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§ MAIS VIEILLIR C’EST QUOI ¢

Fonction @) Vieilissement physiologique
d'organe X (@ Maladie chronique
100 % (® Maladie aigué

Finalement, vieillir c’est...

* .. une accumulation de
multimorbidité

* .. une alteration des
réserves fonctionnelles

100 ans

J.P. Bouchon, 1+2+3 ou comment tenter d'étre efficace en gériatrie, Rev Prat 1984, 34:888.
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Cell. 2013 June 6; 153(6): 1194-1217. doi:10.1016/j.cell.2013.05.039.
The Hallmarks of Aging
Carlos Lopez-Otin', Maria A. Blasco®, Linda Partridge®#, Manuel Serrano?”, and Guido
Kroemer®.7.8,9,10
l Departamento de Bioquimica y Biologia Molecular, Instituto Universitario de Oncologia (IUOPA),

Définition d’un « Hallmarks »

(i) Doit se manifester au cours du vieillissement normal

(i) Aggravation associée a une accélération du vieillissement

(I I I) Correction associée au retard du processus de vieillissement normal et, par conséquent, a I’augmentation de la durée de vie
Altered intercellular - = Genomic

Q Telomere .
% . attrition Primary hallmarks
L

; 7 T ' Causes of damage

A Epigenetic

exhaustion ¢
& Loss of ‘
proteostasis

|“ Deregulated |
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Figure 1. The Hallmarks of Aging

Figure 6. Functional Interconnections between the Hallmarks of Aging



Cellular UV light Replication Chemical lonizing Replication
metabolism exposure errors exposure radiation stress

ROS and
reactive aldehydes

Bulky adducts

Pyrimidine dimers
Single strand ¥ .

Base Interstrand Double strand
breaks (SSB)

mismatches crosslinks (ICLs) breaks (DSBs)

Base damages Replication fork
Base oxidation arrest

Base hydrolysis

SSBR BER Replication fork
stabilization

Fakouri FEBS 2019




* =>Viell

humains

* Syndrome de Werner, le syndrome de Bloom, le xeroderma pigmentosum, la
trichothiodystrophie, le syndrome de Cockayne ou le syndrome de Seckel
Gregg et al., 2012 ; Hoeijmakers, 2009 ; Murga et al., 2009; Moskalev et al., 2012; Faggioli et al., 2012 ; Forsberg et
al., 2012; Jacobs et al., 2012
Laurie et al., 2012; Jones et Rando, 2011 ; Rossi et al., 2008




Tissue Specific Phenotypes Caused by LMNA Mutations

Striated muscle Adipose Peripheral nerve Multisystem disease
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) cardiomyopathy Increased Growth
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INSTABILITE GENOMIQUE

* 2005 : dommage ADNmt et vieillissement

* Mutations et delétions de 'ADNmt <> stress oxydatif
* Mutations somatiques des mitochondries
* Diminution du nombre d'histones protectrices dans 'ADNmt

e Efficacité limitée des mécanismes de réparation de 'ADNmt

* Mais...

* (Causalité des mutations de I'ADNmt +/- controversée en
raison de la multiplicité des génomes mitochondriaux,
qui permet la coexistence de genomes mutants et de
génomes de type sauvage dans la méme cellule
("hétéroplasmie« ).

/ Stress relieve:
| Energy demand
1NAD+ and AIP
tumover

Mitochondrial mtDNA mtDNA mtPTP Cell
point mutations- mutant activation death
rearrangements  amplification

THRESHOLD

Tissue cellularity

Middle age Senescence

Linnane et al. 1989; Park et Larsson 2011; Wallace, 2005
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* MAIS, absenc
somatiques des man

* Perte progressive et cumulative des sequences protectrices des telomeres

aux extrémites des chromosomes.
* Limite de Hayflick < Capacité proliférative limitée
/O Hayflick et Moorhead 1961 ; Olovnikov, 1996; Palm et de Lange 2008, Hoeijmakers 2009, Shay 2016
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* Consequence

n

Altérations transcriptionnelles : augmentation du b
Production et maturation aberrantes de nombreux ARNm

Modifications transcriptionnelles de génes codant pour des composants
clés des voies de I’inflamamtion, mitochondriale et lysosomale

Signatures transcriptionnelles associées au vieillissement affectant
également les ARN non codants, notamment une classe de miARN
(gero-miRs) associee a la longévité

YOUNG

I
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de Magalhaes et al., 2009 , Harries et al., 2011 ; Nicholas et al., 2010, Maegawa 2010 ; Jin et al., 2011 ; Sen Cell 2016Bahar et al., 2006
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INEesS
solol et dans certains organites

* Longeévité augmenté de protéines chaperones

®* HSF-1 : facteur de transcription impliqué dans la régulation de I’activité des protéines chaperons associées a I’augmentation

de la longevité et la thermotolérance chez les nematodes.

Chiangetal., 2012 ; Hsu et al., 2003 ; Min et al., 2008 ; Swindell et al., 2009 ; Calderwood et al., 2009 ; Powers 2009, Hartl et al., 2011 ; Koga et al., 2011 ; Mizushimaet al., 2008




@ MOLECULAR AGEING

The proteostasis network and its
decline in ageing

Mark S. Hipp(®, Prasad Kasturi and F. Ulrich Hartl *

NATURE REVIEWS | MOLECULAR CELL BIOLOGY VOLUME 20 | JULY 2019 | 421
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- Fig. 2| Mechanisms of aggregate toxicity. a | Oligomeric aggregates may form pores in Shleldlng of reactive
L f ~ cellular membranes™** (left panel), while fibrillar aggregates can interact with and Dilution thro.ugh Rejuvenated surfaces and disaggregation
{ A deform membranes'®** [right panel). b| Chronic expression of aberrantly folded cell division dauahter cell byHSPTO and/or HSP110

) . proteins caused by disease, ageing or external stress reduces proteostasis capacity by 9

Protein deg radation sequestering or otherwise inhibiting protecstasis network components, including (but

.| biquitin-protea some system not limited to) prateasames “5 77 chaperones”™ %, nucleacytoplasmic transport

= Autop hangma[—[yy}wma[ factors' andfactors necessary to mount a successful stress response’ - This reduced
capacity will result infurther misfolding and aggregation of endogenous proteins. These

system additional misfolded speciesinturn engage the proteostasis network, thereby further
reducing available protecstasis capacity and driving a positive feedback loop that
eventually leads to proteostasis collapse.

Fig.3 | Mechanisms to counteract aggregate toxicity. Cells employ various strategies to counteract the accumulation of
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l\\g DYSFONCTION MITOCHONDRIALE

O

* Diminution de I'efficacité de la chaine respiratoire
mitochondriale <> baisse de la synthése d’ATP

® Production de ROS

® Effet direct sur la majoration de la dysfonction mitochondriale

®* ROS => signaux de prolifération et de survie suite au stress

®* Niveaux de ROS augmenté avec le vieillissement

® Vieillissement et atteinte de l'intégrité et de la
biogénése mitochondriales (lien avec instabilité de
I’ADNmt)

®* Perméabilisation des mitochondries <> signal inflammatoire, et

oxydatif

* Signal apoptotique cellulaire

. o« Exosomes
Parkin MDVs - - .. .
° .

Endolysosomal system

Mitochondrial dynamics

Mitophagy

Autophagosome

Kroemer et al., 2007 , Wang et Klionsky, 2011 , Hekimi et al., 2011 , Sena et Chandel, 2012
Harman, 1965, Picca Int Journal of Molecular Science 2019



O * Sénescence <> réponse
compensatoire benéfique

* Arrét stable du cycle cellulaire associé a
des changements phénotypiques

* Accumulation de cellules
sénescentes avec le vieillissement en
lien

* Augmentation de géneration de cellules
sénescentes

* Diminution de leur d'élimination

j§ SENESCENCE CELLULAIRE

Table 1| Select features of senescent cells

Morphologic
features
Cell cycle blockade

Mitochondrial
changes

Lysosomal changes

Muclear changes

Additional selected
features

Increased size™

Increased granularity==

p21-p53 (ref.*%)

p16-RB (ref.")

Increased size/number?

Increased ROS production®

Decreased membrane integrity®

Increased size/number=®

Increased SA-p-gal activity™

Lipofuscin accumulation®

Telomere shortening®%£3

DDR (telomere-associated foci, y-H2AX)5
Lamin B1 loss®

Senescence-associated heterochromatin foci®
Decreased DNA replication®

Cytosolic DNA/cGAS-STING activation™*

LINE-1 retrotransposon de-repression®
Remodeling of SASP-associated super-enh

Other senescence transcriptional changes™=<%7

SASP

Senescence amplification

induction
Chronic
inflammation

@
sasp o @
production &

@
L %e

@ »
Senescent cell Sanescent cell
. accumulation

clearance
Secondary
senescent cells

Fig. 1| Senescent cell accumulation positive feedback loop. Cellular
senescence is induced following exposure to an initial stress. The resulting
sengscent cells produce a SASP that can potentiate further senescent

cell accumulation and impair clearance. In turn, the SASP can be

amplified, eliciting an environment of chronic inflammation and additional
senescence-inducing stressors that drive a feed-forward cycle of senescent
cell accumulation.

Gasek Nature Aging 2021

Campisi et d'Adda di Fagagna, 2007 ; Collado et al., 2007 ; Kuilman et al., 2010
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IMMUNOSENESCENCE ET INFLAMMAGING,
EST-CE SI MAUVAIS ?

Neurodegenerative Rheumatoid Cancer Cardiovascular Metabolic References
diseases arthritis diseases diseases

Innate immunity
Inflammaging [8, 25, 57, 66, 79, 99]

Expansion of M1 macrophages [24, 57, 79, 94, 100,
101]

Expansion of CD14*"CD16™ monocytes [73, 102,103,104]

Expansion of myeloid-derived [105, 106]
suppressor cells

Adaptive immunity
Decreased thymic function
Contraction of T cell repertoire 108]

Expansion in late-differentiated CD28™ T v/ [15, 28, 29, 52, 82]
cells

Expansion of Tgyra cells v [17, 31]
Expansion of regulatory T cells (FoxP3+) [54, 109]

Increased CMV serology N [52,110,111,112,113

Increased plasma autoantibodies N [44, 114,115,116]

Abbreviations: CMV, cytomegalovirus; FoxP3, forkhead box P3; Trpra, effector memory T cells re-expressing CD45RA

Barbé-Tuana Seminars in Immunopathology 2020




ogigue (~40 ans).

* Lesp L9 (impliquée dans le vieillissement
cardiaque et la fonctic 1in-3 (molécule associee a la longévité).

* Un processus qui est partiellement compris...
/ Franceschi Biochem Soc Trans 2003, Franceschi Nat Rev Endocrinol 2018, Sayed BioaRchib 2019
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IMMUNOSENESCENCE ET INFLAMMAGING,
EST-CE SI MAUVAIS ?

* “"Immunobiographie" de
I'immunosénescence et de l'inflammation

® Un concept complexe, personnalisé et
dynamique

® Caractéristiques homéodynamiques équilibrées
entre les aspects "adaptatifs” et "inadaptés".

* Trajectoire d'inflammation /immunosénescence

® => Vers une définition "universelle" et
" by " o eJ]e
compléte” du vieillissement avec
Immunobiographie 2

OTHER BODY SYSTEMS

IN AN AGING BODY: # *

AGING
+

CHALLENGES B: INSULTS
! ¥

*" ,« IMMUNOBIOGRAPHY ~

IMMUNE . mq;p . @ IHHLANEED
SYSTEM
PARTS —

2 AND/OR

RESPONSES

i’

» » n (MANY FORMS)

RESILIENCE ARDs, FRAILTY

A 4 A 4

LONGEVITY EARLIER DEATH

Franceschi Santoro and Capri Seminar in Immunopathology 2020, Cohen Mech Arch Ageing Dev 2020
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LA MALADIE D’ALZHEIMER

Alzheimer disease
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Hou Nature Review 2020

Tau pathology

Entorhinal

Hippocampal

Isocortical -
Stades I et II:

Braak neurofibrillary stages. Acta Neuropathol 1991: 82:239-259 transentorhinaux

Prevalence

1

Braak Stages | -l

0 20 40 60

Stades Il et I'V: Stades V et VI:
limbiques néocorticaux

Amyloid
pathology

Dementia

Braak Stage V-VI

Fig. 2 - Estimated prevalence of amyloid deposits and neurofibrillary pathology according to the age of the subjects.

Teissier Rev Neurol 2020




j§ VIEILLISSEMENT DU CERVEAU

® ®* Durée de vie des cellules cérébrales avec fort potentiel de
plasticité synaptique

* Activité et nombre de cellules gliales augmentent avec I'age

® Activation microglie associée & un environnement pro-inflammatoire,
eurodégénérescence et perte de synapses

® Atrophie progressive, notamment au-dela de 70 ans, avec perte de 2 a 5%
du poids du cerveau tous les ans

®* Arterioles

* Tortuosité des artérioles (irrigation de la substance blanche)

® Perte capillaire au cours du vieillissement normal évaluée entre 15 et 50%,
selon la région corticale ou sous-corticale

®* Hallmarks du vieillissement

®* Downregulation de gene associés aux fonctions mitochondriales, plasticité

neuronales/synaptique, systéme ubiquitine-proteasome, réponse au stress,
réponse immune /inflammatory, homeostasie des ions

FIGURE 1 | Brain ageing halmarks and neurdlogical diseases. Ageing represents the combined disruption of several homeostatic processes, ncluding protain

aggregation, DNA damage, mitochondrial dysfunction, lysosomal dysfunction, and changes in epigenetic reguiation. These changee might be dependent on different

Uprégulqﬁon des foncﬁons de ICI myeline de IG glie cel types and result in the development of various diseases depending on their ongine n diferent brain locations and the pattern of propagation (Created with
BicRender.com).

Teissier et al Rev Neurol 2020 Azam Frontiers in Cell and Developmental Biology 2021
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Fig. 2 |Hallmarks of ageing. Nine hallmarks of ageing — genomic instability, telomere attrition, epigenetic alterations,
mitochondrial dysfunction, deregulated nutrient sensing, loss of proteostasis, cellular senescence, stem cell exhaustion
and altered intercellular communication — seen in the main neurodegenerative diseases. AD, Alzheimer disease;

ALS, amyotrophic lateral sclerosis; AT, ataxia telangiectasia; HD, Huntington disease; PD, Parkinson disease. Azqm Fronﬁers in Ce” qnd Developmen‘l‘ql Biology 202]

Hou Nature Review 2020




AD and ADRDs

Healthy ageing Proteinopathy induces senescence

Senescence induces proteinopathy
Hoemeostasis decline * Homeostasis decline
» Underlying genetic risk or cause
* Environmental risk factors

1

1

: * DNA damage

i » Underlying genetic risk in
: SENEsCcence genes

! » Reactive oxygen species

i accumulation

i » Mitachondrial and lysosomal
! impairment

! » Excessive myelin fragmentation
1

1

1

1

I

I

v

Disease-related
senescence

» [ncrease in oxidative stress
* Increase in DNA damage
» Mitochondrial stress Protein

L

] * Synapse damage l
¥ = Meuron loss )
Disease-related * Mild cognitive Proteinopathy
senescence impairment

i

Cellular damage

L W

s Senescence » DNA damage = Oxidative stress
= Immune surveillance » Oxidative stress * Mitochondrial stress
» Mitochondrial stress » Decline in proteostasis

If senescent * Decline in proteostasis
cells not cleared
L J L L )

Chronic senescence Chraonic senescence Chronic senescence

L J L L 4

Chronic » Synapse damage = Chronic inflammation » Brain atrophy + Chronic inflammation
inflammation = Mild cognitive # Disease-specific inflammation = Cognitive * Disease-specific inflammation
impairment impairment

Fig. 1 |Role of senescence in the context of ageing, Alzheimer disease and Alzheimer disease-related dementias.

Sara Saez- Atienzar and Masliah Nature Review 2020




Healthy brain

Microglia-
derived

factors -\

Oligodendrocyte

Differentiation

J_ Migration
),

Self-division

Fig. 3| Alzheimer disease pathology in the context of myelin fragmen-
tation and senescence. Alzheimer disease (AD) is characterized by the
accumulation of intracellular abnormal tau and extracellular amyloid
plaques. Myelin loss is an early event in the pathobiology of AD and is
enhanced by the presence of extracellular amyloid plaques. Microglial cells
act as macrophages and phagocytose the myelin debris and then degrade
it through the autophagy-lysosomal pathway. When the accumulation of
myelin debris is greater than the microglial lysosomal degradative capacity,
microglial cells become senescent and release pro-inflammatory factors
(collectively referred to as the senescence-associated secretory phenotype

Brain with AD

Senescent Amyloid deposits

microglial cell

Differentiation

Self-division

SASFl

Lysosomal
storage deficit

(SASP)). We propose that the activation of senescence in microglial cells
has two negative outcomes that may contribute directly to the pathology
observed in AD: inflammation activation, which contributes to the impair-
ment of other cell types, such as oligodendrocytes and oligodendrocyte
progenitor cells (OPCs); and loss of microglial capacity, which contributes
toagreater accumulation of amyloid plaques and myelin debris. In addition,
the accumulation of myelin debris could impair the remyelination process
by affecting cligodendrocyte recruitment to the axons and by suppress-
ing microglia-derived factors that are required for OPC differentiation into

oligodendrocytes.

Sara Saez- Atienzar and Masliah Nature Review 2020
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Aging and Neurodegenerative
Disease: Is the Adaptive Immune

DEGENERATION REGENERATION

SYStem a Friend or Foe? \)o\'( ﬂté 1 Newogeness o

activation

TIL-10

Katie Mayne’', Jessica A. White', Christopher E. McMurran?, Francisco J. Rivera3+58 and
™ Neuronal

Activated
microglia
Alerie G. de la Fuente™ TEDNE
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O
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ﬂ@" ©.,

® Principalement constitué de lymphocytes T coa i
5 . . ofe a APC & L9

CD8, avec corrélation significative avec la /m,
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- =\ @
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A ﬁ \..l 1 Neuronal survival ‘
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= i . . tief” Beell . Tom
* Diminution des cellules T régulatrices (Tregs), [ )9}0 S—>9 1 Neuronsl death g -_—y

MTh17 1 Demyelination *

4 Treg 1 Antibodies T Plasticity 1 Antibodies

4 Neurogenesis B cell

® Augmentation des cellules Th17

against Tau

FIGURE 1 | Adaptive immunity in CNS degeneration and regeneration. The damage and repair of the CNS is mediated by immune mechanisms, with both T and B
cells having detrimental and regenerative effects. Upon APC-T lymphocyte interactions, T effector cells such as Th1, Th17, and Th9 promote microglial activation

TABLE 1 | Contribution of the adaptive immune system in primary neurodegenerative diseases.

Primary neurodegenerative diseases Neurodegeneration Regeneration

Alzheimer's disease Rag-5xfAD mice show enhanced AP pathology and neurcinflammation (Marsh AB-specific Th2 cells promote neurological recovery (Cao et al., 20039).
et al., 2016).
IFN-y producing Th1 cells enhance microglial activation and Ap deposition IL-17 depletion enhances neural precursor cell expression and synaptic fransmission
(McQuillan et al., 2010; Browne et al., 2013). (Liu et al., 2014).

Depletion of Tregs in mice accelerates AD-related cognitive dysfunction (Baek Adoptive transfer of Tregs reduces Af deposition and reverses cognitive deficits (Bask
et al., 2016; Dansckho et al., 2016). et al., 20186).
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During a median follow-up of 8.6 years, 664 developed dementia. For those cells subsets were found to significantly correlate with cognitive scores.

who did not have a stroke during the study (N = 8008}, changes in blood cell References for changes correspond to the following: [1] (Busse et al., 2017)
counts, and the ratio of blood cell populations were statistically associated and [2] (Gate et al., 2020). The symbols indicate the following: «— no

with dementia risk. Plotted results are from Table 3 of van der Willik et al. Changel 4 increase in the cell populaﬁon, I decrease in the cell popu|ation in

(2019)."p < 0.05. AD cases compared to aged-matched controls. *p < 0.05.
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BIOLOGICAL AGE
VS

CHRONOLOGICAL
AGE ?

TABLE 1 | Age-related pathologies and molecular relationship with aging.

Age-related Mechanisms shared with aging process
pathology

Markers References/
reviews

Alzheimer’s disease  Inflammation
Oiidative: stress
Mitochondrial dysfunction
Decreased proteasome activity
Cellular senescence
Giut microbiota alterations

IL-6, TNF-a, IL-1p, TGFp, Il 12, Il -18, and INFy "

8-hydroxyguanosine, 8-hydroxy-2"-deoxyguanosine, @)
oxidized proteins, and lipid peroxidation ©
20S core reduced activity (10)
Prasence of senescent cells (1)
Activation of pro-inflammatory cytokines, increased (12)
intestinal permeability

Cancer Inflarnmation
Coellular senescence

IL-6; presence of senescent cells (13-16)

Chronic obstructive  Telomere shorlening

pulmonary disease  Oxidative stress
Cellular senescence
Inflammation, inflammasome; activation of NLRP3
Activation of PE3 kinase-m TOR signal
Dysregulated nutrients sensing; loss of proteostasis
autophagy mitochondrial dysfunction
Stern cell exhaustion

p21CIP1/WAF1, p16INK4a, p galactosidase activity, (17, 18)
and senescence-associated secretory phenotype

IL-1B, IL-6, IL-18, chemokines [CXCLE and CCL2), metalloproteinases

Slress markers such as Parkin and phosphalase and lensin

homolog-induced protein kinase 1

Maculopathy Chronic retinal inflammation, dysregulation of autophagy,
accumulation of oxidative stress-induced damage,
prolein aggregation, and lipoluscinogenesis

Heat shock proteins; Abs vs sell-epitopes; and
inflammasome activation

Osleocarthritis Cell disruption; cellular senescence; milochondrial
dysfunction and oxidative stress; and reduced

autophagy; inflammation

HGMB1; HGMBZ; and IL-8

Osteopenia/ Chronic inflarmation
osleoporosis

TNF-g; IL-6; CRP; and inflammatory markers

Parkinson's disease  Inflammation
Cellular senescence
Gut microbiola alteralions

Presence of inflammatory cells (astrocyles) and senescent cells
Activation of pro-inflanlnmatory cytokines, increased intestinal
permeability, and alleration of the serolonin system

Periodontitis Inflarnmiation

Porphyromonas gingivalis express peplidylarginine deiminase
generating citrulinated epitopas
Pro-inflammatory cytokines

Bheumatoid arthritis  Cell death and chronic mflammation

Abs vs modified salf-epitopes; HGMEB1
Matrix metalloproteinases

TNF-u; IL-1p; and IL-6

Inflammation and oxidative stress

Flevated levels of TNF-a, IL-6, IL-1, and CRP

Franceschi Front Med 2018
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DMNA microarray = DMNA uvencing = RMA sequencing = Bar-S » ChIP-
Technology Type(s) ay sequencing equencing eq
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Factor Type(s) tissue

Homo sapiens « lymphocyte « blood « dorsolateral prefrontal cortex
» brain

Sample Characteristic(s)

Data type :lll(gl N of subjects N of subjects with % non- meanba.geat female (%) | AD (N) | MCI (N) | NCI (N) | other .
es death

GWAS 2090 2090 1036 99 86.7 (4.5) 662 (63.9%) | 421 258 331 22

WGS 86.7 (4.4) 638 (64.6%)

RNA-Seq 86.7 (4.5) | 408 (63.9%)

miRNA 744 702 691 99 86.4 (4.6) 443 (64.1%) | 290 165 219 17

H3K9Ac ChIP-
Seq

DNA 740 740 725 98.7 86.3 (4.7) 460 (63.4%) | 305 172 229 19
methylation

86.5 (4.6) 454 (64.8%)

Table 1. Demographic and diagnostic features of the ROS and MAP subjects in each layer of data®
Abbreviations: AD, Alzheimer's disease; MCI, mild cognitive impairment; NCI no cognitive impairment.

*Summary statistics are based on the clinical data deposited on the Synapse and the age at death of >90+ were
transferred to 90. ®Values are presented in mean (standard deviation)

CHIPseq

Figure 1. Overlap of the different layers of “omic” data. The venn diagram illustrates the extent to which the
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Resilience reserve Damage @ Compensated stress

A\
1 K 'K X |

Robustness Damage accumulation that overcomes resiliency pohnﬂﬁi ]LFID Frailty
(b)
Robustness Accelerated aging by excess damage accumulation :giﬂllb Early mortality

17

@ ©

Robustness

Accelerated aging by rapidly shrinking resilience jﬁ[{b Early mortality

TABLE 1 Biomarkers of "damage” and "compensation” for the different hallmarks of aging

Resilience (compensation)
Hallmark Damage response
Genomic instability » Somatic mutations {including in stem » DMA repair mechanisms
cells) + Cellular checkpoint responses

(e.g., cell cycle arrest, senes-
cence, apoptosis)

+ Inappropriate clonal expansion
+ DMA modifications (8-oxo0G, gam-

maH2AX, etc.) » Integrity of replication fidelity
mechanisms
+ Antioxidant mechanisms
Telomere shortening + Telomere dysfunction in mitotic cells, + Telomerase
stem cells, and germline cells s Cellular checkpoint responses
Cellular senescence » Arrested cell proliferation » Immune clearance of senes-
* SASP chronic inflammation cent cells
* SASP suppression by mTOR
signaling
* Prevention of irreversible
SENESCENCE
Epigenetic changes * Inappropriate increase or decrease in * Epigenetic maintenance
DMA methylation at specific sites system
* Inappropriate increase or decrease in + Mechanism of epigenomic
specific histone modifications rEprogramming
» Maladaptive epigenetic changes » Adaptive changes in epigenetic
markers

* Suppression of negative and
enhancement of positive tran-
scriptional programs

Mitochondrial biogenesis
Mitochondnal remodeling (fis-

Mitochondrial + Impaired respiration/ox/phosph
dysfunction » Ineffective mitochondnal biogenesis
* Ineffective mitochondrial recycling sion/fusion cycles), mitophagy
+ Mitochondrial disorganization Maintained mtDMA replication
* ROS-mediated oxidative damage fidelity
Antioxidant defenses

Decreased autophagy, * Increased damaged/misfolded » Actmity of macro-, micro-,
proteostasis proteins and chaperone-mediated
* Decreased protein function autophagy-related proteins
* Permanence of unrecycled proteins/ » Enhanced signaling pathways
organelles (e.g., mTOR signaling) that
+ Cell death due to increased autophagy regulate levels of autophagy
Reduced stem cell number

Decreased proliferative capacity
Decreased differentiation capacity

Stem cell exhaustion Reprogramming?

Quiescence maintenance

Ferrucci Aging Cells 2019

Measures

» Single-cell/clonal NGS
* Tests of DMNA repair mechanisms
* Measures of DNA modifications

* Telomere length

* Markers of DMA damage
response

» Telomerase activity

» Senescent markers in blood and
tissue

* SASP proteins in blood and
tissue

* Methylation
* Histone acetylation

* Mitochondrial volume/number/
shape

* Mito respiration

= P MRI spectroscopy

* Markers of biogenesis

» mtDMA copy number and
haplotypes

» Autophagy markers and flux (+
TEM)

* Chaperon proteins

Proliferative capacity in vitro
Resistance to stress
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Table 1. Putative biomarkers of healthy aging

Hallmark of aging
Genomic instability

Telomere attrition

Epigenetic alterations

Loss of proteostasis

Deregulated nutrient
sensing

Mitochondrial dysfunction

Cellular Senescence

Stem cell exhaustion

Altered intercellular com-
munication

Putative biomarker

Micronucleus assay

Telomere length

DNA methylation clocks

Clusterin

Growth Differentiation
Factor 15

Apelin

PIeINK4A

Circulating osteogenic
progenitors

Inflammasomes

IMM-AGE score

Association with

Cancer, neurodegenerative diseases
Frailty, malnutrition, cognition
Mortality

Frailty phenotype (borderline significant), frailty index
(significant but wealk)

Mortality

Cognition, physical function

Coronary artery disease

Alrheimer‘s disease (GWAS)

MCT, cognition

Hippocampal volume, atrophy of the entorhinal cortex
Alzheimer’s disease progression, amyloid burden
Alzheimer’s disease model, b-amyloid load

MCI{ Alzheimer’s disease

Frailty phenotype

Malnutrition risk

Cancer-associated weight loss
Mortality (cardie-vascular, cancer and all-cause)

MCT/ dementia
Mortality

Physical performance response to physical activity
Age-related diseases (GWAS)

Frailty, physical performance, disability

Mortality, hypertension, arterial stiffness

Hippocampal degenerescence, neurcinflammation, cogni-

tive and physical decline
Mortality

Study design
Cross-sectionnal
Cross-gectionnal
Longitudinal

Cross-sectionnal

Longitudinal

Cross-gectionnal
Cross-sectionnal
Cross-sectionnal
Cross-gectionnal
Cross-sectionnal
Longitudinal

Cross-gectionnal
Cross-gectionnal
Cross-sectionnal
Cross-sectionnal

Cross-sectionnal
Longitudinal
Longitudinal
Longitudinal
Cross-sectionnal
Longitudinal
Longitudinal
Cross-gsectionnal
Cross-gsectionnal
Longitudinal
Longitudinal

Longitudinal
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MCI, mild cognitive impairment. GWAS, genome-wide association studies

of) biomarker(s) has been
lideal criteria for biomarkers
AgINg: measuring aging in a range
Jstems, non-invasively in humans and
animals, predicting mortality, age-related
diseases and loss of functions.”

“Especially, cohorts including middle-aged
persons would allow the identification of early
biomarkers of healthy aging, whereas such
biomarkers could be missed in studies focusing
on older people, due to selection bias.”
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