human plasma correlated with secreted IL-6 levels by
human renal epithelial cells treated old human plasma, suggesting that one such circulating
SASP factor at least can mediate the transfer of senescence by an aged circulatory milieu.

To determine whether an aged systemic milieu induces a senescence response in trans in
vivo, we used our well-controlled small animal blood exchange (homogenous transfusion)
procedure8. We performed heterochronic blood exchanges between young (3 months old)
p16-3MR and old (22-24 months old) C57BL/6J mice, with control isochronic exchanges
performed between young p16-3MR and young C57BL/6J mice (Fig. 2a). We monitored
bioluminescence of the p16-3MR reporter to determine whether and when old blood
might systemically induce senescence in young p16-3MR mice. Then 14 days after blood
exchange, we detected a significant increase in whole-body bioluminescence in young
p16-3MR mice that received blood from old C57BL/6J mice (YO cohort), compared to
isochronically exchanged young C57BL/6 mice (Y'Y cohort) (Fig. 2b).

We reasoned that circulating SASP factors present in the old systemic milieu could
account for the observed induction of senescence in young recipients of old mice blood.
Accordingly, many of the SASP-associated factors (IL-1a, IL-6, CCL5, TNF-a and so on)
were significantly increased in plasma from old mice compared to plasma from young
mice as determined by cytokine array (Fig. 2c). Analysis of multiple tissues by quantitative
PCR with reverse transcription (RT-qPCR) showed that levels of CdknZaand Cdkniaand
several SASP component mRNAs, for example, //6, Mmp13, //1aand Tnfa, in skeletal
muscle (gastrocnemius and tibialis anterior), //6, Mmp3, I/1a, I/1band Tnfain kidney, and
116, Cxcl1and //1b6in liver increased significantly, but this was not the case in lung, heart
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or hippocampus, of the YO compared to the Y'Y cohort (Fig. 2d). The induction of other
senescence markers in young tissue by an old circulation was confirmed by increases in
SA-B-gal-positive cells and »-H2AX foci, and decreases in nuclear HMGBL, in skeletal
muscle, kidney and liver of young mice (Supplementary Fig. 2 and Fig. 2e—g).

Ageing is associated with multiple molecular, histological and functional alterations in
tissues that coincide with the increase in SnCs?4. In a paracrine manner, SnCs induced

by irradiation in culture, then transplanted into young mice, caused premature ageing
phenotypes, an effect not seen when non-SnCs were transplanted®. In agreement with
previous studies, transplantation of irradiated cells into young mice caused decreased muscle
strength (grip strength) and physical endurance (hanging test, rotarod and treadmill running),
as compared to non-irradiated cells (Supplementary Fig. 3).

To examine whether the physiologic process of senescence (natural ageing of mice)
transmits tissue ageing to young animals through blood circulation, we performed a series
of functional tests of muscle strength (plantar flexors including gastrocnemius, plantaris,
soleus muscles) in young mice that received blood from old mice (YO) compared to
isochronic blood exchange (YY). The YO group showed decreased maximal twitch force
and significantly shorter rates of force development and relaxation during contractions
(Extended Data Fig. 2a). These results are consistent with the poor performance of YO mice
in a four-limb hanging test8. Providing blood from old to young mice by blood exchange
(YO) also significantly increased intramuscular lipid, which was shown to accelerate

both age-related atrophy and cellular senescence in muscle?5; fibrosis was unaffected, as
reported® (Extended Data Fig. 2b,c). There were also negative effects of the old systemic
milieu on physical endurance in young mice, as reflected by increased fatigability and
shorter treadmill running distance (Extended Data Fig. 2d,e), but a non-significant difference
in lower hanging endurance in young mice (Extended Data Fig. 2f). Of note, 7 days

after exchange with old blood, young mice had a diminished four-limb hanging test
performance®, suggesting some recovery at 14 days.

In the kidney, exchanging old blood into young mice produced no obvious structural
changes, including tubular epithelial cell necrosis, interstitial inflammation and glomerular
abnormality, which correlated with no change in blood urea nitrogen or creatine levels

in serum (Supplementary Fig. 4a,b). However, the YO (but not the YY) cohort showed
increased serum and protein levels of neutrophil gelatinase-associated lipocalin and kidney
injury molecule-1 (KIM-1), which are biomarkers for renal proximal tubular damage, and
decreased Lotus Tetragonolobus Lectins (LTL)-positive tubular brush borders, a marker of
healthy renal tubules2” (Supplementary Fig. 4c,d).

As metrics of liver ageing, we assessed hepatic fibrosis by Sirius Red and Masson’s
Trichrome staining for collagen deposition, desmin immunochemistry to assess activated
hepatic stellate cells (which promote hepatic fibrosis and cirrhosis) and hepatic dysfunction
by serum analysis for alanine transaminase (ALT) and bilirubin28. Fibrotic areas in livers
were significantly increased in young mice transfused with blood from old mice, as we
previously published8, and was accompanied by an increase in desmin-positive hepatic
stellate cells and fibrosis-related mRNAs levels of Collal, Col3al, Col4al and Colda2
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(Supplementary Fig. 4f,g). Serum analysis for ALT and bilirubin showed that blood from
old mice promoted a decline in liver function in young mice (Supplementary Fig. 4h).
Thus, blood from old mice compromised muscle, kidney and liver function in young mice,
consistent with and expanding our published findings.

We next asked whether eliminating SnCs in old mice using the senolytic drug combination
of dasatinib plus quercetin (DQ)2° abrogated the transfer of senescence and ageing
phenotypes to young mice (Fig. 3a). Compared with plasma from vehicle-treated old mice,
plasma from DQ-treated old mice show a reduction in many of the same SASP-related
factors that are up-regulated in old mouse plasma (compared to young mouse plasma),
including IL-1a, IL-1b, CXCL1 and CCL5 (Fig. 3b,c and Extended Data Fig. 3a).

We then performed blood exchanges in young mice but used blood from either vehicle-
(YO*Vehy or DQ-treated (YO*PRQ) old mice. In kidney and liver, DQ treatment of aged

mice prevented the transfer of senescence to young mice, diminishing the mRNA levels of
systemically induced Cdknla (not CaknZa) and the SASP factors, for example, //6, Mmp3,
Tgfbland Tnfain kidney and /16, Mmp3, Mmpl13, Tgfb1, CclZ, Ccl5and Pail in liver (Fig.
3d,e) and SA-B-gal expression (Fig. 3f,g and Extended Data Fig. 3b,c). This abrogation of
SnCs ablation by DQ on the transfer of senescence was replicated in culture (Extended Data
Fig. 3d-h). In agreement with studies on the rejuvenating effects of young blood and/or
organ exchanges®3%-32 when old mice were exchanged with young blood (Supplementary
Fig. 5a), there was decreased acute tubular necrosis, interstitial fibrosis and atrophy, reduced
serum KIM-1 and increased LTL-positive renal proximal tubules in kidney (Supplementary
Fig. 5b—d). In liver, there was decreased adiposity and fibrosis (Supplementary Fig. 5e-g).
Overall, there was increased energy expenditure in the animal (Supplementary Fig. 5h).

Transfusion with blood from DQ-treated old mice (YO*PQ) also reduced renal and serum
KIM-1 and counteracted the loss of LTL-positive (healthy) renal tubules in young kidneys
in the YO*Veh cohort (Extended Data Fig. 4a—c). However, blood urea nitrogen and
creatine levels and renal pathological change were still negatively affected by YO*PQ blood
(Extended Data Fig. 4d,e). In the liver, DQ significantly attenuated the negative effects of
old blood: fibrosis and adiposity decreased, and pro-fibrogenic gene expression declined
(Extended Data Fig. 4f—i).

To substantiate abrogation of pro-geronic influence of old blood on young tissues by
senescent cell removal, we performed additional blood exchange studies in young mice

but used blood from ABT263 (navitoclax)33:34-treated old mice (Fig. 3h). We first tested
whether ABT263 altered SASP factors in the old circulatory system and caused the
deleterious effects on young tissue function. We observed a large reduction in the expression
of some of the same SASP factors that are up-regulated in the plasma of old mice (compared
to that of young mice), including IL-6, CCL5, CCL17, TIMP1 and TNF-g, in plasma

from ABT263-treated old mice compared with plasma from vehicle-treated old mice (Fig.
3i,j and Supplementary Fig. 6a). However, ablation of SnCs in old mice by ABT263 did

not improve muscle repair, assayed by formation of de novo myofibers, fibrotic indices

and minimal Feret diameter (Supplementary Fig. 6b—d), consistent with our findings that

in injured muscle many cells with high p16 are de novo myofibers® and that SnCs are
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needed for wound healing?3. At the same time, the health and function of muscle might

be restored by senolytics through better vascularization, enhanced neuro-muscular junctions
and/or muscle metabolism, consistent with a previous report?4. Finally, we tested the effects
of SnC ablation on liver health. ABT263 treatment showed a trend towards reduced liver
adiposity (Supplementary Fig. 6e-g).

We then carried out blood exchanges in young mice but used blood from either
vehicle-treated (YO*VeN) or ABT263-treated (YO*ABT) old mice (Fig. 3h). Whole-body
bioluminescence in young p16-3MR mice that received blood from ABT263-treated
C57BL/6J old mice was decreased, compared to young p16-3MR mice that received blood
from vehicle-treated C57BL/6J old mice after 14 days after blood exchange (Extended

Data Fig. 5a). In kidney and liver, ABT263 treatment of aged mice prevented the transfer

of senescence to young mice, diminishing the levels of systemically induced Cdknzaand
Cdknlaand the SASP factors, for example, //1a, //1b, Tgfbl, Tnfa, Ccl2and Ccl5in

kidney and /16, Mmp3, Mmp13, Il1a, Tgfbl, Tnfa, Ccl2, Ccl5and Pail in liver (Fig. 3k-I).
This abrogating effect of SnCs ablation by ABT263 on the transfer of senescence was
replicated in culture (Extended Data Fig. 5b—f). Inhibition of renal senescence in young
mice exchanged with blood from ABT263-treated old mice was confirmed by decreased SA-
B-gal expression and increased nuclear HMGB1-positive epithelial cells in proximal tubules
(Fig. 3m,n and Extended Data Fig. 6a). Further, young livers exposed to the circulatory
system from ABT263-treated old mice had significantly fewer SA-p-gal, yH2AX foci and
TUNEL positive hepatocytes than those given blood from vehicle-treated old mice (Fig.
30,p and Extended Data Fig. 6b). Because both SnCs and platelets, but not non-SnCs, are
affected by ABT263 and possible connection of nucleotide released by lysed platelets and
senescence35:38, we verified the specificity of ABT263 by following blood platelet counts
before heterochronic blood exchange. Blood platelets measured 14 days after the last dose of
ABT263 by oral gavage were not significantly decreased, compared with vehicle-treated old
mice (Supplementary Table 1). Thus, the effects of ABT263 on SnCs and were probably not
due to changes in platelets.

Transfusion with blood from ABT263-treated old mice (YO*ABT) also reduced renal and
serum KIM-1 and counteracted the loss of LTL-positive (healthy) renal tubules in young
kidneys (Extended Data Fig. 6¢c—€). However, blood urea nitrogen and creatine levels and
glomerular sclerosis scores were still negatively affected by O*ABT blood (Extended Data
Fig. 6f). In liver, ABT263 significantly attenuated the negative effects of old blood: fibrosis
and damage decreased, pro-fibrogenic gene expression declined and activated hepatic
stellate cell numbers and liver function became normalized in young animals exposed to
blood from ABT263-treated old mice, compared to blood from vehicle-treated old mice.

In agreement with the results above and previously published8, there was no significant
induction or inhibition of liver adiposity in young mice that were exchanged with the blood
from either control or ABT263-treated old animals (Extended Data Fig. 6g—k). These data
indicate that eliminating SnCs by ABT263 blunts the ability of an old systemic milieu to
induce age-related changes in young tissues.

In skeletal muscle, DQ senolytic that is administered to the old mice before heterochronic
blood exchange significantly attenuated the transfer of senescence to young mice, for
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example, lowering the levels of Cdknlaand the SASP factors, Mmp3and Tnfa, in the young
gastrocnemius and tibialis anterior muscles (Fig. 4a,b). Similar to DQ, ABT263 treatment

of aged mice before the blood transfer decreased the levels of systemically induced CaknZa
and Cdknla, 116, Tgfbland Cc/5in the young skeletal muscle (gastrocnemius and tibialis
anterior) (Fig. 4c,d).

To examine which cells are induced into senescence in young skeletal muscle through the
aged blood circulation and less so when senolytics were used in old mice before the blood
exchange, SA-p-gal staining and laminin/dystrophin immunofluorescence (or alternatively,
SA-B-gal staining and laminin/CD45 (pan-leukocyte marker) (immunofluorescence)) were
performed on the exact same 10 um muscle cryosection (Fig. 4e). We found that an
exchange of young mice with old blood induces senescence of some SA-B-gal™ satellite
cells that were located between the laminin + basal lamina and dystrophin-outlined
subsarcolemma3’:38, As expected, there also were SA-B-gal* interstitial cells, some of
which, but not all, were CD45* intramuscular leukocytes (Fig. 4e,f). Last, some of the
CD45" intramuscular leukocytes were SA-B-gal*, while others were SA-B-gal™ (Fig. 4f).
These data indicate that not all in trans SnCs in young muscle are CD45+ cells from the old
blood.

To confirm and extrapolate the important conclusion on the in situ senescence of young
satellite cells by old blood, we performed quantitative p16/Pax7 immunofluorescence assay
on the muscle cryosections. Numerous p16*/Pax7* senescent satellite cells were found in
young muscles of the mice that were exposed to the circulatory system from Veh-treated
old mice (YO*Veh cohort) (Fig. 4g). We also found that DQ and ABT263 treatment of the
old mice before the heterochronic blood exchanges attenuated the numbers of these young
in trans SnCs (Fig. 4f,g). Taken as whole, these results indicate that old blood induces and
senolytics administered to the old mice before heterochronic blood exchange reduce the
numbers of senescent satellite cells and senescent muscle interstitial cells in young mice. It
is difficult to say whether CD45* SnCs come from the old mice or are the young, senesced
leukocytes, but their elimination by senolytic treatment of the old mice before heterochronic
blood transfusion is interesting, in any case.

Further, like previous studies on the rejuvenative properties of young blood, when old mice
were exchanged with young blood, there was decreased accumulation of intramuscular lipid
and fibrosis, diminished fatigability and improved muscle endurance (Extended Data Fig.
7a—e). Eliminating SnCs from old mice by DQ and ABT263 in the old mice before the
blood transfer also abrogated the negative effects of old blood on the muscle function

in young mice. Namely, YO*PQ muscles showed the reduction in muscle strength and
physical endurance in young mice from old blood (Fig. 4i-l). Eliminating SnCs from old
mice by ABT263 showed a trend towards increased force and rate of force generation and
relaxation during contractions compared to YO*VeN muscles (Extended Data Fig. 7f). This
improvement in muscle function in YO*ABT compared to YO*Ve mice correlated with
less intramuscular lipid (Extended Data Fig. 7g). Functionally, a treadmill exhaustion test
showed that the YO*ABT cohort ran greater distances than the YO*Veh cohort (Extended
Data Fig. 7h). This improvement could be due to improved physical ability, metabolism

or food intake. Metabolic cage measurements showed that energy expenditure (night) was
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significantly higher in the YO*ABT, compared to the YO*VeN, cohort. However, metabolic
rate (respiratory quotient) and food and water intake were comparable between these cohorts
(Extended Data Fig. 7i).

These findings indicate that SnC clearance attenuates the negative effects of old blood on
energy balance and on the impairment of physical activity. All experiments shown in this
paper demonstrate that an exchange with old blood induces senescence in young skeletal
muscles—specifically in satellite cells and muscle interstitial cells—and this phenomenon
negatively affects skeletal muscle tissue function. Moreover, this in trans senescence is
attenuated by DQ or ABT263 senolytic drugs, concomitant with attenuated pro-geronic
influences of old blood on young mice.

Considering the robust positive effects of SnC elimination on reducing the transfer of
senescence and ageing phenotypes, we analysed proteins in sera from YO*Veh and YO*ABT
mice, and Y'Y and YO mice, using a Luminex array. Compared to serum from young

mice receiving blood from vehicle-treated old mice, serum from young mice receiving
blood from ABT263-treated old animals showed decreased levels of chemokines (for
example, CXCL10 and CCLD5), pro-inflammatory cytokines (for example, IFN-a and IL-2),
anti-inflammatory cytokines (for example, I1L-5) and TGF-$ (which inhibits tissue repair
when age-elevated®3%) (Extended Data Fig. 8a). CXCL1, CCL3, and IL-6 and -5 increased
in serum of YO mice compared to YY mice (Extended Data Fig. 8b). IL-5 was higher in YO
mice than Y'Y mice, but was reduced in YO*ABT compared to YO*VeN mice (Extended Data
Fig. 8c). Together, these findings suggest that SnC clearance diminishes the negative effects
of the aged systemic milieu on young tissues from heterochronic blood exchange.

The rejuvenating effects of a young systemic milieu on old tissues prompted us to test
whether the systemic milieu from young or old mice in which SnCs were cleared could
induce similar effects. Blood from ABT263-treated young mice trended towards decreased
senescence markers in skeletal muscle, liver and kidney and increased muscle force in
young mice, given the small number of animals in this study (Extended Data Fig. 9).

This result indicates synergy between SnCs elimination and the young systemic milieu on
tissue function in young mice. However, compared to old animals receiving blood from
vehicle-treated old mice (OO*VeN), blood from ABT263-treated old mice (OO*ABT) did not
reduce senescence markers, including mRNA levels of CdknZa, Caknlaand SASP factors
(116, Mmp3, Mmp13, Il1a, Cxcl1, Tnfa) (Extended Data Fig. 10a,b), nor did it reverse

the loss of muscle strength, renal damage, liver fibrosis and lack of physical endurance
(Extended Data Fig. 10c—i). These findings indicate there are senescence-unrelated factors
in the old systemic milieu (Extended Data Fig. 10j), which agrees with the side-by-side
comparison between the dilution of old plasma and the administration of ABT263 senolytic
to old mice?.

While the potential for rejuvenation through young blood factors has been explored, the
ability of physiologic SnCs to accelerate ageing and senescence in vivo, in general or
through the circulation, are new models. The findings of this work are supported by
rejuvenation through old plasma dilution®, and they suggest the use of senolytics to
prevent systemic propagation of senescence, to better understand ageing and to develop
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rational therapies for a longer health span. The potential contributions of SnCs to age-related
pathology through the circulation have been questioned0. Here, however, we show that
natural old-age SnCs are an important mechanism by which the old systemic milieu
propagates ageing, at least in the muscle, kidney and liver. Such in trans effects can take
place even in young mice, before chronologic cell-intrinsic pro-geronic changes and without
damaging agents, such as radiation. This transfer of senescence appears to be conserved
between mice and humans, at least in culture, and it is confirmed by the attenuation of the in
trans senescence when SnCs are ablated before to the delivery of old blood to young mice.
But a limitation of this study is the use of solely male mice to avoid increased variability
caused by daily hormonal changes.

Regarding the specifics of SnC ablation, p16'NK4a is not a sole marker of senescence. SnCs
have been recently shown to be highly heterogeneous; further, some young differentiating
cells express p16 (refs. 41-44). Thus, ganciclovir in p16-3MR mice would be less definitive
of the phenomenon, compared to the use of broadly acting senolytics that act through
different pathways and eliminate SnCs regardless of their markers, for example as done in
current study.

It is yet to be determined whether soluble molecules, exosomes, SnCs themselves or a
combination of these factors are responsible for the observed transfer of senescence. On the
basis of comparative proteomics, one systemic pro-geronic determinant is probably TGF-1,
in agreement with a report showing rejuvenation of multiple old tissues by an inhibitor

of the TGF-B/pSmad pathway®17. This work expands our understanding of senescence in
vivo, showing that it is systemically transferable to intrinsically young healthy mice, and
suggests that targeting SnCs may complement therapeutic strategies that are based on blood
heterochronicity.

In summary, using heterochronic blood exchange, we report a transfer of physiologic
senescence from old to young mice. This response is unrelated to experimental cell damage
(irradiation and so on), or to chronological age—cumulative intrinsic tissue damage. It

acts in trans and it is concurrent with the transfer or acquisition of ageing phenotypes in
young skeletal muscle, kidney and liver. The removal of SnCs in old animals attenuates
such in trans senescence, partly recapitulating the enhancement of tissue health seen after
exchange with young blood. Overall, mammalian ageing appears to be driven by the excess
of systemic factors that include SASP, and the attenuation or removal of these factors is
expected to yield new therapeutic strategies for health span extension.

Mice and drug treatments.

Young (3 months old) male C57BL/6J mice were purchased from the Jackson Laboratory
and Central Lab Animal Inc. The 13-month-old male C57BL/6J were from the ageing
research facility of the Korea Basic Science Institute and 18-month-old male C57BL/6J
mice were from the National Institute on Aging. p16-3MR transgenic mice (C57BL/6J)
were generated as described?3 and bred in the animal facility at the Buck Institute for
Research on Aging. Mice were maintained on a standard chow diet in alternating 12/12 h
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light/dark cycles (6:00-18:00, light) at 20-22.2 °C. The experimental protocol was approved
by and performed in accordance with protocols from the Institutional Animal Care and Use
Committee at the Buck Institute (A10174), UC Berkeley (AUP-2016-07-8963) and Korea
University of College Medicine (KOREA-2020-0168). All mice were randomly assigned to
control or treatment groups. For drug treatments, 22—24-month-old male C57BL/6J mice
were treated with vehicle, ABT263 (APExBIO, A3007) or dasatinib (Sigma, D33072G)
plus quercetin (Sigma, Q4951) diluted in 10% ethanol, 30% polyethylene glycol 400
(Sigma, 807485) and 60% Phosal 50 PG (Medchem Express, HY-Y1903). ABT263 was
administered by gavage at 50 mg per kg body weight per day (mg kg=1 d=1) for 7 d per
cycle for two cycles with a 2-week interval between cycles. Dasatinib (5 mg kg~ d™1) and
quercetin (50 mg kg~ d=1) were administrated by oral gavage for 3 d per cycle for five
cycles with a 1-week interval between cycles.

Blood exchange.

All blood exchanges with either vehicle- or DQ-treated old C57BL/6J mice as well as either
vehicle- or ABT263-treated C57BL/6J mice were performed 14 days after the last drug
treatments, as described®. A venous catheter was inserted in the right jugular vein. Using

a 10-ml Hamilton syringe, 10 pl of catheter locking solution containing 500 units per ml
lithium heparin in 90% glycerol and 10% phosphate-buffered saline (PBS) were introduced
into the catheter to prevent clot formation. The animals were allowed to heal for 24 h

and then were immobilized with isoflurane anaesthesia at 1% concentration. The locking
solution was removed from the catheters and a bolus of PBS containing 0.5 units per ml
lithium heparin was administered 1V at 100 units per kg and were connected to our blood
exchange apparatus. Briefly, 150 pl of blood was transferred from one mouse to another 15
times with a 30 s delay between transfusions to yield approximately 90% homogenization of
blood between the two mice.

Bioluminescence.

p16-3MR mice were injected intraperioneally with 15 pg of Xenolight RediJect
Coelenterazine h (Perkin Elmer, 760506). After 25 min, the mice were anaesthetized

with isoflurane and luminescence measured using a Xenogen 1V1S-200 Optical imaging
System (Caliper; 5 min, medium binning). For cell culture experiments, a Renilla Luciferase
Assay System (Promega, E2820) was used according to the manufacturer’s protocol, and
luminescence intensity was measured using a plate reader (EnSpire Alpha 2390, Perkin
Elmer).

Tissue isolation.

For histology, tissue isolation was performed post mortem, and muscle, liver, kidney, lung,
heart and brain were snap frozen in isopentane (=70 °C) and embedded in tissue-tek

optimal cutting temperature (OCT) (Sakura Finetek, 4583). To extract RNA, the tissues were
dissected, immediately transferred to liquid nitrogen and then pulverized with a cryoPREP
automated dry pulverizer (Covaris, CP02).
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Mouse serum and plasma isolation.

Blood from young (4 months old) or old mice (32 months old) was collected by cardiac
puncture using a 1-ml syringe with 22-gauge needle. Serum was prepared by allowing
the blood in 1.5-ml Eppendorf tubes to clot at room temperature for 30 min, followed by
centrifugation at 2,000¢ for 20 min at 4 °C and collecting the supernatant. For plasma
collection, blood was placed in a K2EDTA coated tubes (BD Microtainer, 365974),
centrifuged at 2,000g for 20 min at 4 °C and the supernatant was collected. Both serum
and plasma samples were stored at —80 °C.

In vivo platelet counting.

Male 22-24-month-old C57BL/6J mice were treated with ABT263 (50 mg kg™t d™1).
Fourteen days after the last treatments, roughly 50 pl of whole blood was drawn from each
mouse Via the submandibular vein using sterile 23G needles, collected in K2EDTA coated
tubes and immediately sent to NEODIN BioVet. Complete blood counts including platelets
were enumerated by using an automated haematology analyser ADVIA 2120i (Siemens
Healthcare) (Supplementary Table 1).

Real time PCR.

Total RNA was prepared from cells and tissues using commercially available kits

(Isolate 11, BIO-52073, Bioline for cells; Direct-zol, 2052, Zymao for tissues) according

to the manufacturer’s instructions. RNA was reverse transcribed using a High Capacity
complementary DNA Reverse Transcription Kit (Thermo, 4368814). RT-gPCR reactions
were performed on a Light Cycler 480 11 (Roche Diagnostics). Primer/probe sets for human
and mouse genes are listed in Supplementary Table 2.

Human primary cells culture.

For senescence induction by human plasma, 2 x 10* human primary lung fibroblast
(IMR-90; CCL-186, ATCC), skeletal muscle myoblasts (CC-2580, Lonza), renal cortical
epithelial cells (PCS-400-011, ATCC), subcutaneous preadipocytes (PCS-210-010, ATCC)
or mammary epithelial cells (PCS-600-010, ATCC) in 12-well plates were cultured in
OptiMEM (Gibco, 31985062) supplemented with 5% plasma from young (20-30 years)

or old (70-80 years) human participants for 3 or 6 days. Human plasma samples, without
personal identifiers were not linked to or traced back to any personal information, and were
purchased from Blood Centres of the Pacific (BSI Facility) as part of an material transfer
agreement between Buck Institute for Research on Aging and the Blood Centres of the
Pacific. Media were changed every other day until the end of the experiment.

MDF culture.

For senescence induction by mouse serum, 2 x 104 primary MDFs from 1-month-old male
p16-3MR or C57BL/6J mice in 12-well plates were cultured in OptiMEM with 5% serum
from young (4-month-old), old (32-month-old) animals, 2.5% serum from young plus 2.5%
serum from old animals, 5% vehicle-treated, DQ-treated or ABT263-treated old animals for
3 or 6 days. Mouse serum samples were purchased from the National Institute on Aging.
MDF proliferation was determined by counting the number of EdU-positive nuclei per
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Hoechst-positive total cells in ten random fields per chamber slide (Lab-Tek I, 154534PK)
after addition of EdU (Click-iT EdU Alexa Fluor 488 imaging kits, Promega, C10337) for
24 h.

Enzyme-linked immunosorbent assays (ELISA).

For human plasma-treated cells, conditioned media was prepared by incubating in serum-
free basal medium for 24 h. The conditioned media was collected and centrifuged at 2,000¢g
for 10 min to eliminate cell debris. Supernatants were transferred to a tube, and cells were
trypsinized and counted. IL-6 levels were detected by a bead-based ELISA kit (AlphaLISA,
Perkin Elmer, AL223C) according to the manufacturer’s protocols and normalized to cell
number. MMP-3 and HMGB1 levels were quantified in human plasma by using HMGB1
detection kit (Chondrex, 6010) and MMP-3 quantikine ELISA kit (R&D system, DMP300).
Kidney Injury Molecule (KIM-1; R&D system, MKM100), neutrophil gelatinase-associated
lipocalin (Abcam, ab199083), ALT (Cayman Chemical, 700260), bilirubin (Sigma Aldrich,
MAK126), urea nitrogen (Abcam, ab83362) and creatinine (Crystal Chem, 80350) were
determined in serum samples, according to the manufacturer’s instructions.

Immunohistochemistry.

OCT-embedded skeletal muscles, kidney and liver sections on glass coverslips were washed
in PBS, fixed in 4% paraformaldehyde, quenched with 50 mM glycine, permeabilized with
0.3% Triton X-100 in PBS and saturated with 3% goat serum (Thermo, 500622). Vectastain
Elite ABC universal kit-haematoxylin counterstain (Vector Laboratories, PK-6200) with
Vector DAB Peroxidase Substrate (MVector Laboratories, SK-4100) was used following the
manufacturer’s instructions. Primary antibodies were used for phosphor-histone H2A.X
(1:400; Cell Signaling, 9718), HMGB1 (1:1,000; Abcam, ab18256) and Desmin (1:200;
Abcam, ab15200).

Immunofluorescence.

Monolayers or frozen tissue sections were fixed in 4% paraformaldehyde (Sigma, 1.00496),
permeabilized with PBS containing 0.25% Triton X-100 (Sigma, X-100) for 10 min

and then blocked with 4% BSA (Sigma, A7906) containing 0.25% Triton X-100 for

30 min at room temperature. The cells were incubated with primary antibodies against
HMGB1 (1:1,000; Abcam, ab18256) and Lamin B1 (1:500; Santa Cruz, sc-30264). Tissue
sections were incubated with mouse hybridoma anti-eMyHC (1:50; Developmental Studies
Hybridoma Bank, F1.652), KIM-1 (0.25 ug ml~1; R&D, AF1817), biotinylated lotus
tetragonolobus lectin (10 pg mI~1; Vector Laboratories, B-1325), Laminin a-2 (1:200;
Abcam, ab11576), Pax7 (1:10; Developmental Studies Hybridoma Bank, no. PAX7), CD45
(1:100; Abcam, ab23910), dystrophin (1:10; Invitrogen, PA1-21011) and rat 1gG (1:100;
Biolegend, 407402) overnight at 4 °C. Then, samples were incubated with goat anti-rabbit
1gG (H + L) conjugated with Alexa Fluor 594 (1:1,000; Invitrogen, A-11012), donkey
antimMouse IgG (H + L) conjugated with Alexa Fluor 594 (1:200; A-21203, Invitrogen) or
488 (1:200; A-21202, Invitrogen), donkey anti-rabbit 1gG (H + L) conjugated with Alexa
Fluor 488 (1:200, A-21206, Invitrogen) or Alexa Fluor 594 (1:200, A-21207, Invitrogen)
and donkey anti-rat, Alexa Fluor 488 (1:200; A-21208, Invitrogen) for 45 min. Nuclei

were counterstained with 4,6-diamidino-2-phenylindole (DAPI; 1:1,000; Sigma, D9542) or
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Hoechst 33342 (1:1,000; Sigma, B2261) for 5 min, and slides imaged using fluorescence
microscopy (Carl Zeiss).

SA-B-galactosidase staining.

SA-B-gal staining was performed using a kit from Biovision (K320-250) according

to the manufacturer’s instructions. SnCs were identified as blue-stained cells under

light microscopy. For cell culture experiments, cells were counted using nuclear DAPI
counterstain in ten random fields per culture dish to determine the percentage of SA-B-gal-
positive cells. For in vivo experiments, the SA-B-gal™ cells per area was quantified in 4-10
random fields of the image using a consistent colour-threshold function in ImageJ.

Double staining for SA-B-galactosidase and laminin/dystrophin/leukocyte markers.

SA-B-gal staining was performed using Cell Signaling Kit (no. 9860) with a modified
protocol from Cazin et al.*>. SA-B-gal stained muscle sections were subsequently
permeabilized with 0.3% Triton X-100 for 15 min, blocked with 1% bovine growth serum
(Hyclone, SH30541.03), incubated with primary antibodies against CD45 (1:100; Abcam,
ab23910), laminin (1:200; Abcam, ab11575) and dystrophin (1:10; Abcam, ab11576) for
2 h at room temperature, washed four times for 5 min each in PBS and incubated with
secondary fluorochrome tagged antibodies and DAPI Fluoromount-G (SouthernBiotech,
0100-20) for 2 h at room temperature.

Cardiotoxin muscle injury.

For Supplementary Fig. 6, ABT263 was administered to 22 to 24-month-old C57BL/6J mice
by gavage at 50 mg kg1 d=1 for 7 d per cycle for two cycles with a 2-week interval between
the cycles. Two days after the last drug treatment, aged mice were injured by intramuscular
injections of cardiotoxin (Sigma, 217503, 10 ml per muscle at 0.1 mg mi~2) into the TA.
Five days after the injury, TA muscles were isolated, embedded in OCT and shap frozen in
isopentane chilled to =70 °C in a dry ice/alcohol bath.

Haematoxylin and eosin (H&E) staining.

After dehydration and removal of OCT in 70% ethanol for 3 min, sections were hydrated in
deionized water for 1 min, stained with haematoxylin for 5 min, rinsed 1x Scott’s water for
1 min, stained with eosin for 4 min and dehydrated at 70, 95, 99 and 100% ethanol for 1 min
each. Sections were cleared with xylenes twice, 1 min each. 2-3 drops of 50% resin/50%
xylenes mounting medium were added to each slide and glass coverslips were placed. Five
random images of injury sites were obtained by light microscopy.

Oil red O staining.

Liver and skeletal muscle 10 um sections were hydrated in 1x PBS for 10 min, washed

in 60% isopropanol for 3-5 min and placed in isopropanol-based Oil Red (Sigma, 00625)
staining solution for 15 min. The sections were washed in 60% isopropanol again for 1
min. Nuclei were stained after a 5-min wash in haematoxylin. The sections were washed in
deionized water for 1 min and mounted in Fluoromount (Sigma, F4680).
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TUNEL staining.

Dehydrated cryosections on slides were permeabilized for 2 min in 0.2% Triton X-100

in PBS and washed three times with PBS. After adding equilibration buffer for 10 min,
cryosections were incubated in the dark for 1 h at 37 °C with 50 pl of TUNEL reaction
mixture (Promega, G3250). Slides were immersed in stop reaction solution and rinsed three
times with PBS, counterstained with DAPI and mounted.

Sirius Red staining.

Cryosections on slides were thawed and fixed in Bouin’s Solution for 1 h and stained in
Picrosirius Red Solution (Polysciences, 24901-250) for 1 h, washed in 0.1 N hydrochloride
Acid for 5 min, serially dehydrated in 90, 95 and 100% ethanol, washed twice in xylene for
2 min and mounted with Permount Mounting Medium (VWR, 17986-01).

Pathological analysis of kidney.

Acute tubular necrosis, interstitial inflammation, fibrosis and tubular atrophy were evaluated
on the basis of H&E staining (Abcam, ab245880). Scores were based on the percentage of
hepatocytes with phenotypes as shown in Supplementary Table 3.

Multiplex protein analysis using Luminex.

Relative serum concentrations of cytokines and signalling molecules were measured in
mouse sera using standard antibody-based multiplex immunoassays (Luminex mouse 38-
plex) that detects 38 secreted proteins by the Human Immune Monitoring Center at Stanford
University. All samples were measured in technical duplicates and all analyses performed
using mean fluorescence intensity values as recommended. All measurements were obtained
in a blinded fashion. To compare YO to YY, YO*VeN to YO*ABT or 0O*Veh to OO*ABT,
log,-transformed fold changes in cytokine levels were calculated by subtracting the log
(base 2) of mean fluorescence intensity in YO from YY, in YO™ABT from those in YO*Veh,
or in OO*ABT from OO*Veh,

Data quantification.

Muscle fibrosis was quantified by measuring fibrotic areas in arbitrary units using ImageJ.
Fibrotic areas were normalized to the area of the image taken at 20x (roughly 14,000 mm?).
Adiposity was calculated by obtaining the total area of the red fatty droplets as a percentage
of the entire 10x area, using a consistent colour-threshold function in ImageJ.

Indirect calorimetry.

Mice were individually housed at least for 3 d before recording and analysis. Metabolic
cages (Promethion System, Sable Systems) were used while the mice were awake to
simultaneously measure energy expenditure, respiratory quotient, water and food intake
and body weight. Ten days after blood exchange, all mice were monitored and metabolism
recorded for four consecutive days.
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Rotarod.
Each daily session included a training trial of 5 min at 4 r.p.m. on the apparatus (Ugo
Basile). After 1 h, the animals were tested for three consecutive accelerating trials of 5 min
with the speed changing from 0 to 40 r.p.m. over 300 s and an intertrial interval of at least 30
min. The latency to fall from the rod on each trial was recorded. Mice remaining on the rod
for >300 s were removed, and their time scored as 300 s.

Treadmill.

Mice were first accustomed to running on a treadmill over the course of 2 days. At each
session, mice run at a 1° grade for 5 min with the treadmill increasing in velocity from 5 to
25 m min~1 at a ramp acceleration of 5 m min~1. Then 7 d after blood exchange, mice run at
25 m min~1 until exhaustion. Mice refusing to run received puffs of air that stimulated them
to continue running. Exhaustion time was recorded when a mouse stopped running and was
no longer responsive to the air puff stimulus.

In vivo assessments of skeletal muscle function using Aurora.

Mice were placed under deep anaesthesia and one hindlimb shaved and cleansed with
alcohol. Mice were then placed supine onto a thermo-pad at 37 °C to maintain body
temperature and receive gel to protect their eyes. Mice remained anaesthetized via an
isoflurane ventilator, and the right limb was secured into a foot plate attached to an electric
motor. Needle electrodes were inserted through the skin behind the knee to deliver sufficient
voltage through the sciatic nerve to produce maximal isometric contractions for three
recordings at a pulse of 0.5 ms. Then, three maximal twitches were recorded followed

by stimulations at multiple frequencies (20, 40, 60, 80, 100, 125 Hz) for 200 ms to measure
ankle extensor torque. A 45 s rest period occurred after each stimulation to provide time for
recovery between the first and second test, as well as between each frequency tested. Mice
were then stimulated intermittently every second for 2 min at 30-50 Hz and 0.5 s trains with
0.1 s pulses for 2 min to elicit prolonged contraction to determine time to half peak torque.
This technique provided data on the fatigue index of skeletal muscle by evaluating the time
to half maximal tension. Finally, mice were stimulated once every 5 min over the course of
15 min (4x in total at 0, 5, 10 and 15 min; 125 Hz) after the fatigue trial to collect data

on the recovery rate of force transmission relative to maximal tetanic force in the skeletal
muscle of mice.

Grip strength.

Forelimb grip strength was determined using a Grip Strength test (Biosebs). The mice were
allowed to grab the metal grid and then pulled backwards in the horizontal plane. The force
(in g) applied to the grid just before grip loss was recorded as the peak tension. Results were
averaged over ten trials.

Hanging test.

Mice were placed onto a 2 mm thick metal wire and allowed to grab the wire with both
forelimbs and hindlimbs. Hanging endurance was normalized to body weight as hanging
time (s) x body weight (g). Results were averaged from three trials for each mouse.
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Cytokine antibody array assay.

Cytokine levels from each mouse plasma were assessed using the Proteome Profiler Mouse
Cytokine Array kit, panel A (R&D Systems, ARY006) according to the manufacture’s
protocol. Cytokine arrays were developed using ChemiDoc Touch imaging system (BIO-
RAD, 1708370) and analysed using ImageJ software (National Institutes of Health (NIH)).
The mean background signal (pixel density) of each membrane was subtracted before further
analysis. The pixel intensity was then averaged for each group. The final results for each
cytokine were represented by the intensity fold change (a.u.) in old mice (22 to 24-month-
old) versus young mice (3-month-old), ABT263-treated old mice versus vehicle-treated old
mice or DQ-treated old mice versus vehicle-treated old mice.

Mouse preadipocytes cell culture.

Mouse preadipocytes were isolated as followed?5; After euthanasia, inguinal fat depots
were removed under sterile conditions from male C57BL/6J (1-2-month-old) mice. Adipose
tissue was cut into small pieces, digested in collagenase (1 mg ml~1; Sigma, C0130) for

30 min at 37 °C and then filtered through a 240-pum nylon mesh. After centrifugation at
500¢ for 10 min, cell pellets were resuspended with red blood cell lysis solution (Sigma,
R7757) for 1 min, washed with PBS once and filtered through a 70-um cell strainer.

Cells were plated in DMEM/F12 (Corning, 10-017-CV) containing 10% FBS (Gibco,
16000-044) and 1% penicillin-streptomycin (10,000 U mI~1, Thermo, 15140-122). After

12 h, adherent preadipocytes were washed, trypsinized and replated to use in culture and in
Vivo experiment.

Senescent cell transplantation.

Senescent mouse preadipocytes were induced by ionizing irradiation with (20 Gy X-ray)
(Xstrahl, RS320) and control cells were mock irradiated. Senescent cells were cultured for
20 days to allow development of the senescent phenotype. Senescent cells and control cells
were cultured in DMEM/F12 (Gibco, 11320033) containing 10% FBS (ATCC, 30-2020) and
1% penicillin-streptomycin. Cells were labelled with CellTracker CM-Dil dye according to
the manufacturer’s instructions (Thermo, C7000). The 3—4-month-old male C57BL/6J mice
were anaesthetized using isofluorane and 1 x 10° senescent or control cells were injected
intraperitoneally through a 22G needle. Five days after cell transplantation, the abdominal
cavities of the mice were opened just before the imaging and imaged with 30 s exposure

by using NightOWL LB 983 in vivo imaging system (Berthold Technologies). Mice were
imaged for detection of the transplanted senescent and control cells 1, 7, 14, 21 and 28
post-transplantation.

Data and statistical analyses.

No statistical methods were used to predetermine sample size. The group size was based

on previously published study using similar methodologies®. All analyses were performed
using Prism v.9.2 software from GraphPad and Microsoft Excel 2019. Data are expressed

as the mean * s.e.m. Unpaired #tests (two-sided) with a Welch’s correction were applied

to comparisons between two groups if variances were significantly different between groups
with statistical significance defined as £ < 0.05. For comparisons among more than two
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groups, one-way analysis of variance (ANOVA) was used, followed by Dunnett’s post

hoc test for adjusted P values (significant at an adjusted Pvalue threshold <0.05). For
statistical comparison of three or more datasets (multiple senescence and SASP genes and
proteins), multiple #test or two-way ANOVA was used, followed by the two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli, with a false discovery rate (FDR)
< 5%. Significance was assessed using FDR-corrected g values <0.05. For the correlation
study, data were analysed using the Pearson correlation test. When using parametric tests
(#test or ANOVA), normal distribution of data was tested using a Shapiro—Wilk test or the
Kolmogorov—Smirnov test. When normality was not satisfied, Mann-Whitney tests were
performed on comparisons among groups/conditions. All statistical tests, sample sizes and
their Pvalues or FDR-corrected g values are now provided in the figures and corresponding
legends.

Reporting summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Extended Data
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Extended Data Fig. 1 |. Senescence-induction in non-senescent mouse cells (MDFs) in culture by
serum from old mice.
(&) mRNA levels for CadknZaand Cdknlaand SASP factors //6, Mmp3and Laminbl,

normalized to Actb mRNA, determined by RT-PCR (/7= 8 for young or old serum
treatment for 3 days; 7= 4 for young + old (50/50) serum treatment for 3 days). (b)
Representative EdU (green; EdU negative non-proliferating SnCs in arrows), HMGB1

(red; SnCs marked by HMGB1 nuclear loss with arrows), Hoechst labelled nuclei (blue)
visualized by fluorescence microscopy (3-6 images per 7)) and SA-B-gal staining (3-7
images per 1) and (c) quantification of EdU-positive SnCs in MDFs 3 days after culturing in
young, old or young + old (50/50) mouse serum (7= 4 for each group). (d) Bioluminescence
from 3MR-expressing cells (Renilla luciferase assay) in non-senescent MDFs from cultured
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in young (4-month-old), old (32-month-old) or young+old (50/50) mouse serum for 6 days
(A.U.) (n= 4 for young or old mouse serum; n = 6 for young+old mouse serum). Data are
means + s.e.m. of biologically independent samples. Statistical significance was tested using
one-way ANOVA followed by Dunnett’s post hoc test for multiple comparisons with *, P<
0.05; **, P<0.01; ***, P< 0.001. Scale bars, 100 um. Rel, relative.
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Extended Data Fig. 2 |. Aged blood decreases muscle strength in young mice.
(a) Twitch force generated by skeletal muscles and maximal rate of contraction and

relaxation during contractions (7= 6 for YY; n= 8 for YO). (b) Representative images of
Oil Red O staining and quantification of Oil Red O + area of skeletal muscles of young mice
receiving old (YO; 4-10 images per mice / n="5 mice) or young (Y'Y; 3-5 images per mice /
n=6 mice) mouse blood, showing more accumulation of adipose tissues in endomysium
(interstitial connective tissue) between fibers in YO mice and (c) percentage of fibrosis (n=
4 for YY; n=>5 mice; 3—4 images per mice). (d) Skeletal muscle fatigue assessment in YY
and YO mice (n=6 for YY and n=>5 for YO). (e) Running distance in meter of YY and

YO on treadmill (7= 11 for YY and n= 8 for YO). (f) Latency time to fall off the rotarod

as a measure of motor coordination. Data are means * s.e.m. of biologically independent
samples. A two-tailed Student #test (a) and two-tailed t-test with a Welch’s correction (b-c,
e-f) with *, P< 0.05; **, P< 0.01were used for statistical analysis. Scale bars are shown in
each image.

Nat Metab. Author manuscript; available in PMC 2023 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeon et al.

Page 20

°
4
.
%-Q 2 , q=0493, ! P
S©
Ralbo] P | I
63 L . Doy
T ®© b § * ; N~
38 2! ] SERE
- * S Ay 5 $3 3 8%
> 145 i 83 g SN s v
= ] N S 2 g >3 & S g ! P
22 S bt = S
5o [TIEE . INg
*":' -— b ﬂ > ! ’l‘
—_ T3 . £ ! e
@ 4 A 5
2 E Ml il
a 1 1 LI
5 X 9.0 A S &N g?
£ NAVEVAVAY SAGENNVICINS
S o
b c Liver
YO+Veh
_ ©
3 3 & &«
T [co}
o < L3 LA
<
< %)
10pm 10pn
d Mice serum f g .
p=0011
Veh-treated Old DQ-treated Old - - 2 19,
35 6 © 5 i
83 +* 3510
+ S B
53 Q5
3 e 2 205
<<
00
Veh DQ " Veh DQ
-treated old mice serum -treated old mice serum
& h
(O]
s =0.174 =21¢°
z 15 q'_vI 4k o =218

-6
e G=0.007 ‘7=,2|

Fold induction

Hoechst

[S
=
2
I}
7]
@
2
£
=
°©
]
51
L
©
L
<
o
>
L
£

0.0
@ e e P
¢ ob{\ ogé\ -
©
O] 4
& v y
& MmN =5

Extended Data Fig. 3 |. DQ-treated old mice serum inhibitsinduction of senescencein non-
senescent mouse cells (MDFs) in culture.
(a) Relative protein expression ratio (< 0.7-fold) of SASP proteins in plasma from DQ-

treated C57BL/6J old mice (DQ; 7= 4) normalized to vehicle treated C57BL/6J old

mice (Veh; n=3), measured by antibody array. Each data point represents an individual
mouse. Additional SA-B-gal images of (b) kidney and (c) liver in young C57BL/6J mice
receiving old C57BL/6J mice treated with Veh (YO*VEN or DQ (YO*PQ). (d) Representative
EdU (green; EdU negative non-proliferating SnCs in arrows), HMGBL (red; SnCs marked
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by HMGBL1 nuclear loss in arrows), and Hoechst labeled nuclei (blue) visualized by
fluorescence microscopy (/7= 4 for each group / at least 7 images per ) and (€) SA-p-gal
staining in MDFs cultured in Veh- or DQ-treated old mice serum for 3 days (7= 4 for
veh-treated old mice serum treated; 7=5 for DQ-treated old mice serum / at least 6 images
per n). Quantification of (f) EdU + (n7= 4 for Veh-treated old mice serum treated; 7= 3 for
DQ-treated old mice serum treated) and (g) SA-p-gal + (7= 4 per group) MDFs. (h) mRNA
levels for CadknZaand Cdknlaand SASP factors //6 and Mmp3 3 days after culturing in
Veh- or DQ-treated old mice serum, determined by RT-PCR (7= 4 for Veh-treated old mice
serum treated; 7= 5 for DQ-treated old mice serum treated). Data are means + s.e.m. of
biologically independent samples. Statistical significance was calculated using multiple ¢test
with two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q = 5%,
*g<0.05; **¢<0.01 (a, h) and two-tailed Student’s ¢test (f-g) with *, P< 0.05. Scale bars
are shown in each image.
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Extended Data Fig. 4 |. Inhibition of age-related tissue phenotypesinduced by aged circulation
in kidney and liver of young animals after exchanging blood of old micein which SnCswere
removed by DQ.

(a) Representative images of KIM-1 (7= 5 mice for YO*Ve; n=7 mice for YO*PQ / 6-10
images per mice) and LTL (7= 5 mice for YO*VeN: =7 mice for YO*DQ/ 6-8 images
per mice) and (b) quantification of KIM-1 positive area (%) and LTL + tubular number as
a marker of healthy renal tubules. (c) Measurements of KIM-1 levels and (d) blood urea
nitrogen and creatine in serum of YO*VeN (7= 5) and YO*PQ mice (7= 8). (e) Scores

of ATN, interstitial inflammation, interstitial fibrosis and tubular atrophy of renal cortex (n
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=5 for YO*VE: = 6 for YO*DQ), (f) Representative images of Oil red O (7= 5 mice

for YO*Veh: =7 mice for YO*PQ / 8-15 images per mice), Sirius red (/7= 5 mice for
YO*Veh: n=7 mice for YO*PQ; 10-15 images per mice) and Masson’s Trichrom (7= 4

for YO*Veh: = 5 for YO*DQ; 15-20 images per mice) staining and (g-h) quantification of
Oil Red O-positive and fibrotic areas. (i) Quantification of fibrosis-related mRNAs encoding
Collal, Col3al, Col4al, and Colda2in the liver (n= 4 for YO*Ve: n=5 for YO*PQ). Data
are means = s.e.m. of biologically independent samples and each data point represents an
individual mouse. A two-tailed #test with a Welch’s correction (b-d), Student’s ¢test (g-h)
with *, < 0.05; **, < 0.01, multiple Mann-Whitney tests (e) and multiple #tests (i) with
a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q = 5%, *g <
0.05 was used for statistical analysis. Scale bars are shown in each image. Rel, relative.

a YO+Veh = R
! ] p = 0.0392
< 1
~— L]
[0
20 O
C
(0]
[&]
0
GC.) .
E 0
| YO+Veh YO+ABT
Y
Mice serum d e
*
dok
Veh-treated Old  ABT-treated OId 1.4 @ 157 p-o0007
© < 8 = —
o S .
83512 + £1.0
+ 2 © 3
2z Q 3
2210 @ £05
<
%)
0.0
Veh ABT Veh ABT
-treated old mice serum -treated old mice serum
i B 0.026 o ;
5 q=0 = =
N BT o N R
o £ q=0044 ° .
& E —i
S 2 1.0 .
he) .
23 :
o = 0.5 .
O ©
S £ i
°
@' 00' T T T
= 4o

(1:0 y\'b \\(b Q
& & &
& D A\

Extended Data Fig. 5 |. ABT263-treated old mouse serum abrogates senescence induction in
non-senescent mouse cells (MDFs) in vivo and in culture.

(a) Representative luminescence images of young p16-3MR mice (3-month-old) receiving
blood (22-month-old) from old C57BL/6J mice treated with vehicle (YO*Ve") or ABT263
(YO*ABT) 14 days after blood exchange (left) and quantification of the luminescence (right)
(A.U.) (7= 4 mice for YO*VeN: =3 mice for YO*ABT), Each data point represents an
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individual mouse. (b) Representative EdU (green; EdU negative non-proliferating SnCs with
arrows), HMGBL1 (red; SnCs marked by nuclear loss with arrows), and Hoechst labeled
nuclei (blue) visualized by immunostaining (7= 4 for each group / 5-8 images per ) and
(c) SA-B-gal staining in MDFs cultured in Veh- or ABT-treated old mouse serum for 3 days
(n =4 for veh-treated old mice serum treated; n= 3 for ABT-treated old mouse serum;

3-6 images per 7). Quantification of (d) EAU + and (€) SA-p-gal + MDFs. (f) mMRNA
levels for CadknZaand Cdknlaand SASP factors //6 and Mmp 3days after culturing in
Veh- or ABT-treated old mouse serum, determined by RT-PCR (7= 4 for each group).
Data are means + s.e.m. of biologically independent samples. Statistical significance was
calculated using two-tailed Student’s ftest (a, d-e) (exact P value was shown in the figures)
and multiple #tests with a two-stage linear step-up procedure of Benjamini, Krieger and
Yekutieli, with Q = 5%, *¢ < 0.05 (f). Scale bars are shown in each image. Rel, relative.
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Extended Data Fig. 6 |. Removal of SnCsby ABT 263 inhibits age-related tissue phenotypes
induced by an aged circulation in kidney and liver young tissues.

(a) Additional SA-p-gal images of kidney (left) and liver (right) in young C57BL/6J

mice receiving old C57BL/6 blood treated with vehicle (YO*Veh) or ABT263 (YO+ABT),
(b) HMGB1 immunohistochemistry (brown staining of HMGBL1 re-localized to cytoplasm
of kidney cells with arrows) (n = 5 per group; 10-15 images per mice). (c)
Immunohistochemical staining for KIM-1 (7= 6 for YO*Veh: = 4 for YO*ABT: 4-5
images per mice) and LTL (=5 per group; 5-7 images per mice) on Kidney tissues and (d)
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quantification of KIM-1 + area (%). (€) Serum concentration of KIM-1 (/7= 6 per group), (f)
blood urea nitrogen (n = 12 for YO*Veh: n = 9 for YO*ABT) and creatine (/7= 4 per group).
(g) Representative images of Sirius Red (7= 6 for YO*VeN; n=5 for YO*ABT; 10-15 images
per mice) and Masson Trichrom staining and desmin immunohistochemistry (7= 6 mice for
YO+Veh: =5 mice for YO*ABT; 10-15 images per mice) in livers. Arrows indicate collagen
deposition. (h) Quantifications of fibrotic area, as % of area occupied by Sirius Red stain,
and desmin + area (7= 6 for YO*Veh: n=5 for YO*ABT)_ (i) Quantification of MRNAs
encoding Collal, Col3al, Col4aland Col4a2in the liver (n= 6 per group). (j) Oil Red O

+ area (%) indicated as adiposity index (7= 6 per group; 5-9 images per mice). (k) Serum
analyses for ALT (n= 8 for YO*Ve; n=9 for YO*ABT) and bilirubin (7= 9 per group). All
data are expressed as meansz s.e.m. of biologically independent samples. A two-tailed ¢test
with a Welch’s correction (d-f, h, j-k; *, £< 0.05) and multiple #test with a two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli, with Q = 5%, *¢ < 0.05; **¢ < 0.01
(i). Scale bars, 100 um. Rel, relative.
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Extended Data Fig. 7 |. Abrogation of senescence induction by ABT 263 treatment of old mice
before heterochronic apheresis attenuates the negative effects of old blood on skeletal muscle
function.

(a) Representative images of Oil Red O staining and (b) % of Oil Red O + area in muscles
of old mice receiving old blood (OO) or young blood (OY) mice 14 days after blood
exchange (=6 mice for OO; 7= 4 mice for OY; 6-10 images per mice). (c) Fibrosis

index, calculated from images of H&E staining (7= 4 for OO; n= 5 for OY; 3 images per
mice). (d) Skeletal muscle fatigue assessment (1= 4 for OO; n= 3 for OY) and (€) treadmill
running distance in meters (=3 for OO; n = 4 for OY). (f) Maximal twitch force generated
by muscles and maximal rate of contraction between onset of contraction and peak force
and maximal rate of relaxation ranging from peak force until force had declined to baseline
during contractions in YO*VeN and YO*ABT (7= 3 per group). (g) Representative images

of Oil Red O and quantification of Oil Red O + staining of skeletal muscles (=7 mice

for YO*VEN: = 5 mice for YO*ABT; 5-8 images per mice). (h) Running distance in meters
of on treadmill (7= 8 for YO*Veh: =6 for YO*ABT)_ (i) Measured energy expenditure

and respiratory quotient (RQ) to assess ratio of CO, produced to O, consumed and food
intake in metabolic cages during the day and night cycles (7= 6 for YO*Veh; n= 8 for
YO*ABT) Data are the average of 4 day and night cycles for 4 consecutive days. Data

are means = s.e.m. of biologically independent samples. A two-tailed #test with a Welch’s
correction (b-c, ), Student t-test (f-h) (*, £< 0.05), and one-way ANOVA, Tukey’s multiple
comparison test with *, £< 0.05 (i) was used for statistical analysis. Scale bars, 100 pm.
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Extended Data Fig. 8 |. Systemic cytokine levelsin sera from young mice after heterochronic
blood exchange and after blood exchange with old mice in which SnCswereremoved by
ABT263.

(a) Changes in cytokine levels in serum from YO*VeN and YO*ABT mice (7= 10 for

each group). Box-and-whisker plots of log2-transformed fold change in mean fluorescence
intensity (MFI) compared to the average of YO*VeN, (b) Changes in cytokine levels in serum
from Y'Y and YO mice (7= 10 for each group) using a Luminex array. Box-and-whisker
plots of log2-transformed fold change in MFI compared to the average of Y. Box plots
depict median, with whiskers indicating 10-90 percentile values of biologically independent
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samples. Statistical significance was calculated using 2-way RM ANOVA followed by
two-stage step-up method of Benjamini, Krieger and Yekutieli, FDR < 0.05 (a-b). *¢ < 0.05;
**<0.01; ***¢<0.001. (c) Venn diagram of serum proteins altered in young mice after
blood exchange with old mice or with ABT263-treated old mice. The orange area indicates
the four factors that increased in serum from YO compared to serum from YY (up YO). The
blue area shows the six factors that decreased in YO™BT compared to serum from YO*Veh
(down YO*ABT)_In the intersection of the orange and blue areas is one factor showing
altered levels in both screens.
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Extended Data Fig. 9 |. Removal of SnCsby ABT 263 in young mice reduces capacity to induce
senescence in young animals by blood exchange.

(a) Schematic showing isochronic pairings using blood exchange. Young C57BL/6J mice
were exchanged with blood of young C57BL/6J mice either treated with vehicle (YY*Veh) or
ABT263 (YY*ABT), (b) Fold change in gene expression of senescence and SASP markers,
determined by RT-PCR, in skeletal muscle (gastrocnemius), kidney and liver of YY+ABT
animals compared with YY*Veh 14 days after blood exchange. (c) Maximal twitch force
generated by skeletal muscles, time to maximal rate of contraction and relaxation. (d)
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Skeletal muscle fatigue assessment. (€) Treadmill running distance in meters of YY*+Veh

and YY*ABT Data are means + s.e.m. of biologically independent samples and each data
point represents an individual mouse. Data are collective of one independent experiment. 7
= 3 for each group in this experiment. Statistical significance was calculated using two-way
ANOVA followed by two-stage step-up method of Benjamini, Krieger and Yekutieli, FDR <
0.05 (b) and two-tailed #test with Welch’s correction (c, €), *P < 0.05. Rel, relative.
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Extended Data Fig. 10 |. Systemic removal of SnCsby ABT263 in aged mice ablates rejuvenating
effects by blood exchange.
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(a) Schematic showing isochronic pairings using blood exchange. (b) Gene expression of
senescence and SASP markers, in skeletal muscle (GA and TA), kidney and liver of old
C57BL/6J mice receiving blood from old C57BL/6J mice treated with vehicle (OO*VeN) or
ABT263 (O0*ABT) (n= 8 for 00*VeN; =5 for OO*ABT), (c) Absolute peak isometric
torque of the plantarflexors, maximal rate of contraction between onset of contraction and
peak force, and maximal rate of relaxation ranging from peak force until force had declined
to baseline. (d) Skeletal muscle fatigue assessment (7= 4 for 0O*Veh: n= 7 for OO*ABT),
(e) Running distance in meters on treadmills (7= 9 for OO*Veh: =6 for OO*ABT). (f)
Latency time to fall from the rotarod (7= 5 for OO*Veh: =7 for OO*ABT), (g) Serum
analysis for KIM-1 (7= 7 for group) and blood urea nitrogen (7= 9 for OO*Veh: =7

for OO*ABT)_ (h) Adiposity (shown as a % of Oil Red O; 7= 7 for OO*VeN:; =6 for
OO*ABT), collagen deposition (7= 5 for O0*VeN: = 4 for OO*ABT), as the % of area
occupied by Sirius Red stain, and desmin-positive-area (1= 5 for group). (i) Serum analysis
for bilirubin and ALT (7= 6 for 00*VeN: =5 for OO*ABT), (j) Box-and-whisker plots of
log2-transformed fold change in MFI compared to the average of OO*VeN. Box plots depict
median, with whiskers indicating 10-90 percentile values (n7= 6 for each group). Data are
means + s.e.m. Data are collective of two independent experiments. Multiple Mann-Whitney
tests with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q
=5% (*¢<0.05; **¢< 0.01) (b, j) and two-tailed #test with Welch’s correction, with *P<
0.05 (c, e-i) was used for statistical analysis. Rel, relative.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1|. Transfer of senescence by the old circulatory milieu in mouse and human cell cultures.
a, Outline of the studies. b, MRNA levels of CdknZza, Cdknia, 116, Mmp3and Lmnbl,

normalized to Actband 7ub mRNA (n= 6 for each group). ¢, Representative SA-B-gal
staining (SA-B-gal* SnCs in arrows; /7= 3 per group/three images per ), EdU (green, EdU
negative non-proliferating SnCs in arrows; = 3 for each group/5-6 images per ) and
Hoechst labelled nuclei (blue). Scale bar, 100 um. d—g, Quantification of the percentage

of SA-B-gal* cells (d), EdU* cells (€), Lamin B1 levels, with around 1,000 cells (f) and
HMGBL* cells (/7= 3 per group; at least 100 cells were counted) in MDFs 3 or 6 days after
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culturing in young or old mouse serum (g). h, Bioluminescence from p16-3MR-expressing
cells in non-senescent MDFs cultured in serum from either young or old mice for 3 (n=9
for each group) or 6 days (/7= 6 for each group). i, Representative SA-B-gal staining (left;
+ cells are marked with arrows; = 3 for each group/5-6 images per /) and percentage

of SA-B-gal* cells (right). j, Gene expression of senescence and SASP markers in human
renal epithelial cells cultured with young or old human plasma for 3 or 6 days (d3 or

d6; n =8 per group). k, IL-6 level secreted by human renal epithelial cells treated with
young or old human plasma for 6 days (/7= 8 per group). |, Pearson correlation of secreted
IL-6 levels by human renal epithelial cells treated with young or old human plasma and
IL-6, MMP-3 and HMGBL levels in human plasma (Pearson correlation coefficient and #
are shown in the figures). Data are means * s.e.m. of biologically independent samples.
Statistical significance was calculated using a two-tailed #test with a Welch’s correction
(b,d-i,k) (*P<0.05; **P< 0.01) and two-way ANOVA followed by two-stage step-up
method by Benjamini, Krieger and Yekutieli, FDR < 0.05 (*¢ < 0.05; ** ¢< 0.01) (j). Rel,
relative. Scale bars, 100 pm.
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Fig. 2|. An aged systemic milieu induces senescence transfer in mul
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a, Experimental setup for heterochronic blood exchange. b, Luminescence images of young
p16-3MR mice receiving young blood from C57BL/6J mice (YY) and young p16-3MR mice
receiving old blood from C57BL/6J mice (YO) 14 days after blood exchange (left) and

quantification of the luminescence (right) (in arbitrary units, a.u.

) (n=17,4,3, 4o0r 4 mice).

¢, Ratio of circulating SASP proteins (>1.5-fold) of old mouse blood (/7= 7) normalized
to young mouse blood (n7 = 3) measured by antibody array. d, Gene expression of the

senescence and SASP markers in lung, hippocampus, heart, skel
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(GA) and tibialis anterior (TA)), kidney and liver (n=6 for YY; n=7 for YO). Whisker
plots represent the 10th and 90th percentiles and the line corresponds to the median. g,
Representative images of SA-B-gal staining in skeletal muscle (7=4 for YY and n=5

for YO; 3-6 images per mouse) and quantification of SA-B-gal* cells per area of YY and
YO mice. Scale bar, 50 um. f, Representative images of SA-B-gal staining (/7= 8 mice for
each group/7-10 images per mouse) and HMGB1 immunohistochemistry (n=5 for YY; n
=7 for YO; 6-10 images per mouse) and quantification of SA-B-gal* cells per area (7= 8
per group) of kidney sections of YY and YO mice. Scale bars, 100 um. g, Representative
SA-B-gal staining in liver (n=9 for YY; n= 8 for YO; 7-10 images per mouse) and
quantification of SA-B-gal* cells per area in YY and YO mice and y-H2AX foci in a
hepatocyte (7= 6 per group; 5-8 images per mouse). this experiment was performed three
independent times. Scale bar, 100 um. Data are means + s.e.m. of biologically independent
samples. Statistical significance was calculated using a two-tailed #test with a Welch’s
correction (b,e-g) with *£< 0.05; **P< 0.01 and multiple Mann-Whitney tests with a
two-stage linear step-up procedure by Benjamini, Krieger and Yekutieli, with Q= 5%, *g <
0.05 (c,d).
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Fig. 3|. Senolytics bluntsthe ability of the aged circulation to induce senescence transfer in
young kidney and liver tissues.

a, Study design used in b-g. b, Venn diagram showing the overlap between up-regulated
circulating SASP proteins identified in old versus young mice (>1.5-fold) and down-
regulated proteins in vehicle (\Veh)-treated versus DQ-treated old mice (<0.7-fold). c, List of
overlapping proteins in b. d,e, Senescence/SASP-associated gene expression in kidney (d)
and liver (e) of young mice receiving old blood treated with Veh (YO*Ven:; n=4) or DQ
(YO*DQ; n=1). f,g, Representative SA-B-gal staining (7= 5 for YO*Ve: n=7 for YO*PQ;
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10-15 images per mouse) and quantification of SA-B-gal* cells per area in kidney (f) and
liver (g) (7=5 for YO*Veh: =8 for YO*DPQ: 7-10 images per mouse). h, Study design used
in i—p. i, Venn diagram showing the overlap between up-regulated circulating SASP proteins
in old versus young mice (>1.5-fold) and down-regulated proteins in Veh-treated versus
ABT263-treated old mice (<0.7-fold). j, List of overlapping proteins in i. kI, Senescence/
SASP-associated gene expression in kidney and liver of young mice receiving old blood
treated with Veh (YO*Veh) or ABT263 (YO*ABT) (7= 6 per group). m,n, Representative
images of SA-B-gal staining in kidney (7= 8 for YO*VeN: n= 7 for YO*ABT: 6-10 images
per mouse) and quantification of SA-B-gal* cells per area (m) and HMGBL1* tubular cells
(n). Scale bar, 500 um. o,p, Images of SA-B-gal staining in liver (7= 5 for YO*Veh: =

6 for YO*ABT: ten images per mouse) and quantification of SA-B-gal™ cells per area (0),
y-H2AX foci (=5 per group; 6-8 images per mouse) and TUNEL* hepatocytes (/7= 4 for
YO*Veh: n=5 for YO*ABT; 5-9 images per mouse) (p). Scale bar, 100 um. Two independent
experiments were performed. Data are means + s.e.m. of biologically independent samples.
Statistical significance was calculated using multiple Mann—Whitney tests with a two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q= 5%, *¢< 0.05
(d,ek,l) and a two-tailed #test with a Welch’s correction (f,g,m-p) with *£< 0.05; **P<
0.01; ***P< 0.001. Rel, relative.
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Fig. 4|. Treatment of old mice with senolytics before the blood exchange attenuates the negative
effects on young skeletal muscle.

a—d, Expression of senescence and SASP markers by RT-PCR in muscles (gastrocnemius
(GA) () and tibialis anterior (TA) (b)) of young mice receiving old blood treated with
DQ (YO*DR: 1= 6) or vehicle control (YO*VeN: n=4) and in GA (c) and TA (d) of
young mice receiving old blood treated with ABT263 (YO*ABT: n=6) or vehicle control
(YO*Veh: n=6). e, Representative images of costaining for SA-B-gal/laminin/dystrophin
or SA-B-gal/laminin/CD45 (pan-leukocyte marker) in the same section of young skeletal
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muscle after exchanging blood from either young (YY) or old (YO) C57BL/6J mice (three
mice per group/4-5 images per mouse). Arrows point to the same cells in SA-B gal-phase,
DAPI and laminin/dystrophin images. In the rightmost panels of e, white arrow points to
SA-B galt/CD45* cells and green arrow points to SA-f gal/CD45* cells in the DAPI and
laminin/CDA45 images. f, Costaining for SA-p-gal/laminin/CD45 in the same section of (n
= 5 mice for YO*VeN: =7 mice for YO*ABT/three images per mouse). Isotype matched
negative IgG control for these immunofluorescence assays is shown in the rightmost panels;
the non-specific fluorescence is minimal to non-existent. g, Immunofluorescence for p16
and Pax7 protein in the muscles of YO*Veh and YO*PQ mice (7= 5 for YO*Veh: n=7

for YO*PQ/five images per mouse). h, Percentage of Pax7 and p16 double plus cells in

g. i-l, Grip strength (i), hang time and endurance (j), treadmill running time and distance
(k) and latency time (1) to fall from the rotarod in YO*Veh (7= 5) or YO*DR (= 8). Al
data are expressed as means + s.e.m. of biologically independent samples and each data
point represents an individual mouse. Statistical significance was calculated using multiple
Mann-Whitney tests with a two-stage linear step-up procedure by Benjamini, Krieger and
Yekutieli, with Q= 5%, *¢ < 0.05 (a—d) and a two-tailed #test with a Welch’s correction
(h,i-l), with *P< 0.05. Scale bars, 50 um. Rel, relative.
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