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3 different ways to look at ‘age’

An individual’s physical appearance, functioning and biological health may
differ from other persons of the same chronological age!!!

CHRONOLOGICAL FUNCTIONAL BIOLOGICAL
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Body aging starts at the molecular level
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Entangled molecular pathways drive the aging process

https://www.cell.com/fulltext/S0092-867 4%28 13%29006 45 -4 m



DNA damage and genomic instability

Increased exposure
with aging !!!
ENDOGENOUS FACTORS EXOGENOUS INSULTS
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Telomeres, the ‘end replication problem’
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Age-related epigenetic changes:
DNA methylation and chromatin remodelling

Altered DNA Young
methylation

Methylated Cytosines

changes

mm

Altered pattern of
histone modifications

l Histone variant
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Global hypomethylation Local hypermethylation
- Genomic instability - Loss of expression control
- Inefficient gene repression - Inappropriate silencing

Johnson etal., Rejuvenation Res 2012, 15(5):483-94

=> Loss and relocation of heterochromatin

Meiliana et al., Indones Biomed J. 2022; 14(1): 11-28

Chandraetal., Cell Rep 2015 Feb 3; 10(4): 471-483.
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Age-related mitochondrial dysfunction b »ﬁ\

Increased leak => decreased membrane potential => less ATP production \@m

Altered stability of respiratory chain enzyme complexes => more ROS generated ’ fia)
* Decreased activity of anti-oxidant enzymes => ROS accumulation => more DNA damage (incl mtDNA)
* Less oxidation of NADH => depletion of NAD+ pool
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Age-related mitochondrial dysfunction (2) @& »0\
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» Imbalanced dynamics (fusion-fission) mitochondria

Perturbed mitochondria homeostasis:
> Biogenesis | } Accumulation of dysfunctional
> Clearance  (mitophagy)

Fission

W

Biogenesis

Interconnected \
mitochondrial network

Multiple
heterogeneous
mitochondria

® D

Mitophagy

Fusion

Figure adatpted from https://www.nature.com/articles/nrm3013

The aging cell is facing a self-reinforcing and self-accellerating
problem that can be considered as a ‘biological battery breakdown’




NAD+ depletion, DNA repair and nutrient sensing

SALVAGE
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Deregulated nutrient sensing

Insulin/IGF-1
signaling
Akt/mTOR
. signaling
Nutrient
B NAD+/NADH 1
‘ Sirtuins
Aging and ADP/ATP T
higher cancer risk RIS
Dictary Food (unrestricted)

FOXO = Forkhead box “O” family of transcription factors
) o * Biological role: respond to stress conditions

A * FOX03 variants (SNP) correlate with human longevity
* Regulated by phosphorylation and acetylation (SIRT)
* Translocation between cytoplasm (inactive) and

nucleus (active)
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Cellular senescence: a defensive mechanism lgﬁ%
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Cellular senescence = stable state of growth arrest in which cells @
remain metabolically active but are unable to proliferate (G1/S arrest) \&/

despite optimal growth conditions and mitogenic stimuli.

Quiescence = transient GO arrest caused by lack of nutrients or
proliferation signals
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Cellular senescence : the dark side '
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Senescence-associated secretory profile (SASP) * ‘@Eﬂ"

Homeostasis .
Failed Resolution | « SASP signals the presence of
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Immunosenescence:
aging of hematopoletic stem cells
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Immunosenescence: aging within the 2 branches of

the iImmune compartment

INNATE IMMUNITY

« First-line defense against pathogens.

It is the most conserved protection
system in the animal kingdom!

* Recognizes and reacts to conserved
pathogen-associated molecular
patterns (PAMPS) via pattern-
recognition receptors (PRRS)

« Exhibits some capacity for memory-
like responses: recognition of certain
pathogenic features

ADAPTIVE IMMUNITY

« Attacking particular pathogens by
specific antigen-recognition

« Building long-term memory

Pathogen- or damage-associated molecular patterns (PAMPs and DAMPs)

Glycans Proteins Nucleic acids

lysis of
Gram-i ti
oo I(g:g' i N

{ Cmm=-

Zymosan (B-glucan)

Lipopolysaccharide (LPS)

Innate immune cells
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FIGURE: https://www.thermofisher.com/be/en/home/life-science/cell-analysis/cell-analysis-learning-

center/immunology-at-work/pattern-recognition-receptors-overview.html



Innate iImmune cell subsets and their functions

Function

» Recruited to sites of infection by inflam-
matory cytokines produced by TRM

Neutrophils

» Clearance of pathogens by phagocytosis
* Apoptosis

» Phagocytic and antigen-presenting cells
Mon OCyteS and » Circulating monocytes => TRM

macrophag es « Polarization towards pro- or anti-
inflammatory phenotypes (M1 vs. M2)

» Cytotoxic cells; ~15% of lymphocytes

« CD569m subest: cytotoxic effector cells
NK Ce”S «  CD56Mi8ht: immunoregulatory functions

* Initial hours of immune response

* Orchestrate adaptive immune responses
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* Main bridge between innate and adaptive
o immunity

Dendrltlc CE“S » pDC: early response => massive IFNy

* mDC: priming of naive T cells

« fDC: Ag presentation to B cells

Crooke et al., Exp Gerontol 2019, 124:110632

KU LEUVEN

Abbreviations - TRM: tissue-resident macrophages; pDC: plasmacytoid dendritic cells; mDC: myeloid dendritic cells;
fDC:follicular dendritic cells



Adaptive iImmune cell subsets and their functions

» Generation of long-
lasting protective Ab
responses

* Development of
immunological memory

* Orchestrating humoral
immunity (CD4+)

+ Cytotoxic responses
(CD8+)

 Treg: dampen response

ADAPTIVE IMMUNITY

Crooke et al., Exp Gerontol 2019, 124:110632 VAR 3 V)V 3|']

Abbreviations — Ab: antibody; Treg: regulatory T cell




Phases of the Immune response

@ Invasion by pathogen and

immune response
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Immunosenescence: the causes

decline in pluripotency

2

skewing toward the myeloid lineage

4

less production of adaptive immune cells

Life-long
antigen
exposure

Chronic vir
infections
(CMV)



T cell development in the thymus

TCR gene g
rearrangements

1 3

TCR repertoire

Positive selection g
for proper interaction g
of TCR with
MHCI or MHCII
\2
CD8+ and CD4+
SP thymocytes

Depletion :
of self-reactive cells

Zuniga-Pflucker, Nat Rev Immunol 4: 67-72 (2004)




Age-related thymic involution

A

GING:

Less BM progenitors reach
the tymus

Thymus atrophy and
replacementby adipose
tissue

Thymic
Microenvironment

Peripheral T Cell
Compartment

Bone Marrow

’ Fibroblast
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i Cells

‘ Naive
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Changes in T Cell Compartment and Thymus During Aging

Singh et al, Front Immunol, 2020
(https://doi.org/10.3389/fimmu.2020.01850)




Immunosenescence: the causes

decline in pluripotency

3

skewing toward the myeloid lineage

2

less production of adaptive immune cells

Life-long exposure to
pathogens

Life-long
antigen ‘
exposure
S Clonal expansion
Chronic vir of antigen-specific

lymphocyte clones

4

Re-expansion of
memory clones upon
repeated exposure

infections
(CMV)

Decreased output of naive T cells

Accumulation of memory T cells -
Decreased self-tolerance

Expansion of Treg population



T cell differentiation upon antigen stimulation
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T cell differentiation upon chronic antigen stimulation

MEMORY CENTRAL EFFECTOR
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Figure adapted from Annu Rev Immunol. 2014 ; 32: 189-225.
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Basic Immunology: Functions and Disorders of
the Immune System, Chapter 6, 129-146




Immunosenescence: the causes

decline in pluripotency

3

skewing toward the myeloid lineage

2

less production of adaptive immune cells

Chronic antigen load

Filling of the immunological -
space by a population of Chronic vir
virus-specific, exhausted infections

T lymphocytes (CMV)

4

Shrinkage of the T cell
repertoire

N

Decreased output of naive T cells
Accumulation of memory T cells -

Decreased self-tolerance

Life-long exposure to
pathogens

4

Clonal expansion
of antigen-specific
lymphocyte clones

4

Re-expansion of
memory clones upon
repeated exposure

Expansion of Treg population



Age-related changes in innate immune cell subsets

Neutrophils

Monocytes and
macrophages

NK cells

>
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=
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Dendritic cells

Function

Recruited to sites of infection by inflam-
matory cytokines produced by TRM

Clearance of pathogens by phagocytosis

Apoptosis

Phagocytic cells
Circulating monocytes => TRM

Polarization towards pro- or anti-
inflammatory phenotypes (M1 vs. M2)

Initial hours of immune response
Orchestrate adaptive immune responses
Cytotoxic cells; ~15% of lymphocytes
CD564M subset: cytotoxic effector cells
CD56Prght; immunoregulatory functions

Main bridge between innate and adaptive
immunity

pDC: early response => massive IFNy
mDC: priming of naive T cells

fDC: Ag presentation to B cells

Crooke et al., Exp Gerontol 2019, 124:110632

Age-related changes

Disrupted migration (PI3K T)
Impaired phagocytosis (CD16 {, ROS {)

Increased susceptibility to apoptosis

Decreased IL-6 and TNF-a production
Decline in phagocytic function
Decreased response to IFNy => MHCII {
non-classical CD14*CD16* monocytes T
Altered M2 macrophage phenotype

Loss of CD5619nt subset => decrease in
regulatory cyto/chemokine production
Expansion of terminally differentiated
CD569M subset with superior cytotoxic
capacity

Decreased capacity of IFNy production
Reduced phagocytosis and chemotaxis
Reduced Ag presentation

PI3K signaling

NF«xB signaling T => inflammation T

KU LEUVEN

Abbreviations - TRM: tissue-resident macrophages; pDC: plasmacytoid dendritic cells; mDC: myeloid dendritic cells;

fDC:follicular dendritic cells; ROS: reactive oxygen species; TNF: tumor necrosis factor; IFN: interferon; Ag: antigen



Age-related changes in adaptive immune cell subsets

Function Age-related changes

Reduced output of B-cells from BM
(decreased IL7 production by stroma)
Compensatory extension of B-cell life span
Loss of BCR diversity

Less responsive to BCR stimulation

Less effective antibodies

Production of dysfunctional (self)antibodies

» Generation of long-lasting
protective Ab responses

* Dewelopment of
immunological memory

* Orchestrating humoral
immunity (CD4+)

Dramatic shifts in composition :
less naive T cells (thymic involution)
Expansion of memory compartment

* Cytotoxic responses Latent viral infections (CMV): oligoclonal expansion

e o o o

ADAPTIVE IMMUNITY

(Eos) of CMV-specific memory CD8+ T cells

* suppress immune response ¢ Loss of costimulatory receptor CD28
and maintain self-tolerance by increased TNFa context (inflammaging)
(Treg) * Increase in Treg

The age-related alterations occur at different levels across multiple cell types involved
in both innate and adaptive immuntiy. Alterations in innate immunity may affect priming
of adaptive immunity. This crosstalk leads to perturbations throughout the entire
immune response.

Crooke et al., Exp Gerontol 2019, 124:110632 KU LEUVEN

Abbreviations — Ab: antibody; Treg: regulatory T cell; BM: bone marrow; BCR: B cell receptor; CMV: cytomegalovirus




Hallmarks of iImmunosenescence

B cells

B cells
Reduced naive B cells production, fewer B cell subsets and
accumulation of homogenous and less antigen-specific B cells

NK cells

NK cells
Increase in total numbers/decrease in some subsets
Cytotoxicity reduced at the single cell level

<
o
g
<
§
§ Decreased sensitivity to and production of cytokines

APCs

Altered cytokine production affecting the ability to
stimulate T and B cells.

Low-level release of pro-inflammatory cytokines

APCs
which can lead to chronic inflammation

/\\\/\

=

Fewer HSC

Low numbers of naive
CD4* T cells

Reduced ‘
cpa*
?ﬂ”a”o" .‘ \
Bone marrow N Naive T cells

Number of naive T-cells

. . and their diversity
significantly reduced
Reduced

N = 00

Low numbers of naive
CD8* T cells

Reduction in hematopoietic bone
marrow with reduced output of
lymphoid precursors

«&"

Thymus
Thymic involution with reduced
output of naive T cells

Villar-Alvarez et al., Open Respiratory Archives 4 (3) 2022, 100181

Memory CD4* T cells

Memory T cells
Accumulation of memory T cells
with limited range of receptors
Increased antigen-experienced
CD8+ T cells
Impaired memory response

__d:.

Memory CD8* T cells




The duality of immune aging

Age-related
Immunodeficiency

« Shrinking naive T and B cell
compartments

* Contraction in T and B cell
receptor diversity

» Decreased TCR sensitivity to
respond to stimuli

‘INFLAMMAGING’

Age-related
Inflammatory syndrome

» Preponderance of myeloid
over lymphoid lineages

« Excess production of
inflammatory cytokines
(IL-6, TNF)

« Failing self-tolerance with
production of autoantibodies

Goronzy et al., Front Immunol. 2013; 4: 131



Immune aging: clinical implications

‘ Age-related inflammatory disorders

‘ Increased incidence of solid cancers

Increased autoimmunity

‘ Increased incidence and severity of infectious diseases

‘ Decreased response to vaccination

‘ Increased mortality




Age-related
iInflammatory
disorders

/

Immune system

Immune cells
(e.g. T cell, monocyte, NK cell)

- Shifted subpopulation

- Increased inflammatory
mediates expression

- Impaired imflammatory
inhibition

Shifted subpopulations
Altered cytokine production

A J

Immunosenescence

Increased mortality

N\

Other system

Senescent cells
(e.g. endothelia, smooth muscle cells)

Impaired clearance

Pro-inflammatory state SASP
Anti-
Pro- inflammatory
Infl : inflammatory
nflammaging L , IL-10
4 Atherosclerosis & CVD ) 'TL,\'"6:_G -‘
Osteoporosis 1
Sarcopenia I| Sytemic inflammation and tissue damage

Neurodegenerative diseases
Rheumatoid arthritis

Figure adapted from https://www.frontiersin.org/articles/10.3389/fimmu.2020.585655/full

Diet, nutrition and gut microbiota can influence
the magnitude and persistance of inflammation

KU LEUVEN




Cancer. an age-related disease

Complex interaction between aging and cancer

AGING

Immuno-
senescence

Stromal
senescence

Inflammaging

TUMOR

THERAPY



Inflammaging and age-related inflammatory disorders

Auto-immunity and autoimmune disease

Increased mortality

« Smoking, drugs
Hormonal External « Stress

factors factors « Nutrition (food antigens)
* Infections/pathogens

Chronic immune stimulation
Chronic inflammation (inflammaging!)
Defective Treg function

Genetic SYEEIE

immune
dysregulation

predispostion

Diabetes
Psoriasis

Lupus erythematosus

. . Balanced Immune Responses
Multiple sclerosis . .
P Rheumatoid arthritis J N '.,’
Crohn’s disease m
. . 30 Y —
Detection of autoreactive T afbickons Tregs
antibodies increases with age - '
Tolerance
20 2
B
females =3
1= ‘ 1. Inadequate number of Tregs
g .{' ‘ 2. Defective Treg function
10 & ',” 3. Defective Treg phenotype
males \

= I. Reduced susceptibility
to Treg suppression

1 1 1 1 1 1

L 1 ‘s
2.9 10-19 2029 30-39 40-49 50-59 60-69 7079 =280
Age group

T-effectors Tregs

Autoimmunity

Guo YP et al Curr Ther Res, 2014 K.-M. Chavele,
FEBS Letters 585 (2011) 3603-3610



Increased susceptibility to infectious disease

and decreased vaccination response

Decreased cytotoxicity
Diminished cellular immunity

Healthy Immune System

Antigen injected Leukocyte l
: migration

G5

* APC Phagocytosis l
e
- -=: i \)

T cell activation l

.
&

\ 4

Cytotoxic T

= (= B cell
cell response . ' ~ activation

RN
éj.‘"‘fﬁ:; Tl ' ‘t

b, .“::',:..r;. X ) s et

\"'C. e &\“_1 . )-,‘ - Y"' AntlbOdy

L.ﬂv . y ¥
* Yo <+ " "response

Antigen Presentation l \‘

!

Increased mortality

Immunosenescence

Decreased leukocyte migration

Diminished phagocytosis

Diminished antigen-presentation by APC
Loss of costimulatory receptors on T cells
Decreased T cell activation

Decreased B cell activation

Dysfunctional antibodies
Diminished antibody response

Adapted from Villar-Alvarez et al., Open Respiratory Archives 4 (3) 2022, 100181

Inflammaging and age-related inflammatory disorders



Inflammaging and age-related inflammatory disorders

Mortality : the ‘immune risk profile’ (IRP)

Pawelec, Ferguson and Wikby (2001)
The SENIEUR protocol after 16 years. Mech Ageing Dev 122:132-134

Immune parameters associated with
survival may vary in distinct populations :
nercased - Differences between sexes
8%”2?3- » Genetic background (ethnicity)
CD57+ « Differential susceptibility to CMV

« Lifestyle: nutrition, exercise

=> |RP must be matched to the context !

Decreased
(inverted) "
CMV seropositive
CD4:CD8 IRP
ratio Inflammation +++ High % CD8'CD28 Mortality +++
AgINg  Gomorbidities +++ CMV seropositivity sl Morbidity +++
Resilience --- RS LT Quality of life -
CD4:CD8 <1
CMV seronegative
Inflammation + Mortality +
Aging comorbidties + NolRP  mmmmd  Morbidity +
R|Sk Of a.”'Ca.use Resilience + Quality of life +

m O rt al Ity https://www.futuremedicine.com/doi/10.2217/ahe.12.78




Can immunosenescence and inflammaging

be controlled/reversed?
Diet

o

(@]

©)

(@]

Mediterranean, less animal proteins (red meat) => attenuation of inflammation and
oxidative stress

Micronutrients:
* Vit E, Vit C: counteracting age-related oxidative stress and inflammaging
* Zinc:important for properimmune functioning

Pro-biotics: immunomodulators (gut microbiota influence the host’s immune system)
Caloric restriction
Metformin (= caloric restriction mimetic): activator of AMPK

Senolytic drugs

o

o

e.g.TK inhibitor dasatinib, flavonoid quercetin, mTOR inhibitors (rapamycin, everolimus)
Selective apoptosis induction in senescent cells

Growth factors: IL-7

©)

Produced by thymic epithelial cells and BM stroma => survival and proliferation of
developing lymphocytes

High expression of IL-7R on naive T cells => maintenance of the pool
Beneficial effect smaller than initially hoped (loss of thymic structure)




Can immunosenescence and inflammaging
be controlled/reversed? (continued)

Immune checkpoint inhibitors

(@]

(@]

o

PD-1/PD-L1: important role in inhibition and fine-tuning of T cell responses
PD-1 expression on T cells increases with age

PD-L1 is expressed by APC, tumor cells BUT ALSO senescent cells !
THUS : PD-L1/PD-1 immune checkpoint is partially responsible for defective clearance

of senescent cells !

PD-1 blockade partially restores the
cells’ functional competence

PD-1 inhibitors
| -Nivolumab
~ _ -Pembrolizumab

Cancer immunotherapy: significant
benefit in older patients up to 75 years
(selective proliferation of CD28+ cells)

—_ CTLA-4 inhibitors
-Ipilimumab
-Tremelimumab

>75 years: too much CD28 loss <
. PD-L1 inhibitors
-Atezolizumab
-Durvalumab

Elimination of senescent cells in vivo??
Improvement of senescent phenotype?? Tumor cell

Senescent cell

Balance of enhanced immune clearance,
tolerance of acute inflammation
and risk of auto-immune diseases.

FIGURE: Ramon Andrade de Mello,Onco Targets Ther. 2017; 10: 21-30.




Improving vaccination efficiency

* Increasing the dose of antigen (e.g. hemagglutinin in influenza vaccine)
* Addition of liposomal- and emulsion-based adjuvants

Establishment of antigen-depot
Slow relase of antigen

=
=
= APC recruitment to site of injection
=

Enhanced antigen uptake and presentation

* Addition of TLR agonists: direct stimulation of early response pathways
* Addition of PAMPSs, triggering pattern-recognition receptors

* Senolytic drugs
* Immunomodulatory drugs
* New vaccine technologies: mRNA

Weak vaccines conspire with
weaker immunity in older adults to
reduce vaccine efficiency, but

improved vaccine formulations are
able to overcome these deficits

Virus Virus spike

The genetic sequence of the virus

spike is used to make a synthetic
mRMA sequence - the instructions

mAMNA

to make the spike protein

How mRNA vaccines work

Vaceine
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The mRNA is packaged into a
naoparticle - the vaccine -
which can deliver the mRNA
to immune cells

Immune cell

'°||" 2

spike
protein T cells

The immune cells follow the mRNA
code to produce spike protein, which
is displayed on the oel[ surface This
stimulates an immune response

https://www.benaroyaresearch.org/blog/post/11-things-k now-about-mrna-

vaccines-covid-19







