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Cellular senescence and senolytics: the path to
the clinic

Selim Chaib™®", Tamar Tchkonia®'and James L. Kirkland @' =

Interlinked and fundamental aging processes appear to be a root-cause contributor to many disorders and diseases. One
such pi is cellular se ence, which entails a state of cell cycle arrest in response to damaging stimuli. Senescent cells
can arise throughout the lifespan and, if persistent, can have deleterious effects on tissue function due to the many proteins
they secrete, In preciinical models, interventions targeting those senescent cells that are persistent and cause tissue damage
have been shown to delay, prevent or alleviate multiple disorders. In line with this, the discovery of small-molecule senolytic
drugs that selectively clear senescent cells has led to promising strategies for preventing or treating multiple diseases and
age-related conditions in humans. In this Review, we outline the rationale for senescent cells as a therapeutii " ~~refizpiifze=— =
ders across the lifespan and discuss the most promising strategies—including recent and ongeing clinical trials—vut h[a_ﬁslé:-ﬁ I
small-molecule senolytics and other senescence-targeting interventions into clinical use,

JRSCEERE: https://www. nature. com/articles/s41591-022-01923-y
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1. Metabolism of pancreatic cancer: paving the way to better

anticancer strategies

(fREF+H 9, Molecular cancer, 41.44 %) ;
2. Emerging role of autophagy in anti—tumor immunity: Implications
for the modulation of immunotherapy resistance

(R IT+EHME, Drug resistance update, 22.84 %)
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3. Cellular senescence and senolytics: the path to the clinic
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1 Tablel:

Table 1| Senolytic clinical trials: completed, current or planned

Study title Senolytic  Study design Identifier Status

Targeting pro-inflammatory cells in idiopathic D+Q Phase 1, randomized, open-label NCT02874989 Completed™

pulmonary fibrosis: a human trial

Senescence in chronic kidney disease D+Q Phase 2, randomized, open-label NCT02848131 Current, preliminary

report published*

Hematopoietic stem cell transplant survivors study D+Q Randomized, open-label NCT02652052 Current

(HTSS)

ALSENLITE: senolytics for Alzheimer's disease D+Q Phase 1/2, open-label NCT04785300 Current

Senolytic therapy to modulate the progression of D+Q Phase 1/2, open-label, pilot study 0 Current

Alzheimer's disease (SToMP-AD) study Phase 2, randomized, double-blind,
placebo-controlled

Senolytics to improve cognition and mobility in older D+Q Single-arm, open-label, pre-post Pending Pending

adults at risk of Alzheimer's disease pilot study

An open-label intervention trial to reduce senescence D+Q;F Phase 2, randomized, open-label NCT04733534 Current

and imprave frailty in adult survivors of childhood

cancer

Targeting cellular senescence with senolytics toimprove D+Q; F Phase 2, randomized, open-label NCT04313634 Current

skeletal health in older humans

Quercetin in coronary artery by-pass surgery (Q-CABG) Q Phase 2, randomized double-blind, ~NCT04907253 Current
placebo-controlled

Use of senolytic and anti-fibrotic agents to improve F Phase 1/2, randomized, NCT04815902 Current

the beneficial effect of bone marrow stem cells for double-blind, active-control

osteoarthritis

Senolytic drugs attenuate osteoarthritis-related F Phase 1/2, randomized, NCT04210986 Current

articular cartilage degeneration: a clinical trial double-blind, placebo-controlled ® - : L,

COVID-FISETIN: pilot in SARS-CaV-2 of fisetin to F Phase 2, randomized, double-blind, NCT04476553 _tmrellﬂ_ti &
alleviate dysfunction and inflammation placebo-controlled
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TKR/GFR/EFNB

|
Dasatinib
Navitoclax \T
7 A1331852
BCL-2 family e SFlC
i Procyanidin C1
BAX/BAK Quercetin P|3K Proteasome
,EH\ Fisetin 5
A, Luteolin :J#//A Geldanamycin
Mitochondria Enzastaurin AKT T Tanespimycin
Alvespimycin
+—— Piperlongumine l HSPQD ———1(17-DMAG)
Caspase activation Survival Ansamycin
l FOXO4-DRI Resorcinol
Purine- and
Apoptosi S yrimidine-
. Gy0e= ﬁka N-terminal
a*/K* Lysosomes - | inhibitors
iy i p53—FOXO4‘%-£@_ -
) Senescence-specific
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Chaib S, Tchkonia T, Kirkland JL. Cellular senescence and senolytics:

the clinic. Nat Med. 2022 Aug;28(8):1556-1568. doi:

10.1038/541591-022-01923-y.
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ARG ERR T LAy 9 % VE AT E B A 0 A 05 R Gk 5 07 0 B Rk
K€ B4 S Meta 08T (Meta analysis) ; HYEHEEIAES Meta 9 HT
i, ATRAHEAT B LR G

Meta 73 M 1R £ Fh 2R AL, & WK LA AN T -
1. FE# Meta 5347

XFP Meta 29 #r DL IFBEALG BEGUE0 . ARRE AL RS BASIAT 7
P 49 K BRI L BB RO . 1K Meta 20 AT I T VE SO, KR M
e

A N ) BE B [ A0 4k 2 (SGLT-2) #il] 7 % 2 BY W JR 3 i 2 0
L A8 445 J5) B S0

SGLT2 Control Relative risk
inhibitor (n/N}) (95% 1)
(n/N)
| Cardiovascular death
Canagliflozin 21/6396 16/3327 k) e 068 (0-36-1-31)
Empagliflozin ~ 172/4687 1372333 d—e—n 062 (0:50-0.78)
(P=0%) = 0-63 (0:51-0-77)
T T T 1
05 1-0 15 20 25
— Relative risk —_—
Favours SGLT2 inhibitor Favours Control

(From: Wu JH, et al. Lancet Diabetes Endocrinol. 2016:4:411-9.)
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(From: Global BMI Mortality Collaboration. Lancet.
2016;388:776-86. )

3. BRI Meta 4317

Meta 79 #rid ] LU BLAL R BEAT 5 JF - XK Meta TS R Tahs 24
RIBHE BRE. RLE. R, mBER, RERE, FARMREh
REW I AT 70 o X LA Meta 20 Ao &5, M RUAE T R BRI . WA
AT Meta [8] 5 73 A o Ak 2 7 o 1k 1 36 22 05 2

Bl AERSILES, H2RKIHIMANEZS R T?

Prevalence (95% CI)

Any violence

Ammerman et al (1994)° —— 0-609 (0.525-0-686)
Mandell et al {2005)7 i 0-045 (0-022-0-090)
Cuevas et al (2000)% —— 0-193 (0-151-0244)
Sullivan et al (2000)* - 0-676 (0-622-0.726)
Verdugo et al (1995)* E = 0115 (0-088-0-148)
Benedict et al (1090)* - 0-106 (0:082-0-136)
Sullivan et al (2000)** o 0310 (0-295-0-326)
Overall (P=98-9%) i 0267 (0-138-0-421)

I T S L [ R e e
0 0-2 04 06 0-8

(From: Jones L, et al. Lancet 2012;380:899-907.)

4. W% Meta 7 #7

PR R TS X 2 W R, R REUEZ . KR . ROC
N, B0 WHRESEHBTRPEE S, BEEREMCRNMEA
Xt I S e [ 2 W A7y



fE.

N i ' H H H H m ¢
- ¥ L L} L] - L) L] .
L) [ ] ] L ¥ - - L] " L&
L L] L} a ¥ L] L] L] -
"W ¥ " " I " M M PR
Ll * L] - " L] L] [ [ E3
N e e T T e T R T T =Ty
W ¥ ] - " a L] L] -0
ow ¥ i a ¥ ¥ . ¥ & )
L bl ¥ L] L] ¥ ¥ L] L] L3 ]
M » » . a ¥ . . " & ¥
L) L L) Ll ¥ - L) LI ¥
L] i W A [} L] L] L] [}
sdissssshssnnnssansssdassnsnbanssnasnasnn fonsnsanlaassss’snnansn
L L& - - * - . Ll 1
" L ] a ¥ - - . ’
" [} L L] a * Ll L] v L] ]
¥ ¥ ¥ " " ¥ ¥ ¥ 'l » ¥
L] [ L] a L] - * [ ﬁ
* L] - L] L L - L]
¥ L) L) A * # et L ]
. TR FrEET - e LT T T FEEEE . -
* ¥ L a 1] - L L L]
E . ¥ 1 a ¥ . T . ¥
* L] L] ] L] Ll L] L] 1
= ¥ ¥ a - a . ¥ ]
. [ [ ] a 1] LI a [ ] L]
¥ ] b [ * [] [ ]
n..un. " shesamestnane Tremmun bamasnghmnn ...“rrunuuw_.uuu._.mu...iu..
L] L 4 % * o4 L] L]
[ L] L] - L L4 - - " 1]
QO ¥ i i % " . . M ¥ 1
¥ ] n LI S L} L] [} ]
D ¢ . . 4y ¥ . . '
L] " . - 4 Ll - []
¥ ) e
S L3 L] LR L] L] L] ]
¥ L] & " % L] L] L] ]
L] - " L L] (] L] ﬁ
- - L L . - L]
a & ¥ L] L L] "
L] L3 L) L L] ]
|||||| A o e e s o, . e gl g o s o Sl e e
- - - - [ i
a ¥ Y W M “
o R L] LY [ [
L L L] L3 L] . ¥
a [} Ll L] L] L ]
a4 ] L] L] L] ]
L] L L] LI L L] L
L] L e Rt F R T R R T
. a ¥ . Y " ¥
] L] ¥ L] LI # b
[] r - ] L] L] L] L] ]
L - ¥ ¥ L] L L] ¥
L L} ¥ - - LI ¥
- [ * L] L] - L]
iiiiii demms el B wk wrsgsapdpnsesrissnrnch issan
# ¥ » # L} La i
. ) ¥ & . - ¥
L - * - L) L .‘.r m
Ll » L Ll L]
= 9 [ | . * W ¥ (Y
et i\.ﬁ [ 2 - L] L
.w .ttlrhriftal“-iiflii"rtlii “H
o= o ¥ ] a o
L L] L) L]
H - L [ ] L) - ¥
L4 L] L] L] ¥
m a ] ¥ ." a ] L]
> * [ ] L] L] " L] L] .
% L] ¥ 1 L} L} L) ¥ ¥
QO 0 N © 1S M N T
" © O © o © ©o © o ©

0.8

0.6

0.4

0.2

1-specificity

2016;264:252-6. )

Ann Surg.

al.

Cousin F, et

(From:
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Meta 70 A1 72 K & A N AU A2 IR — E IR P (AR R I 8] L

Meta 3 #T o
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LA A 5T 45 2R (1 3

2

MR EF ) , FEEme—&, #1772

A AHMB TN, FEEAT K Meta 70 H, XHf
S ES, PSR TR R S R AR .
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Relative risk(95%Cl)of myocardial infarction

Year Patients  Events P
1957 523 1 0516 -+ ®
1958 £15 2 0736 < Py
1399 5 0.828 Py i
2208 [ 05406 _.
2583 g 0645 [
1324 4 0-B66 o
19599 4017 12 0879 Y
LO5G 13 0881 ,l-
2000 51493 16 Q55 .._..
13 269 40 0070 — 9
14247 44 0034 ®
15156 46 0025 ®
20742 52 0010 | — g
2001 20742 58 0.007 rs
20742 63 b= Combined:2-24 e
21432 64 0007 (95%CI1-24-4-02) PR VR
|
T ] 1
: 1 10
Favours rofecoxib Fawvours control

(From: Juni P, et al. Lancet. 2004:364:2021-9.)

6+ 5 Meta 2047

751 Meta 230 AT 2240 T B4t Meta 2041, AN [E B & FE G N B3 10
BEFLE, BN — R EAH 281 (interim analysis) . & & Meta 70 M7 52 ik
THEGE Meta 38T, 492 B Meta AT HIAN L, KR ER S 7 1%

fix (a)o.

2 e I 2 1) TR XU
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OR (95%Cl)

Non-cardioselective B blockers !

VA COODP II ; 015 (0-02-1.50)
Subtotal —ﬁn— 015 (0-02-150)
Cardioselective i blockers :

ASCOT-BPLA 0-94 (0-86-1.04)
CONVINCE 095 (0-81-1.12)
Coope+Warrender 143 (0:82-2.50)
INVEST 096 (0-79-1:18)
LIFE -89 (0.76-1.04)
STOPZ {overall) 093 (0-78-1-11)
Subtotal: I'=0-0% p=0-0745 094 (0-88-1.00)
Overall: F=0.0%, p=0.528 0-94 (0-88-1.00)

Interaction p=0-10

01
Favours B blocker  Favours control
(From: Bangalore S, et al. Lancet Oncol 2011; 12: 65-82.)
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oA

HEA) ;i TR A2 1 2 189 T e A g IR 2
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4.5 ”
4.0 s

3.5
3.0

2.5
2.0

Rate ratio

-
-

1.5
S~ = Non-linear model
-
‘D‘(j ----- 95% Cl
1.0 :
=== Linear model

4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
Fasting blood glucose (mmol/L)

(From: Liao WC, et al. BMJ. 2015;349:g7371.)

8+ MR Meta 43 #7

AH RV R DR ST S RBOR , ABIE LR 259 22 [8) 1) A EE 3%
B BAR D, KRR OL T 75 2R L. R Meta 20 i 2 2252 38 1 [H)
BLOBE, R AL T A — AN UE S AR 0 B T T M R I 2R AT ZR S VR A R EE

12



245 5 B 24 W )RR R 2 4
P
EI Monotherapy

DPP-4 inhibitor »

_ Thiazolidinedione

SGLT-2 ~
inhibitor S

Metformin

Basal-bolus -
insulin

25 Trials (14477 patients); 197 763 Patient-months follow-up

(From: Palmer SC, et al. JAMA. 2016:316:313-24.)
9. HERAK Meta 47
1) B4 P{H i Meta 0%

PN IR G B RNAE, Ned T PAE, HRHESIFN, W% E
A% PAEBEAT & I (A2 PEI) Meta ST FAETFZ A LE, ZHAIEA

e

i
2) ATEEYE Meta 24T

HITBE TE Meta 23 #7 & 8 AE AN N (BT F0 45 R i R R Z 0T, Je BEAT R Gtk
K VPO AN E AN S HEBR AR E ) — Fh Meta 23 HiT .
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3) H'ERE Meta 44T

AN B NI Meta 738, BOAS —ROR /OH /2803 (1 Meta 70 A, & i
T EE R Meta 73 HT, ax kDI RHRAT FE 1K) Meta 20 4T, Meta 04 (K1Y A 73

&%

Meta [A] 14

Meta 73 MRy, JELAG BT 7T (8] 47 46 57 o ik, JF HL A S 20 20 i T vk AR i
A BE 7 2 Meta [A] VAR PP O 0T 70 18] 5 Jo7 4 ) K/ SR

245 B I s o L R0 MTAE T B 5

Major cardiovascular disease events proportional risk reduction (%)

-20

T 1 T T
0 5 10 15 20
Reduction in systolic blood pressure {mm Hg) (

From: Ettehad D, et al. Lancet. 2016:387:957-67.)
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it 2: 30 43K, Meta MMl R VEY RESG M, HPHFZ W REZR
B AR S PER . 2021 4E, (JAMA Network Open) F£UgF] T 655 &5 Meta
SR 175 B RA TP M, RARWES AN 9% (56 &) M 17% (29
) .
2022 4 8 H 24 H, (JAMA Network Open) K#E T —Fi&¥F (Editorial)
(11, @ vPrhda . AHHTIEA HE B Um A Meta 2 A () WA B AR E, (H 9
HATLEVE S Meta 23 HT BT O — 28340,

Editorial )
August 24, 2022

Keeping Meta-analyses Fresh

Jesse A. Berlin, ScD'2; Gordon D. Rubenfeld, MD, M52:3; Roisin E. O'Cearbhaill, MD2#; Amy Sanghavi Shah, MD, M52>; Stephan
D. Fihn, MD, MPHZ6

» Author Affiliations | Article Information
JAMA Netw Open. 2022;5(8):e2228541. doi:10.1001/jamanetworkopen.2022.28541

https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2795604
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R, WMRZ Meta HHTREEZUT WA, RO EEZHREER.
1 A 40% 3 TR EE— A HH Meta 23 1T 50 48 Meta 347 2 1% Meta 43 47 fif e 1 6 24 75
fE VeI ) 2 (JAMA Network Open) 5 7] G 45 X FE 1Y) Meta 43 BT : B4R T BE4E Meta
WP RENZEE R, FHRAERFHOAFEARENER, BHRNAFLDEFTEW
Fty 2 22 15 PR 0 R
2. 3 5 AER, i E AT L WL Meta 43T, A& Meta T HABIBIF, S5EEH4 Meta
ST 4% Meta S AT N B SR AT [, 0 204 HH 38 40 F60 B BR300 B Ay ] 22 % 3R AH [
L) Meta 2387, TR AR CH Meta ST R EEFH, BHWRTRESSKE:
3. % Meta 78 0T /& 5 R0E TIEAATAER W R (B, fEFH Meta [51)33F457] RE 0B 1R 9T
BEMHEER:; ENTHAABNBRER)  REHNEFREE-ADHOTR T, 1k
B T W H
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4. ZRGN L Meta MR B ARG MAENE? WRERTEANEEWEA Meta 5547,
WA EAERRREHZEFEHERP MBS, WEF—EHE, HiH T RKRMFR
Ji .

B4, (JAMA Network Open) W &Rk —i RAVE[2], Zid T RRIR R A 5 B35 08
FH ORI SCHR, AR BRI R0 45 [F) &, H i 7 R 5 o B 7 BEAH DG 00 1) R . i
AREERARKRTRENEEHI XM D, HBINAZXR-IMEENRA, BHRKE.
JAMA 38 8 g 3238 — W06 T BN S ol S0 1 I % 5 8 G 01 38 /<8 28 1 1R I 2% Meta 43 AT
[3]. XA~ Meta RSz AR E R4, AMRER, EXN5 COVID-19 HX.

5. Meta 73 BT 00 2004 7 1125 8 T A W] BERF & 26 A0 AT LA NI AT FE . 37 48 90 s S AT 4t
WHERR IR . RZ W, SRR S KBRIZH Meta W h B IR T AHKRHIBTR, B
FIRAAARBHRAES, INMHRIPHELER

6. Z RGP EL Meta 73 47 /2 5 78 45 AL B T BTN N T O N BE SR AR R 22 R A ) L 2
A%, BIRIEARMEERE o H 2 2 E H AR B cover letter T AR Y _EIA ) B
Y Bt W] BE S IR MR A, ESRARAT BE— B R

2% 3CHR -

1. JAMA Netw Open. 2022;5(8):¢2228541.

2. JAMA Netw Open. 2020;3(11):e2023503.

3. JAMA. 2020; 324(1):57-67.

3
”\\;sa W —ERIE R & A AL KR ?
SCI % 30 B9 — BRI M 2 % -7 BN 7 B 4«
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WA — R XEREATEZN N, BAH—EFHLE - KAFREHEAN.
RECEMEE . LBt 2. iR EE. B, SRR UAE
IR BT E XD THGEE —EEHE TR, HR R EM TR E E AR
FEoAMN, EREREETEASR -EEL, AASSHE MoK ERE, AA
ST AL B, X ANMRYE TAEE M TAEsTER AT LA 9 8E = BB = fF&, 55—
58 3T 50 % H A A1 3 10 A
MR R EEBER, THEZ, BENIAEENDIAREIESEE, PN
R Tk A 3 22 5, At n] BLA Dy SEEE 2, R FE R — 1R
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